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Abstract

In Duchenne muscular dystrophy (DMD), deficiency of the cytoskeletal protein dystrophin leads 

to well-described defects in skeletal muscle but also to dilated cardiomyopathy (DCM). In cardiac 

cells, the subsarcolemmal localization of dystrophin is thought to protect the membrane from 

mechanical stress. The dystrophin deficiency leads to membrane instability and a high stress-

induced Ca2+ influx due to dysregulation of sarcolemmal channels such as stretch-activated 

channels (SACs). In this work divalent cation entry has been explored in isolated ventricular Wild 

Type (WT) and mdx cardiomyocytes in two different conditions: at rest and during the application 

of an axial stretch. At rest, our results suggest that activation of TRPV2 channels participates to a 

constitutive basal cation entry in mdx cardiomyocytes.Using microcarbon fibres technique, an 

axial stretchwas applied to mimic effects of physiological conditions of ventricular filling and 

study on cation influx bythe Mn2+-quenching techniquedemonstrated a high stretch-

dependentcationic influx in dystrophic cells, partially due to SACs. Involvement of TRPs channels 

in this excessive Ca2+ influx has been investigated using specific modulators and 

demonstratedboth sarcolemmal localization and an abnormal activity of TRPV2 channels.
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In conclusion, TRPV2 channels are demonstrated here to play a key role in cation influx and 

dysregulation in dystrophin deficient cardiomyocytes, enhanced in stretching conditions.
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1. Introduction

The Duchenne muscular dystrophy (DMD) is a severe X-linked disease affecting 1 in 3500 

male births. Initially, DMD patients develop progressive weakness and loss the ability to 

walk around age 10. DMD is also associated by 20 years of age with cardiac complications 

including dilated cardiomyopathy (DCM) and arrhythmias, causing the death of about 20% 

of patients [1,2]. Mutations in the dystrophin gene on chromosome Xp21 result in the 

absence of the 427 kDa cytoskeletal protein dystrophin [3]. In cardiomyocytes, its 

subsarcolemmal and sarcomeric localization along the T-tubule network may be essential to 

maintain membrane integrity [4]. This protein is also a key component of the transmembrane 

dystrophin-associated glycoproteins (DAG) that connects cytoskeleton to the extracellular 

matrix [5]. It is thought that lack of dystrophin leads to mechanical instability of cell 

membrane [6] and renders it more susceptible to rupture [7], causing elevated Ca2+ influx 

and increased susceptibility to oxidative stress [8], which activate each other in a vicious 

cycle that contributes to DMD pathogenesis. Several studies have suggested that the rise in 

intracellular Ca2+ is an important initiating event in the pathogenesis of dystrophic muscle 

[9–11]. The increased Ca2+ entry occurring during activity, particularly during eccentric 

exercise, may lead to local proteolytic activation of cationic channels and results in a further 

increase of Ca2+ entry [12].

Stretch-activated channels (SACs) are thought to support excessive Ca2+ influx observed in 

dystrophic muscles [13]. SACs are a subcategory of mechanosensitive channels, which can 

switch from “closed” to “open” state in response to stretch alone or to a direct mechanical 

membrane deformation (see for review: [14]). They are permeable to Na+, Ca2+ and K+, and 

have been suggested to be primarily involved in the pathogenesis of DMD [15,16,17]. 

Cardiac SACs can be either cation non-selective (SACns) or potassium-selective (SACk). 

SACns are thought to be localized in membrane regions that are difficult to access for patch-

clamp studies, such as T-tubules [18], caveolae [19], or intercalated discs [20]. Despite the 

lack of molecular identification, there are several prominent candidates for mammalian 

cardiac SACs. Genetic screenings in Saccharomyces cerevisiae, Caenorhabditis elegans, 

Drosophilia and Danio rerio indicated that transient receptor potential (TRP) channels 

subunits are involved in mechanical sensing [21–23]. TRP channels form a large family of 

cationic channels that likely function as tetramers in various processes and have been 

recently recognized as key molecules in pathological cardiac hypertrophy and heart failure 

[24,25].

Canonical TRP channels (TRPCs) are a group of mammalian Ca2+-permeable channels 

which mediate store-operated Ca2+ entry as well as store-independent Ca2+ influx [26–28]. 
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TRPC1 channels are widely expressed in cardiac myocytes and may be located in T-tubules 

[18] which are consistent with the hypothesized spatial distribution of endogenous SACns 

[18]. In dystrophic fibres, TRPC1 have been involved in abnormal Ca2+ influx [29] and 

Ward et al. [30] have shown that expression level of TRPC1 was increased in aged mdx-

DCM heart. TRPC1 was also shown to support elevated store-operated calcium entry in 

dystrophin deficient myotubes and fibres [29,31] as well as Orai1 in FDB fibres [32]. 

Studies in heterologous system demonstrated that TRPC1 expression induced a 10-fold 

increase of SACns currents and TRPC1 inhibition through RNA anti-sens reduced these 

currents [33]. Subsequently, it has been shown that the specific SACns blocker, GsMTx-4, 

blocked the expressed channel [34]. However, it has also been shown that GsMTx-4 could 

inhibit SACs formed probably with TRPC6 in smooth muscle [35]. TRPC6 is highly 

expressed in human heart homogenates [36]. This channel seems also to be located in T-

tubules and can be translocated to the plasma membrane after stimulation with α1-agonists 

[37]. Furthermore TRPC6 channels have been thought to be potential SACns in ventricular 

cells as the related current could be blocked by a TRPC6 antibody [38]. Thus both TRPC1 

and TRPC6 are good candidates for mammalian SACns.

TPRV2 channels have also been involved in the stretch-dependent responses in different cell 

types as murine aortic myocytes or cardiomyocytes [39–41]. In a physiological context, 

these channels have been shown to be involved in the formation and integrity maintenance of 

intercalated discs and in the mechanotransduction in these particular areas [20]. Moreover, 

Rubinstein et al. [42] have demonstrated that TRPV2 channels could be involved in the 

molecular mechanisms of increased cardiomyocyte contractility. Indeed, authors have 

suggested that these channels may be involved in the sarcoplasmic reticulum (SR) Ca2+ load 

by a small local influx of Ca2+ in the vicinity of RyRs. Taking these results into account, 

TRPV2 seems to be also a good candidate for SACns. In a pathological context, they have 

been demonstrated to be involved in the pathogenesis of myocyte degeneration in dystrophic 

muscle [43] and to support elevated divalent cation entry in human DMD myotubes [44]. 

Their sarcolemmal accumulation has been shown in dystrophic ventricular cardiomyocytes 

in several studies [40,41] suggesting a role in Ca2+ dysregulation that can lead to 

cardiomyocytes death.

Studying SACs is not trivial because of the need of technical skills and experience. Several 

methods have been developed to perform a mechanical stimulation including the use of glass 

microneedles [45], suction micropipettes [46] or adhesives [47]. Furthermore, others studies 

used cell swelling through hypoosmotic shock to investigate SACs activities in dystrophin 

deficient cardiomyocytes [41,48]. This latter technique leads to cell swelling through water 

entry, which is necessary for the balancing of ionic gradients between the extracellular 

medium and cytosolic compartment. The consequent increase of cell volume can provide a 

three-dimensional stretch of the cell, but changes in volume are not easily related to changes 

in tension. In the literature, authors agree that it is difficult to distinguish between the effects 

of the stretch component and other possible effects of swelling, i.e. changes in ions 

permeability can't be compared with those due to homogenous or local stretch [49].

In this work, divalent cation entry has been explored in isolated ventricular Wild Type (WT) 

and mdx cardiomyocytes in two different conditions: at rest and during the application of an 
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axial stretch. Ventricular cardiomyocytes have been stretched using a carbon microfibers 

technique [50,51], which has the advantage to achieve an almost homogenous lengthening of 

the sarcomeres and to best mimic the effect of diastolic filling in physiological conditions 

[52]. Moreover, the involvement of other channels, as store-operated channels, in the 

observed Ca2+ influx has been investigated with the use of channels blockers.

2. Materials and methods

2.1. Cells isolation

The investigation was conducted in agreement with European Community Council directives 

as well as with the Guide for the Care and Use of Laboratory Animals published by the US 

National Institutes of Health (NIH Publication No. 85-23, revised 1996).

Ventricular cardiac myocytes were isolated from 10 to 12 months male C57BL10Scsn (WT) 

mice and C57/BL10ScScn-mdx mice (Jackson Laboratory). Mice were euthanized by 

cervical dislocation, followed by rapid removal of the heart and subsequent enzymatic 

dissociation of the left ventricular tissue as previously described [53].

2.2. Solutions and chemicals

Before experiments, cells were stored in culture medium containing Dulbecco's modified 

Eagle's medium (DMEM—Lonza), complemented with 10 μg/mL insulin, 10 μg/mL 

gentamycin, 4 mM NaHCO3, 10 mM Hepes, 0.2% BSA and 12.5 μM blebbistatin (all from 

Sigma). During experiments, cardiomyocytes were super-fused with Tyrode solution 

containing 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1.8 mM MgCl2, 10 mM Hepes and 

11 mM glucose or with calcium-free Tyrode solution containing 140 mM NaCl, 5.4 mM 

KCl, 1.8 mM MgCl2, 10 mM Hepes, 11 mM glucose, 1 g/L BSA and 20 mM Taurine.

Tranilast (Trn) and TPEN (N,N,N′,N′-tetrakis-(2-pyridylmethyl)-ethylenediamine) was 

purchased from Calbiochem, THC (Δ9-tetrahydrocannabinol) from RTI International, the 

tarentula toxin GsMTx-4 from Abcam, Streptomycin sulfate (Strp) and 4-methyl-4′-[3.5-

bis(trifluoromethyl)-1H-pyrazol-1-yl]-1.2.3-thiadiazole-5-carboxanilide (YM-58483) from 

Sigma, ryanodine from Merck, fura-2-AM and fluo-8-AM from Santa-Cruz.

2.3. Mechanical stimulation

Axial stretch of single myocyte was performed with the micro-carbon fibres technique 

previously described [51,52]. Briefly, a pair of carbon fibres (40 μm diameter, GRC—

Graphite-reinforced carbon–TMIL—Tsukuba Materials Information Laboratory, Ltd, 

Tsukuba, Japan) was mounted in glass capillaries, whose thin ends were bent by 30° to 

ensure near-planar approach to the cell surface. The end of each carbon fibre was attached to 

the ends of a cardiomyocyte (CF1 and CF2 in Fig. 2A), using two separate three-axis 

miniature hydraulic manipulators. Axial stretch was performed through the lateral movement 

of one fibre (CF2, bold black arrow in Fig. 2B) and sarcomere length was measured with a 

high-speed camera and dedicated software (Sarclength, Ionoptix) that uses a FFT procedure 

for the measurement. Axial stretch was applied during 30 s before Mn2+ perfusion and was 

maintained during the recording time, i.e. around 60 s.
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2.4. Mn2+-quenching experiments

Cardiomyocytes were incubated for 45 min at 37 °C, 5% CO2 in culture medium with 3 μM 

(final concentration) of fura-2-AM probe. After being loaded, cells were washed with Ca2+-

free Tyrode solution before measurement of cation influx. Fura-2 loaded cells were excited 

at 360 nm with a CAIRN monochromator (Cairn Research Limited, Faversham, UK), and 

emission fluorescence was monitored at 510 nm using a CCD camera (Photonic Science, 

Robertsbridge, UK) coupled to an Olympus IX70 inverted microscope (60X water 

immersion fluorescence objective). The influx of Mn2+ through cationic channels was 

evaluated by the quenching of the fura-2 fluorescence excited at 360 nm, i.e., at the 

isosbestic point. The variation of fluorescence was recorded through the Imaging 

Workbench 4.0 (IW 4.0) software (Indec BioSystems, Mountain View, CA). The rate of 

fluorescence intensity loss at 510 nm was divided by the initial fluorescence intensity in the 

cell measured before the addition of manganese ions to correct for differences in the cell size 

or fura-2 loading. This computed value is indicated as F360 throughout all the paper. The 

maximal rate of quench of the fluorescence intensity, expressed as percent per minute, was 

obtained using a linear regression analysis.

2.5. Tissue preparation and confocal immunofluorescence

The hearts were fixed with 4% formalin (m/v) overnight and then were embedded in 

paraffin. Paraffin-embedded sections were deparaffinized using xylene and a graded series of 

ethanol dilutions then incubated in citrate buffer (0.01 M, pH 6) at 90 °C for 20 min for 

epitope retrieval. Sarcolemma or sarcomeric structure (F-actin) of cardiomyocytes were 

visualized using Wheat Germ Agglutinin FITC conjugate (WGA, W11261, Invitrogen) or 

Phalloidin FITC conjugate (P2141, Sigma-Aldrich) respectively. Immunolabelling with a-

TRPV2 (ACC-039, Alomone lab) was performed using standard protocol including a 

permeabilization step with 0.1% Triton X-100 in PBS for 10 min. Secondary antibody was 

a-rabbit IgG conjugated with Alexa 555 (Invitrogen). Tissue sections were examined with a 

Zeiss LSM-510 confocal scanning laser microscope equipped with a 25 mW argon laser and 

a 1 mW helium-neon laser, using a Plan Apochromat 63× objective (NA 1.40, oil 

immersion). Green fluorescence was observed with a 505–550 nm band-pass emission filter 

under 488 nm laser illumination. Red fluorescence was observed with a 560 nm long-pass 

emission filter under 543 nm laser illumination. Pinholes were set at 1.0 Airy units. Stacks 

of images were collected every 0.7 μm along the z-axis. All settings were kept constant to 

allow comparisons. For double immunofluorescence, dual excitation using the multitrack 

mode (images taken sequentially) was achieved using the argon and He/Ne lasers. ImageJ 

software was used according to the guidelines to construct multi-channel images.

2.6. Immunoblot analysis

Protein samples were prepared using a lysis buffer containing protease and phosphatase 

inhibitors (Roche), separated by SDS-PAGE and transferred on nitrocellulose membranes 

(Millipore). The membranes were blotted using standard protocol and revealed by 

chemiluminescence (Pierce). The following antibodies were used: anti-TRPV2 (ACC-039, 

Alomon lab); anti-beta Actin (ab16039, Abcam). The densities of the immune-reactive 

bands were quantified using ImageJ software (NIH).
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2.7. Statistical analysis

Data are presented as means ± SEM, n is the number of cells. Differences were tested with t-
test. P < 0.05 indicates a statistical significant difference.

3. Results

3.1. Cation influx in resting conditions

Basal cation entry in isolated cardiomyocytes was recorded using the quenching of fura-2 

fluorescence by manganese. With this technique, Mn2+ ions are assumed to enter the cell 

through the same pathways as the ones used by Ca2+, and once within the cells, these ions 

are trapped in the cytosol and strongly quench the fluorescence emitted by the fura-2 Ca2+ 

dye. The perfusion of Mn2+ solution generated no or weak (1.40 ± 2.36%/min n = 19) basal 

cation entry in cardiomyocytes from WT mice (Fig. 1A). On the contrary, perfusion of Mn2+ 

solution on mdx non-stimulated (rest) cardiomyocytes led to a significant cation entry (10.34 

± 5.07%/min n = 12). This entry was observed only in dystrophin-deficient cardiomyocytes 

and suggested that sarcolemmal cation channels were constitutively active during the 

recording. Previous experimental data have shown that mdx skeletal muscle fibres exhibited 

increased permeability to divalent cations that enter the cell through channel-blocker 

sensitive pathways [54]. In our experiments, since divalent cation influx are also altered in 

mdx cardiomyocytes, a panel of cation and calcium channels inhibitors or agonists was 

introduced during the Mn2+ solution perfusion (Fig. 1B).

TRPV2 has been shown to constitute a major input path of Ca2+ in dystrophic striated 

muscle [41,44,55]. Given the essential implication of TRPV2 shown in mdx and the 

protective effect of its down-regulation, we considered studying the dependency of divalent 

cation influx on TRPV2. We first used Δ9-tetrahydrocannabinol (THC), a well-known 

activator of human and rat TRPV2, [56]. Divalent cation entry was recorded in WT and mdx 

cardiomyocytes after the introduction in the extracellular medium of Mn2+ solution 

supplemented with 10 μM THC. Perfusion with THC activated a significant divalent cation 

influx in WT cardiomyocytes (Fig. 1B), suggesting that TRPV2 channels can be activated in 

isolated normal cardiomyocytes. Nevertheless, the level of THC-induced divalent cation 

influx observed in WT cells was found lower than the level of constitutive divalent cation 

entry recorded in mdx cardiomyocytes. THC stimulation did not activate a significant 

supplemental divalent cation entry in mdx cells that already exhibited basal cation influx 

(Fig. 1B). Although the TRPV2 agonist THC was not able to increase divalent cation entry, 

the two TRPV2 inhibitors tranilast (Trn, 100 μM) and ruthenium red (RR, 1 μM) led to a 

reduction of more than 50% of the constitutive influx in mdx cardiomyocytes. This suggest 

that a constitutive activation of TRPV2 channels participated to the basal divalent cation 

entry, but that THC is not able to increase this basal activation in mdx cardiomyocytes.

The early work of Hopf and collaborators [57], suggested that the over-activated “leak 

channels” recorded in mdx and DMD skeletal muscle cells could be store-operated cationic 

channels. Other studies confirmed the overactivation of store-operated channels (SOCs) in 

mdx skeletal muscle cells [29,58]. This led us to test if basal divalent cation entry in 

cardiomyocytes could be partly supported by SOCs. YM-58483, characterized as a selective 
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inhibitor of store-operated calcium entry [59,60] was applied on mdx cardiomyocytes during 

perfusion of Mn2+ solution. This incubation led to a drastic decrease of divalent cation 

influx at rest, suggesting that both TRPV2 and SOCs may participate to the basal cation 

entry observed in dystrophic cardiomyocytes. This was confirmed by a more severe 

reduction of divalent cation influx after treatment with the two blockers YM-58483 and RR.

Incubation with 10 μM of the voltage-gated channel inhibitor nifedipine, known to 

selectively inhibit voltage-dependent L-type calcium channels at this concentration, did not 

affect cation influx recorded in mdx cardiomyocytes (Fig. 1B). This result allowed ruling out 

the participation of voltage-gated channels in the recorded influx.

We also investigated if, in our model, a calcium influx could be triggered by SR depletion, 

thus, SR calcium stores were depleted with the use of N,N,N′,N′-tetrakis(2-

pyridylmethyl)ethilenediamine (TPEN) which is able to chelate SR calcium stores. Once SR 

stores were depleted, Mn2+ solution was introduced into the extracellular medium and cation 

influx was recorded (Fig. 1C). A store-dependent cation entry could be recorded in WT 

cardiomyocytes after treatment with the SR Ca2+ chelator. This influx was almost two fold 

higher in mdx cardiomyocytes as compared to normal ones but was not significantly 

different from basal divalent cation entry measured without treatment in the same cell type. 

This suggests that channels supporting the basal divalent cation entry are the same channels 

that are mobilized after TPEN treatment. This may illustrate a cooperative activation of 

TRPV2 channels and SOCs in the sarcolemma of mdx myotubes when the dystrophin-

associated protein complex is disrupted.

3.2. Cation influx in axial stretch conditions

Ventricular cardiomyocytes were stretched using the carbon microfibers technique (Fig. 2) 

described in the materials and methods part. In all experiments, sarcomere length was 

controlled through the use of a high-speed camera and a dedicated software (Sarclength, 

Ionoptix). Before stretch, sarcomere length has been computed for each cardiomyocyte and 

was found equal to 1.81 ± 0.01 μm for WT (n = 130) and 1.78 ± 0.01 μm for mdx (n = 130). 

Axial stretch was carried out through lateral movement of the CF2 fibre (Fig. 2A and B) and 

the amount of stretch was graded to cause a 10% increase of sarcomere length, 

corresponding to a 0.18 μm increase.

Fig. 2C illustrates the quenching of fura-2 fluorescence in axial-stretched cardiomyocytes or 

at rest in response to Mn2+ perfusion. Maintaining WT cardiomyocytes in stretch conditions 

generated an important decrease of the fura-2 fluorescence. In mdx cardiomyocytes, the 

decrease observed after the perfusion of Mn2+ in resting conditions was further enhanced in 

stretched mdx and found to be higher than in stretched WT cardiomyocytes. These results 

demonstrate that axial stretch allows significant sarcolemmal influx in WT and mdx 
cardiomyocytes.

3.3. Involvement of SACs in stretch-dependent cations influx

In order to investigate which channels are involved in cation entry observed in our 

experiments, particularly in stretch conditions, inhibitors of SACs and L-type Ca2+ channels 

have been used. Bars in Fig. 2D represent cation entry at rest and during axial stretch in both 
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WT and mdx cardiomyocytes measured as the mean slope of fura-2 fluorescence intensity 

decrease (in %/min). Stretch conditions showed higher cation entries as compared to resting 

conditions in both WT (25 ± 3%/min n = 14, white bars and 1.4 ± 0.5%/min n = 19, clear 

grey declined hatching, respectively) and mdx cardiomyocytes (49 ± 7%/min n = 14, white 

bars and 10.3 ± 1.5%/min n = 12, clear grey declined hatching, respectively). Regarding 

stretch, first, in control conditions (white bars) stretched mdx cardiomyocytes showed a 

higher cation entry as compared to stretched WT (49 ± 7%/min n = 14 and 25 ± 3%/min n = 

14, respectively). Second, cardiomyocytes were incubated in the presence of SACs blockers 

to assess their involvement in the stretch-dependent cation influx. The aminoglycoside 

antibiotic streptomycin (Strp) has been reported to be a non-specific inhibitor for SACs and 

to reduce Ca2+ leak influx in resting muscle [30]. In WT cardiomyocytes, incubation with 

300 μM Strp strongly inhibited stretch-dependent cation influx to 1.6 ± 0.7%/min n = 13 

(grey bar) whereas in mdx cardiomyocytes, incubation with Strp only partly blocked this 

influx to 10 ± 3%/min (n = 12). The most specific inhibitor for SACs available today is the 

tarantula spider toxin GsMTx-4 [61,62]. Likewise, in WT cardiomyocytes, incubation with 

2.5 μM GsMtx-4 (black bars) reduced the fluorescence quenching rate to 6 ± 1%/min (n = 5) 

whereas in mdx cardiomyocytes, GsMTx-4 incubation reduced stretch-dependent cation 

influx to 26 ± 1%/min (n = 4). In addition, the possible involvement of L-type Ca2+ channels 

has also been studied using nifedipine. In WT cardiomyocytes, incubation with 10 μM 

nifedipine (vertical hatching) failed to lead to any inhibition of cation influx (to 38 

± 3%/min n = 5) and led only to a weak reduction in mdx cardiomyocytes (24 ± 6%/min n = 

6). Taken together, these results suggest that stretch-dependent cation influx could be more 

partly due to SACs rather than L-type Ca2+ channels.

These results indicate first that stretch-dependent cation influx are strongly inhibited by 

SACs blockers in WT cardiomyocytes, meaning that axial stretch could induce SACs 

activation in normal conditions. Second, activation of SACs was also observed in the 

pathological condition of dystrophin-deficiency (mdx-DCM model) and this activation was 

found to be higher than in WT. Finally, the divalent cation entry in response to axial stretch 

was found higher than the constitutive cation influx observed in mdx cardiomyocytes in 

resting conditions.

3.4. Involvement of TRPV2 channels in stretch-dependent cation influx

Because TRPV2 channels have been identified as molecular candidates for stretch-activated 

channels [39,63] their involvement were investigated in our mdx-DCM model (Fig. 3). Fig. 

3A illustrates the quenching of fura-2 fluorescence in stretched cardiomyocytes in response 

to Mn2+ perfusion in the presence of an antibody raised against an extracellular epitope of 

the channel (AB TRPV2 extra), that could potentially block TRPV2 channels. In WT 

cardiomyocytes (filled triangles), incubation with AB TRPV2 extra (open triangles) did not 

modify fura-2 fluorescence intensity decrease during per-fusion of Mn2+ whereas in mdx 
cardiomyocytes (filled circles), AB TRPV2 extra incubation (open circles) led to a strong 

inhibition.

Fig. 3B displays stretch-dependent cation influx in the presence of AB TRPV2, Tranilast 

(Trn), and YM-58483 (YM). Effects have been calculated as maximal slopes of the Mn2+-
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induced decreasing phase of fura-2 fluorescence (F360) and expressed as percent decrease 

per minute. In WT cardiomyocytes, incubation with AB TRPV2 extra failed to block the 

cation influx (28 ± 7%/min n = 5 dark grey bars) observed in control (25 ± 3%/min n = 14 

white bars) whereas in mdx cardiomyocytes, a strong inhibition could be observed (to 7 

± 2%/min n = 6, dark grey bar) in the presence of this antibody, as compared to control (49 

± 7%/min n = 14, white bar). Similar effects could be observed with Tranilast (Trn), for 

which it has been reported a strong specificity for TRPV2 channels. In WT cells, incubation 

with 100 μM Trn did not significantly reduce the cation influx (19 ± 4%/min (n = 13) light 

grey bar) as compared to control (25 ± 3%/min n = 14, white bar). In mdx cardiomyocytes, 

Trn incubation drastically reduced the cation influx (9 ± 2%/min n = 13, light grey bar) as 

compared to control (49 ± 7%/min n = 14). The application of 2 μM of YM-58483, induced 

a high inhibition of the cation influx both in WT and mdx cardiomyocytes (5 ± 2%/min n = 

10 horizontal hatching, and 9 ± 3%/min n = 7 horizontal hatching, respectively). Moreover, 

in mdx cardiomyocytes, incubation with 100 μM Trn and 2 μM YM almost completely 

blocked cation influx (data not shown).

3.5. TRPV2 channels expression in WT and mdx cardiomyocytes

Taking into account the preceding results, immunostaining of TRPV2 channels has been 

performed with anti-TRPV2 antibody (Fig. 4) and a difference of TRPV2 localization was 

observed between WT (Fig. 4A) and mdx (Fig. 4B). In WT cardiomyocytes, TRPV2 

immunostaining revealed sarcolemmal and intracellular localizations of this protein. By 

contrast mdx cardiomyocytes displayed only a significant TRPV2 localization at the 

sarcolemma. Fluorescence profiles drawn at the yellow line position show the sarcolemmal 

enrichment of TRPV2 mdx cardiomyocytes (Fig. 4D) as compared to WT (Fig. 4C). In order 

to evaluate sarcolemmal TRPV2 immunostaining, quantification of fluorescence intensity at 

the periphery of the cell, relative to intracellular fluorescence intensity, has been performed 

(Fig. 4E and F). Hence, from immunostaining images profiles, it was possible to determine 

the sarcolemmal fluorescence intensities S1 and S2 (Fig. 4E) and the mean (S) of these two 

values was divided by the minimal fluorescence intensity value in the profile (C: Fig. 4E). 

The determined ratio S/C (Fig. 4F) was obtained in images from WT (n = 11 cells) and mdx 
(n = 13 cells) cardiomyocytes. A significant difference was found between this ratio in mdx 

as compared to WT, suggesting a relative higher sarcolemmal localization of TRPV2 in mdx 
cardiomyocytes.

Fig. 4G shows an example of western blot obtained from isolated left ventricular WT and 

mdx cardiomyocytes, and TRPV2 expression is shown relative to actin expression. No 

drastic difference was found in the whole expression levels of TRPV2 in WT and mdx. 

Nevertheless, a two bands profile was observed with a marked presence of a light band in 

mdx. This profile could be related to the presence of two different TRPV2 forms. 

Distribution of the two bands has been analysed (Fig. 4H). The ratio of band densities (a 

band/b band) showed a different distribution between WT and mdx. Indeed, band a was 

more represented in WT cardiomyocytes (a/b = 1.44 ± 0.07 (n = 4)). In mdx 
cardiomyocytes, band b was found equivalent to band a (0.95 ± 0.13 (n = 4)), bringing to 

mind the possibility of a small TRPV2 variant expression increased in dystrophin-deficient 

context.
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Because intracellular localization of TRPV2 channels may be affected in in vitro conditions, 

we have performed immunolocalization of TRPV2 channels on cross sections of WT and 

mdx hearts (Fig. 5). Sarcolemma and sarcomeric structure (F-actin) were visualized using 

WGA or phalloidin staining, respectively (Fig. 5). As it is demonstrated on Fig. 5A, regions 

of robust sarcolemmal expression of TRPV2 can be observed on the cardiomyocytes from 

mdx mice, but not on the cardiomyocytes of WT mice. Fluorescence profiles drawn at the 

yellow line position confirm the sarcolemmal localizations of TRPV2 mdx cardiomyocytes 

(Fig. 5B). Co-immunostaining with phalloidin-FITC revealed that in WT cardiomyocytes 

TRPV2 are located mainly on the longitudinal sarcoplasmic reticulum network that wrap 

around the myofibrils (Fig. 5C), whereas in mdx cardiomyocytes TRPV2 seems to be 

located both on the longitudinal sarcoplasmic reticulum network and on the sarcolemma or 

closely to sarcolemma (Fig. 5C). Noteworthy, in the mdx cardiomyocytes TRPV2 expression 

was higher on the sarcolemma than on the sarcoplasmic reticulum.

4. Discussion

Taken together, these findings suggest that activation of TRPV2 channels participates to a 

constitutive basal cation entry in mdx cardiomyocytes. Interestingly, channels supporting the 

basal divalent cation entry are the same channels that are mobilized after TPEN treatment. 

This may illustrate a cooperative activation of TRPV2 channels and SOCs in the 

sarcolemma of mdx myotubes when the dystrophin-associated protein complex is disrupted.

Moreover, using a carbon microfibers technique, an axial stretch was applied to mimic 

effects of physiological conditions of the ventricular filling and study on divalent cation 

influx by the Mn2+-quenching technique demonstrated a high stretch-dependent cation 

influx in dystrophic cells, partially due to SACs. The stretch-dependent Ca2+ influx was 

found to depend, in WT cardiomyocytes, on other channels than TRPV2. These channels 

could be TRPC that are blocked by YM-58483 (BTP2), and can be activated by stretch as it 

was suggested for TRPC1 and TRPC6 [33,35]. In mdx cardiomyocytes, the stretch-

dependent Ca2+ entry depends both on TRPV2 and TRPCs channels, meaning that TRPV2 

channels could play a key role in the calcium dysregulation in mdx cardiomyocytes, 

enhanced in stretching conditions.

4.1. Constitutive cation entry at rest in mdx cardiomyocytes

It was already suggested that divalent cation permeability was increased at rest in dystrophic 

mouse skeletal muscle fibres when measured by the Mn2+-quenching technique [54]. Here 

we demonstrated the presence of a constitutive divalent cation entry in dystrophic mouse 

cardiomyocytes measured at rest by the same technique and absent in normal 

cardiomyocytes. The pharmacological characterization of this constitutive divalent cation 

entry suggested that both TRPV2 and SOC participate and may cooperate to this increased 

permeability. It was already proposed that a pool of TRPV2 at the sarcolemma could be 

constitutively active and that Ca2+ entry may promote the addressing of cytoplasmic TRPV2 

in dystrophic cardiomyocytes [43]. Moreover, the constituents of SOCs, Orai and TRPC1 

proteins, were shown to support elevated calcium influx after store depletion in dystrophic 

myotubes and fibres, when deficient in dystrophin [29,31,32]. Interestingly, TRPC1 was also 
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suggested to support a constitutive calcium entry in skeletal muscle fibres when deficient in 

homer-1 [64], and we showed that the scaffolding protein α1-syntrophin prevents 

exacerbated TRPC1-dependent cation entry in skeletal myotubes [31]. TRPC1 was also 

shown to be enriched at the sarcolemma of mdx fibres and associated with caveolin-3. This 

may maintain the channel at the membrane, where TRPC1 are deregulated because of the 

absence of α1-syntrophin [31]. Altogether, this suggests that the absence of the dystrophin/

syntrophin/homer-1 scaffold, which is deficient in dystrophic muscles is responsible of 

TRPC1 and also TRPV2 deregulation at the sarcolemma. This may lead to a constitutive 

activity of TRPV2 and/or TRPC1, which participates to the observed diva-lent cation influx 

in mdx cardiomyocytes at rest. In their previous work, Iwata and collaborators [43] showed 

that the sarcolemmal translocation of TRPV2 was dependent on a calcium influx, and 

suggested that a pool of constitutively active TRPV2 channels could promote this 

translocation. Alternatively, both TRPC and TRPV2 constitutively active channels could 

promote the elevated calcium-dependent translocation of TRPV2 to the sarcolemma of 

dystrophic cardiomyocytes and in turn, exacerbate the calcium entry at rest or during 

stimulation.

4.2. Axial stretch-dependent influx and SACs

It is widely accepted that membrane of dystrophin-deficient cardiomyocytes is more fragile, 

making these cells more susceptible to mechanically induced damage. This loss of 

membrane integrity leads to an increase of permeability which allows an abnormal stress-

induced influx of Ca2+. The stretch-activated channels (SACs) have been proposed to 

mediate these abnormal Ca2+ entries in DMD skeletal muscle [15,65] and in mdx 
cardiomyocytes [41,48]. Nevertheless, in these studies, the mechanical stress applied on 

cardiomyocytes was a hypoosmotic shock which triggers a cell swelling. In this condition, 

are the same channels involved in a physiological diastolic stretch? In this study, an 

homogenous axial stretch was carried out to mimic the effects of a diastolic stretch.

The present results show that an homogenous axial stretch can create conditions for the 

presence and/or the activation of cationic permeant sarcolemmal channels. The cation influx 

observed in mdx cardiomyocytes is higher than influx observed in WT in agreement with the 

hypothesis of dysregulation of sarcolemmal calcium channels. This observed cation influx 

can been attributed, in part, to activation of stretch-activated channels (SACs). The evidence 

is based on the results obtained from a combination of two inhibitors: streptomycin, which is 

not only a blocker of SACs but can also modulate Ca2+ and K+ channels in cardiac muscle 

[66,67], and the most specific inhibitor of cationic non selective SACs known today, the 

tarentula toxin, GsMTX-4. These two SACs blockers lead to the diva-lent cation influx 

inhibition, although not completely. This later observation suggests that cation influx 

pathways other than SACs are present as well.

It has been demonstrated that axial stretch can induce depolarization of the resting potential 

and prolongation of the action potential which can trigger after-depolarization and 

extrasystoles [68]. These results would suggest an increase of Ca2+ influx through L-type 

Ca2+ channels. Here, the use of nifedipine did not significantly modify the stretch-dependent 

cation influx which excludes, in our conditions, the activation of these channels by axial 
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stretch and the consecutive calcium entry through this pathway. However, the entry of both 

Ca2+ and Na+ through TRPC channels could also participate to membrane after-

depolarization following axial stretch.

4.3. TRPV2 channel: A likely SACs candidate in mdx cardiomyocytes

In the present study, a stretch-dependent influx, higher than in resting conditions, has been 

demonstrated and this sarcolemma influx seems to be mediated at least partly by SACs. The 

molecular identity of SACs involved in muscular dystrophy is unknown. However, some 

studies have proposed several candidates as potential SACs in mdx cardiomyocytes such as 

TRPV2 channels. Recently, a number of studies involved these channels in a pathological 

context of heart disease but are also focused on their physiological role. Indeed, TRPV2 

channels seem to be involved in the formation and the maintenance of integrity of the 

intercalated disks and have a key role in the mechanotransduction in these specific areas of 

cardiomyocytes [20]. In DMD, TRPV2 channels have been suggested to be involved in the 

progression of the pathology in both skeletal and cardiac muscle with an abnormal 

sarcolemmal localization [40,41]. TRPV2 channels were also shown to be enriched at the 

sarcolemma of DMD human skeletal myotubes and to support an exagerated divalent cation 

entry in response to THC [44]. Here, a sarcolemmal accumulation has also been observed in 

aged mdx cardiomyocytes, and in WT the localization was found more intracellular. To 

assess the function of these channels in our model, different pharmacological tools have 

been used. First, inhibition of TRPV2 channels through application of a blocking antibody 

raised against an extracellular epitope of these channels (AB TRPV2 extra) strongly reduced 

the stretch-dependent cation influx in mdx but not in WT cardiomyocytes. This could be 

related to the sarcolemmal localization in mdx cells. Second, the use of an another, less 

specific, blocker of TRPV2 channels, tranilast, confirmed the data previously obtained with 

extracellular application of AB TRPV2 extra.

Moreover, the presence of a light band in mdx TRPV2 western blots seems to indicate the 

expression of two different proteins and make possible the presence of a TRPV2 variant 

expression. Indeed, it as already been demonstrated that osmosensensory transduction in 

mouse supraoptic nucleus neurons is depending on an N-terminal variant of TRPV1 channel 

and not on the full-length protein [69]. Moreover, a short splice variant of TRPV2 has 

already been detected in urothelial [70] and human leukemic cells [71]. The small TRPV2 

variant identified in these studies was lacking on the pore forming region and sixth 

transmembranar domain. In our case, a naturally occuring alternative splice variant may 

interact with the full length TRPV2, or other TRP channels and could modify traffic-king, 

translocation to the plama membrane, and finally contribute to increased calcium influx in 

mdx cardiomyocytes.

4.4. SOCs channels: SACs candidates in WT cardiomyocytes?

It was found in this study that the YM-58483 blocker was able to reduce cation influx in 

axial-stretched WT and mdx cardiomyocytes. YM is known to inhibit SOCs channels as 

Orai1 and TRPCs channels [60]. Among these SOCs channels, TRPCs channels have 

already been described as potential SACs canditates [33,35]. Studies about TRPCs 

mechanosensitivity are controversial because of the lack of specific tools and most of the 
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studies have been performed in heterologous systems. Moreover, because a direct 

mechanosensitivity of these channels has not been clearly prooved, the recent idea is that the 

stretch sensitivity could be indirect and needed one or more others components [23]. 

Nevertheless, it has been demonstrated that TRPC1 expression level was increased in 

patholological context of DMD [30] and RNA antisens of TRPC1 channels in skeletal 

myoblasts can reduce SACs activity [29]. TRPC6 channels have also been identified as 

SACs in a study where ISAC was inhibited by pore blocking antibodies [37]. In our 

experiments, the stretch-dependent cation influx seemed to be partly due to TRPCs channels 

because the use of the non-specific blocker of TRPCs channels, YM-58483, induced a 

strong inhibition in both WT and mdx cardiomyocytes.

in this study, aged dystrophin-deficient cardiomyocytes respond to a mechanical challenge 

differently from WT cells. Indeed, our results support the involvement of different type of 

channels involved in the stretch-dependent response with an abnormal cation influx which 

could induce by it's own an increase of the intracellular calcium concentration. TRPV2 

channels are demonstrated here to play a key role in Ca2+ influx and dysregulation in 

stretched dystrophin deficient cardiomyocytes. Thus, the function and the translocation 

pathway of TRPV2 channels could be relevant targets for pharmacological therapy of DMD 

pathology.
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Fig. 1. Cation influx in resting isolated cardiomyocytes, quenching of fura-2 with the manganese 
quench technique
(A) Representative recordings of fura-2 fluorescence during superfusion with a calcium-free 

Tyrode solution containing 300 μM Mn2+, obtained in resting WT (open triangles) and mdx 
(open circles) cardiomyocytes. (B) Mn2+ influx in isolated WT in the presence of SACs and 

SOCs activators and inhibitors. WT cells were incubated with 10 μM THC for TRPV2 

activation; mdx cardiomyocytes were incubated in the presence of 10 μM THC, 100 μM 

Tranilast (Trn) and 1 μM Ruthenium Red (RR) for TRP inhibition, 2 μM YM-58483 (YM), 

the combination of 1 μM RR and 2 μM YM and 10 μM Nifedipine. Measurements are 

represented as rate of decrease of fura-2 intensity, relative to the rate measured in mdx 

cardiomyocytes (100%, open bar). Rates of decrease in % of the mean control value in mdx 

(n = 6) taken as 100: WT: 11.5 ± 2.6 n = 4; WT 10 μM THC: 56.4 ± 3.8 n = 6; mdx 10 μM 

THC: 107.8 ± 19.9 n = 7; mdx 100 μM Trn: 45.4 ± 8.3 n = 10; mdx 1 μM RR: 35.6 ± 5.8 n = 

8; mdx 2 μM YM: 19.2 ± 6.1 n = 9; mdx RR/YM: 12.7 ± 2.1 n = 6; mdx 10 μM nifedipine: 

109 ± 5.1 n = 9. (C) Mn2+ influx in WT and mdx cardiomyocytes in the presence of 40 μM 

of the SR Ca2+ chelator TPEN. WT cells were incubated with 10 μM THC for TRPV2 

activation. Rates of decrease in % of the mean control value in mdx (n = 7) taken as 100: 

Aguettaz et al. Page 18

Cell Calcium. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



WT: 8.5 ± 2.4 n = 4; WT 40 μM TPEN: 47.7 ± 6.3 n = 6; mdx 40 μM TPEN: 105.4 ± 7.9 n = 

7. *** P < 0.001; * P < 0.5; ns, not significant.
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Fig. 2. Stretch-dependent calcium entry in WT and mdx cardiomyocytes
(A and B) Images of an isolated cardiomyocyte attached to two carbon fibres (CF) and 

stretched. The two fibres were connected to micromanipulators (3 axis) allowing to gently 

move each fibre. In this protocol, the fibre on left (CF1 in A) served as an anchor with no 

movement during the experiment time. Axial stretch was carried out through lateral 

movement of the fibre on right (CF2 in A and the bold white arrow in B). Axial stretch was 

applied for 30 s before Mn2+ application and was maintained during the recording time, i.e. 

around 60 s. (C) Representative recordings of fura-2 fluorescence during perfusion with 300 

μM Mn2+ obtained in resting WT (open triangles) and mdx (open circles) cardiomyocytes 

and in stretched WT (black triangles) and mdx (black circles). D: quenching rate in the 
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presence of SACs inhibitors in axial-stretched WT and mdx cardiomyocytes. Cells were 

incubated with 300 μM streptomycin (Strp, grey bars) or 2.5 μM GsMTx-4 (Black bars) for 

SACs inhibition and with 10 μM nifedipine (vertical hatching). Open bars represent the 

quenching rate in stretch control conditions and declined hatching bars report manganese 

quenching rate in resting conditions. Measurements are represented as slopes of the Mn2+-

induced decreasing phase of fura-2 and expressed as percent per minute. Bar graphs 

represent mean rates of fluorescence decrease induced by Mn2+ ± SEM. * P < 0.01; *** P < 

0.001; ns, not significant. ##Represents the statistical difference between WT and mdx in 

stretch conditions. ## P < 0.005; $$$ represents the statistical difference between resting and 

stretch conditions. $$$ P < 0.001.
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Fig. 3. Influx in stretched cardiomyocytes in presence of TRPV2 channels antibodies
(A) example of recordings of fura-2 fluorescence during perfusion with 300 μM Mn2+ 

obtained from stretched WT (black triangles) and stretched mdx (black circles) and after 

incubation with antibody against TRPV2 (AB TRPV2 extra) from stretched WT (open 

triangles) and mdx (open circles) cardiomyocytes. (B) Effect of inhibitors on manganese 

quench rate in stretched cardiomyocytes. Stretched cells were pre-incubated with antibody 

against an extracellular epitope of TRPV2 (dark grey bars), 100 μM tranilast (clear grey 

bars) and 2 μM YM-48483 (horizontal hatching bars) in stretched WT and mdx 

cardiomyocytes. Open bars represent the control. Measurements are represented as slopes of 

the Mn2+-induced decreasing phase of fura-2 fluorescence and expressed as percent of 

decrease per minute. Bar graphs represent maximal rates of fluorescence decrease induced 

by Mn2+ ± SEM. *** P < 0.001; ns, not significant.
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Fig. 4. TRPV2 protein expression in isolated WT and mdx cardiomyocytes
(A and B) Examples of immunostaining images of TRPV2 channels in WT and mdx 
cardiomyocytes, respectively. In each image, the drawn vertical yellow line represents the 

area selected for plotting a fluorescence profile. (C) Fluorescence amplitude profile from 

WT in (A). (D) Fluorescence amplitude profile from mdx in (B). From several images, 

quantification of the fluorescence intensity at the periphery of the cell, relative to 

intracellular fluorescence intensity, has been performed (E and F). From profiles, we 

determined the sarcolemmal fluorescence intensities S1 and S2 (panel E) and the mean (S) 

of these two values was divided by the minimal fluorescence intensity value (level C in the 

panel E) found in the profile of panel (E). The determined ratio S/C was calculated from 

images in WT (n = 11 cells) and mdx (n = 13 cells) cardiomyocytes. (G) Example of 

western blot obtained from isolated ventricular WT and mdx cardiomyocytes. A two bands 

(a and b) profile was observed with a marked presence of a light band in mdx sample. (H) 
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The proportion of the two bands was evaluated through the calculation of the ratio of the 

band densities (a band density/b band density). *** P < 0.001, * P < 0.01.
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Fig. 5. TRPV2 expression in heart tissue from WT and mdx mice
Immunolocalization of TRPV2 channels (red) within cardiomyocytes (transversal sections 

from left ventricle). Confocal immunofluorescence. (A) Green—sarcolemma and capillary 

position (WGA staining). The drawn yellow line represents an area selected for plotting a 

fluorescence profile. (B) Left panel: Profiles showing the optical density (grey plot) along 

the yellow line (in A). Red—TRPV2 profile; green—WGA staining profile. The WGA 

fluorescence intensities at S1 and S2 correspond to the sarcolemma position; the WGA 

fluorescence intensities at C corresponded to the cytosol position. The quantification of the 
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TRPV2 (red) fluorescence intensity was performed at the periphery of the cell (sarcolemma 

position) and at the central position (cytosol). Right panel. The determined ratio S/C 

calculated from images in WT (n = 8 cells) and mdx (n = 8 cells) cardiomyocytes showing 

accumulation of TRPV2 in the sarcolemma of mdx mice. (C) Green—sarcomere position 

(F-actin, phalloidin staining). Typical representative image from 3 WT and 3 mdx mice. Bar 

−10 μm. *** P < 0.001.
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