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Summary:

Myotonic dystrophy type 1 (DM1) is the most common neuromuscular disorder and is associated with cardiac conduction defects. However, the mechanisms of cardiac arrhythmias in DM1 are unknown. We tested the hypothesis that abnormalities in the cardiac sodium current (I Na ) are involved, and used a transgenic mouse model reproducing the expression of triplet expansion observed in DM1 (DMSXL mouse). The injection of the class-I antiarrhythmic agent flecainide induced prominent conduction abnormalities and significantly lowered the radial tissular velocities and strain rate in DMSXL mice compared to WT. These abnormalities were more pronounced in 8month-old mice than in 3-month-old mice. Ventricular action potentials recorded by standard glass microelectrode technique exhibited a lower maximum upstroke velocity [dV/dt] max in DMSXL.

This decreased [dV/dt] max was associated with a 1.7 fold faster inactivation of I Na in DMSXL myocytes measured by the whole-cell patch-clamp technique. Finally in the DMSXL mouse, no mutation in the SCN5A gene was detected and neither cardiac fibrosis nor abnormalities of expression of the sodium channel protein were observed. Therefore, alterations in the sodium current markedly contributed to electrical conduction block in DM1. This result should guide pharmaceutical and clinical research towards better therapy for the cardiac arrhythmias associated with DM1.

Introduction

Myotonic dystrophy type 1 (DM1), also known as Steinert's disease, is the most common inherited neuromuscular disease in adults [START_REF] Ashizawa | Ethnic distribution of myotonic dystrophy gene[END_REF]. DM1 is a genetic disorder caused by the expansion of triplet repeats (CTG)n in the 3' region of the DMPK gene [START_REF] Mahadevan | Myotonic Dystrophy Mutation: An Unstable CTG Repeat in the 3' Untranslated Region of the Gene[END_REF]. The main mechanism leading to phenotypical abnormalities of DM1 is the nuclear accumulation of mutant mRNAs causing aberrant alternative splicing of multiple pre-mRNAs [START_REF] Amack | Cis and trans effects of the myotonic dystrophy (DM) mutation in a cell culture model[END_REF][START_REF] Mankodi | Myotonic dystrophy in transgenic mice expressing an expanded CUG repeat[END_REF]. Cardiac electrical disturbances such as atrioventricular conduction blocks represent the most frequent cardiac manifestation of DM1 with major impacts on clinical outcomes, as up to 1/3 of patients die suddenly (de [START_REF] De Die-Smulders | Age and causes of death in adult-onset myotonic dystrophy[END_REF][START_REF] Groh | Electrocardiographic abnormalities and sudden death in myotonic dystrophy type 1[END_REF][START_REF] Mathieu | A 10-year study of mortality in a cohort of patients with myotonic dystrophy[END_REF]Wahbi et al., 2012a;Wahbi et al., 2012b). However, mechanisms linking constitutive CTG expansion and cardiac phenotypes in DM1 patients are not known. In two distinct mouse models of DM1, atrioventricular conduction disturbances could be recorded a few days after inducing the expansion of the CTG triplet [START_REF] Mahadevan | Reversible model of RNA toxicity and cardiac conduction defects in myotonic dystrophy[END_REF][START_REF] Wang | Elevation of RNA-binding protein CUGBP1 is an early event in an inducible heart-specific mouse model of myotonic dystrophy[END_REF].

These studies point to alterations in cardiac conduction and excitability properties as an early event in the constitution of the DM1 associated cardiopathies.

The present study was undertaken to examine the mechanisms underlying the cardiac phenotype of DM1 using the mouse model that constitutively expresses the human DM1 locus under the regulation of its own promoter and its cis regulatory elements: the DMSXL mouse model.

The originality of this model lies on the pattern of expression of the DMPK gene in DMSXL which is similar to DM1 patients including a high level of expression in the heart [START_REF] Huguet | Molecular, physiological, and motor performance defects in DMSXL mice carrying >1,000 CTG repeats from the human DM1 locus[END_REF]. This model reproduces the main clinical characteristics observed in the human disease including reduced muscle strength, lower motor performances, peripheral neuropathy and respiratory impairments [START_REF] Huguet | Molecular, physiological, and motor performance defects in DMSXL mice carrying >1,000 CTG repeats from the human DM1 locus[END_REF][START_REF] Panaite | Peripheral neuropathy is linked to a severe form of myotonic dystrophy in transgenic mice[END_REF][START_REF] Panaite | Functional and histopathological identification of the respiratory failure in a DMSXL transgenic mouse model of myotonic dystrophy[END_REF]. However, nothing is known about the cardiac phenotype of the DMSXL mouse.

Using a combination of physiological and pharmacological approaches, we provide evidence for reduced cellular excitability of the ventricular myocardium in the DMSXL mouse which appear to be due to anomalies related to the sodium current (I Na ) and which could account for the electrical and contractile dysfunctions seen in DM1 cardiopathy.

Results

Enhanced sensitivity to flecainide of transgenic DMSXL mice

Since in DM1 conduction disorders are known to progress with age [START_REF] Groh | Electrocardiographic abnormalities and sudden death in myotonic dystrophy type 1[END_REF], electrocardiographic and echocardiography analysis were performed on 3-month-old and 8-monthold mice. As previously described, DMSXL mice showed a growth retardation as indicated by a smaller size compared to WT (at 3 months,19±3g vs. 26±1g;P<0.0001,n=11 and at 8 months,22±1g vs. 30±1g;P<0.0001,n=11). DMSXL and WT mice showed the same heart weight / body weight ratio (9±1 %, n=11 in each group).

Electrocardiographic measurements

At baseline, the ECG measurements were not different between WT and DMSXL mice (Figure 1A; Table 1). In order, to unmask clinically silent electrical conduction abnormalities, we used the class-I antiarrhythmic agent flecainide. In all mice studied, flecainide prolonged the duration of the P wave, the PR interval, the QRS complex and the corrected QT interval. At 3 months, DMSXL mice had longer QRS complexes than WT under flecainide, whereas the other parameters (P wave, PR interval, QTc interval) did not differ (Table1). In contrast, at 8 months, the effects of flecainide on ECG parameters were more pronounced in DMSXL mice as indicated by the marked prolongation of the ECG intervals measured 16 min after flecainide injection (Table 1). In addition, 6 out of 9 DMSXL mice (67%) developed second or third degree AV block after flecainide injection whereas none did in the WT group (P=0.009, Figure 1A). This high prevalence of AV block prevented the measurements of the PR interval and the heart rate in 8-month-old mice under flecainide. These results indicated enhanced sensitivity to sodium channel blocker in 8-month-old DMSXL mice.

Myocardial function using conventional echocardiography and Tissue Doppler imaging

The cardiac function of DMSXL mice was investigated by echocardiography (Figure 1B; Table 2).

The size and the systolic function of the left ventricle did not differ between WT and DMSXL mice, both at 3 and 8 months. To further examine the contractile properties of DMSXL hearts, we measured endocardial V endo and epicardial V epi tissue velocities and strain rate (SR) in order to detect discrete myocardial dysfunction [START_REF] Koshizuka | Longitudinal strain impairment as a marker of the progression of heart failure with preserved ejection fraction in a rat model[END_REF]. At 3 months, WT and DMSXL mice had similar tissue velocities (V endo , V epi ) and strain rate (SR) (Table 2). In order to unmask cardiac dysfunction in 3-month-old DMSXL mice, we studied the effects of flecainide on echocardiographic parameters. Flecainide had no effect on LV size and left ventricular ejection fraction. In contrast, after injection of flecainide in 3-month-old mice, V endo , V epi and SR were significantly decreased in DMSXL mice (Table 2). Interestingly, at 8 months, V endo , V epi and SR parameters were reduced in DMSXL even without flecainide injection (Table 2). Again the deep bradycardia and conduction blocks induced by flecainide in DMSXL 8-month-old mice rendered impossible tissue velocities Doppler analysis. These results indicated that the effects of flecainide on cardiac contractile properties were more pronounced in DMSXL than in WT mice.

Altogether, these observations support an enhanced sensitivity of DMSXL mice to the sodium channel blocker flecainide and suggest alterations of the sodium current (I Na ). As the cardiac alterations seemed to progress with age, only 8-month-old mice were used for tissue and cellular experiments in the rest of the study.

Abnormal gating properties of the sodium current in cardiomyocytes from DMSXL mice

The study of I Na was performed first in whole-cell patch-clamped ventricular myocytes.

Representative families of I Na obtained from WT and DMSXL myocytes are shown Figure 2A.

Peak I Na density, activation-V m and steady-state availability-V m relationships did not differ between WT and DMSXL mice (Figure 2B-C Table 3). The onset of inactivation was faster in DMSXL than in WT as evidenced by both the short time to reach half time of inactivation (t 1/2 ) (Figure 2D;Table 3) and the reduced time constant of inactivation (τ fast , Figure 4A; Table 3). Indeed I Na inactivated 1.7 times faster in DMSLX myocytes, at all tested membrane potentials (Figure 4A, B; Table 3).

To further characterize the cardiac electrical properties of the DMXL mouse, action potentials (AP) were recorded in strips of right ventricular free wall (Figure 3). The [dV/dt] max of the upstroke phase was significantly decreased in DMSXL mice (Figure 3B; Table 3). The other main AP parameters (resting membrane potential and AP durations) did not differ between WT and DMSXL mice (Figure 3B; Table 3).

To evaluate the importance of the accelerated inactivation of I Na in reducing the maximum upstroke velocity of the AP, we used a computer model of rat ventricular myocyte AP, the Oxsoft Heart Model v. 4.8. The consequence of the 1.7, 2.7 (1.7+1; mean + SD) and 0.7 (1.7-1; mean -SD) times acceleration of the I Na inactivation rate was thus assessed. Note that the 1.7 value was chosen according to the experimentally determined ratio of the fast time constant of I Na inactivation (τ fast ) between WT and DMSXL (Figure 4A andB). As a consequence, the computed [dV/dt] max lowered from 175V/s to 149V/s (-15%) for the 1.7 ratio and to 118V/s (-33%) for the 2.7 ratio of accelerated I Na inactivation (Figure 4C,D). The 0.7 ratio increased the [dV/dt] max from 175V/s to 203V/s (+16%).

Taken together, these results indicated that mild alterations of I Na in DMSXL mice can effectively contribute to the reduced excitability as experimentally observed.

Molecular and tissue expression of Na v 1.5 subunits in DMSXL and WT mice.

We first studied the molecular characteristics of the SCN5A gene by performing DNA sequencing in 2 DMSXL and 2 WT mice and no mutation was detected. Next, we analyzed the expression of the Na v 1.5 subunit using the indirect immunofluorescence approach. Figure 5A and 5B show that the distribution of Na v 1.5 was similar in WT and DMSXL myocardium, the channel being expressed at the sarcolemma (at both the intercalated discs and lateral membranes) as well as at the costamere, facing the z-line. Of note, the ventricular myocytes from DMSXL mice appeared to be smaller than those from the WT mice, in agreement with the smaller membrane capacitance of cardiac myocytes from DMSXL mice (122±33 pF, n=16) compared with the WT (155±47 pF, n=22) mice (P=0.02). Finally, picrosirius staining did not reveal significant fibrosis in either group of mice (Figure 5C).

Discussion

The present study is a detailed characterization of the cardiac phenotype of an original murine model of Steinert's disease that reproduces the chronic accumulation of CTG triplets in the heart.

We provide evidence that discrete alterations in the properties of the sodium current contribute to the electrical and contractile cardiac dysfunction of this hereditary myopathy.

In DM1, direct access to heart tissue is limited to patients with end stage heart failure.

Therefore, animal models are crucial for the understanding of the pathogenesis of this myopathy.

Important information has been obtained already using murine models in which acute triplet expansion were induced. For instance, a few days after induction of triplet expansion in the heart, complete AV block and dilated cardiomyopathy are observed in a tamoxifen-induced CreloxP recombination mice model [START_REF] Wang | Elevation of RNA-binding protein CUGBP1 is an early event in an inducible heart-specific mouse model of myotonic dystrophy[END_REF]. In another murine model of inducible expression of the DMPK gene that reproduces the DM1 muscle phenotype, complete AV block occurs eight days following induction of the triplet expansion and is reversible upon silencing of the triplet expansion [START_REF] Mahadevan | Reversible model of RNA toxicity and cardiac conduction defects in myotonic dystrophy[END_REF]. These two studies indicate that conduction block could be the direct consequence of acute and massive triplet expansion in the heart and therefore suggest that distinct molecular mechanisms might be involved in this pathogenesis rather than an unspecific degenerative myocardial process.

The DMSXL mouse model of the present study constitutively expresses the human DM1 locus under the regulation of its own promoter and its cis regulatory elements resulting in a slow and steady-state expression of the triplet expansion as observed in DM1 patients. Thus, this is a precious model to study the time course of the disease with ageing. It has been previously shown that DMSXL mice have reduced muscle strength, lower motor performances, peripheral neuropathy and respiratory impairments [START_REF] Huguet | Molecular, physiological, and motor performance defects in DMSXL mice carrying >1,000 CTG repeats from the human DM1 locus[END_REF][START_REF] Panaite | Peripheral neuropathy is linked to a severe form of myotonic dystrophy in transgenic mice[END_REF][START_REF] Panaite | Functional and histopathological identification of the respiratory failure in a DMSXL transgenic mouse model of myotonic dystrophy[END_REF]. However, we found no cardiac abnormality at the ECG and echocardiographic examination in baseline conditions in the DMSXL mouse. In clinical practice, sodium channel blockers are often used to reveal latent electrical conduction disturbances [START_REF] Chiale | Usefulness of the ajmaline test in patients with latent bundle branch block[END_REF][START_REF] Wolpert | Intravenous drug challenge using flecainide and ajmaline in patients with Brugada syndrome[END_REF]. In DMSXL mice, the injection of the sodium channel blocker flecainide indeed unmasked cardiac abnormalities. In 8-month-old mice, the prolongation of ECG parameters (PR interval, QRS complexes) under flecainide was more pronounced in DMSXL than in WT mice and high degree AV block was documented in 6/9 DMSXL mice, an effect never observed in WT mice. This enhanced sensitivity to flecainide was not observed in 3-month-old mice (except for the lengthening of the QRS complexes), indicating a clear progression of the cardiac disease with ageing, as observed in DM1 patients. Taken together, our results and those obtained in a model of inducible CTG expansion [START_REF] Mahadevan | Reversible model of RNA toxicity and cardiac conduction defects in myotonic dystrophy[END_REF][START_REF] Wang | Elevation of RNA-binding protein CUGBP1 is an early event in an inducible heart-specific mouse model of myotonic dystrophy[END_REF] indicate that the slow or rapid accumulation of CTG triplets in the heart could be responsible for the development of cardiac electrical abnormalities.

Flecainide injection reduced tissues velocities and strain rate in 3-month-old DMSXL mice.

In 8-month-old DMSXL mice, these two tissue Doppler parameters were already reduced in baseline conditions, i.e. before flecainide injection. Firstly, these results are consistent with the progression with ageing of the cardiac disease with the accumulation of CTG triplets. Secondly, they suggest a link between electrical and contractile disturbances in DM1. For instance, it is possible that alterations of electrogenic system involved in the excitation-contraction coupling of cardiomyocytes such as the sodium current could account for both the electrical and conduction defects. Interestingly, such discrete alterations of cardiac contractile properties as evidenced by tissue velocities parameters has been previously described in patients with DM1 [START_REF] Di Cori | Early left ventricular structural myocardial alterations and their relationship with functional and electrical properties of the heart in myotonic dystrophy type 1[END_REF][START_REF] Lindqvist | Ventricular dysfunction in type 1 myotonic dystrophy: electrical, mechanical, or both?[END_REF], but also in patients with channelopathies (long QT syndrome) and had been attributed to the dispersion of cardiac contraction [START_REF] Haugaa | Left ventricular mechanical dispersion by tissue Doppler imaging: a novel approach for identifying high-risk individuals with long QT syndrome[END_REF]. Both the sensitivity of these echocardiographic and electrocardiographic abnormalities to flecainide pointed to alterations in I Na .

Patch-clamp analysis showed mild abnormalities in I Na in DMSXL. While the peak current density and its availability-V m relationship were similar between DMSXL and WT myocytes, the rate of I Na inactivation was 1.7 ± 1.0 times increased in DMSXL mouse myocytes. This accelerated kinetic of current inactivation could reduce the amount of sodium entry during the phase 0 of the action potential. Indeed, microelectrode recording of ventricular action potential in ventricle strips confirmed the expected decrease of [dV/dt] max in DMSXL. Moreover, the computer model of ventricular AP confirmed that the 1.7 times accelerated inactivation of I Na could significantly contribute to lower the [dV/dt] max by 15% on average. Interestingly, it has been shown that a 20% reduction of [dV/dt] max could be responsible for a decrease in transverse conduction velocity and high degree AV block in patients harboring a G514C mutation on the SCN5A gene [START_REF] Tan | A sodium-channel mutation causes isolated cardiac conduction disease[END_REF].

The mild I Na alterations observed in DMSXL mice are similar to those reported for other electrical disorders associated with I Na defects. For instance, the flecainide-induced bradycardia and conduction blocks in the 8-month-old DMSXL mice happened to be similar to those observed in mouse models of Brugada syndrome related to SCN5A mutations [START_REF] Martin | In vivo studies of Scn5a+/-mice modeling Brugada syndrome demonstrate both conduction and repolarization abnormalities[END_REF][START_REF] Remme | Overlap syndrome of cardiac sodium channel disease in mice carrying the equivalent mutation of human SCN5A-1795insD[END_REF]. Moreover, accelerated kinetics of sodium current inactivation have been reported in SCN5A mutations with complex I Na alterations and Brugada syndrome [START_REF] Dumaine | Ionic mechanisms responsible for the electrocardiographic phenotype of the Brugada syndrome are temperature dependent[END_REF][START_REF] Mohler | Nav1.5 E1053K mutation causing Brugada syndrome blocks binding to ankyrin-G and expression of Nav1.5 on the surface of cardiomyocytes[END_REF]. A recent study reports a high incidence of typical ECG traces of Brugada syndrome associated with conduction disorders in 7/914 DM1 patients (Wahbi et al., in press). Altogether, these studies suggest shared electrical mechanisms between DM1 and Brugada syndrome. In the same line, the reduction of [dV/dt] max caused by SCN5A mutations can cause either high degree AV block or Brugada syndrome (due to the gradient of repolarisation between the endocardium and the epicardium) [START_REF] Tan | A sodium-channel mutation causes isolated cardiac conduction disease[END_REF].

Sodium current dysfunction has been previously associated with heterogeneous phenotypes characterized by variable manifestation (Brugada syndrome, Familial Progressive Cardiac Conduction System Disease or even dilated cardiomyopathy) [START_REF] Mcnair | SCN5A mutation associated with dilated cardiomyopathy, conduction disorder, and arrhythmia[END_REF][START_REF] Schott | Cardiac conduction defects associate with mutations in SCN5A[END_REF]. A single SCN5A mutation may induce either a single phenotype, or several distinct phenotypes [START_REF] Kyndt | Novel SCN5A mutation leading either to isolated cardiac conduction defect or Brugada syndrome in a large French family[END_REF]. Here, we provide new evidence that alterations in the sodium current could contribute to both cardiac electrical and mechanical disturbances in an original mouse model of DM1. DM1 myopathy could be another example of a complex disease associated with mild modification of the sodium current. Further studies aiming to identify the molecular mechanisms underlying I Na dysfunction in DM1 are now warranted.

Materials and methods

DMSXL transgenic mouse model of DM1

The 45-kb genomic fragment carrying the dystrophia myotonica protein kinase gene from a DM1 locus patient was used to create the DMSXL transgenic mouse model with >1000 cytosinethymine-guanine repeats expansion [START_REF] Seznec | Transgenic mice carrying large human genomic sequences with expanded CTG repeat mimic closely the DM CTG repeat intergenerational and somatic instability[END_REF]. DMSXL mice show the highest level of expression of CTG repeats and nuclear DMPK mRNA foci in cardiac and skeletal muscles [START_REF] Gomes-Pereira | CTG trinucleotide repeat "big jumps": large expansions, small mice[END_REF][START_REF] Huguet | Molecular, physiological, and motor performance defects in DMSXL mice carrying >1,000 CTG repeats from the human DM1 locus[END_REF][START_REF] Seznec | Transgenic mice carrying large human genomic sequences with expanded CTG repeat mimic closely the DM CTG repeat intergenerational and somatic instability[END_REF]. Housing and handling of mice were performed in accordance with the guidelines established by the French Council on animal care "Guide for the Care and Use of Laboratory Animals": EEC86/609 Council Directive -Decree 2001-131.

Electrocardiographic measurements

We anesthetized 3-and 8-month-old WT and DMSXL mice with an intraperitoneal injection (i.p.) of pentobarbital (20mg/kg ip). The surface ECG was recorded using 23-gauge, subcutaneous Gould RS 3200 needle electrodes (Gould Instrument Systems), affixed to each limb. ECG was continuously monitored for 5 min before (baseline) and 16 min after the injection of the antiarrhythmic drug flecainide acetate, 20 mg/kg body weight, i.p. Indeed, class I antiarrhythmic drugs are used as a pharmacological stress testing of conduction disorders in humans [START_REF] Enclund | Pharmacological Stress Testing of the His-Purkinje System in Patients with Bifascicular Block[END_REF] . Moreover, flecainide test has been used in transgenic mice with mutated cardiac sodium channel to reveal concealed conduction disorders [START_REF] Martin | In vivo studies of Scn5a+/-mice modeling Brugada syndrome demonstrate both conduction and repolarization abnormalities[END_REF][START_REF] Remme | Overlap syndrome of cardiac sodium channel disease in mice carrying the equivalent mutation of human SCN5A-1795insD[END_REF]. Heart rate and PQ, QRS, and QT duration were measured manually. The values obtained from 5 consecutive cardiac cycles were averaged. The QT interval was corrected for heart rate, using the modified Bazett formula, QTc = QT/(RR/100) 0.5 .

Conventional and Tissue Doppler imaging echocardiography

Echocardiographic images were acquired in 3-month-old and 8-month-old WT and DMSXL mice, using a 13-MHz linear-array transducer with a digital ultrasound system (Vivid 7, GE Medical Systems). Mice were lightly sedated with an i.p. of ketamine 80 mg/kg. Acquisitions were carried out before and 16 min after the injection of flecainide acetate, 20 mg/kg body weight, i.p.

Standard echocardiography included the measurements of left ventricular (LV) end diastolic diameter, interventricular septal thickness, LV ejection fraction and mitral E wave. Tissue Doppler images were collected with the use of parasternal short-axis views at the midventricular level, at a frame rate of 483 frames per second and a depth of 1 cm. The Nyquist limit of the velocity was 15 cm/s, with a pulse repetition frequency of 2.5 kHz. TDI analysis was performed offline with the use of a customized version of the EchoPac Software (GE Medical). Myocardial velocities were computed from a region of interest (0.2x0.2 mm) that was manually positioned along the posterior wall on the endocardial and epicardial surfaces to measure the peak systolic endo (V endo ) and epicardial (V epi ) velocities, respectively, as previously described [START_REF] Sebag | Quantitative assessment of regional myocardial function in mice by tissue Doppler imaging: comparison with hemodynamics and sonomicrometry[END_REF]. Radial strain rate (SR) was then measured over an axial distance of 1 mm (width 0.6 mm). A tissue Doppler frequency of 6.4 MHz was used. The temporal smoothing filters were turned off for all measurements. Time-velocity and time-SR plots were obtained, and peak systolic velocities and SR were measured. The values obtained in 5 consecutive cardiac cycles were averaged. The echocardiographic data were compared only if the heart rates did not differ amongst the two groups.

Patch-clamp experiments

Ventricular myocytes were isolated by the Langendorff perfusion technique as previously described [START_REF] Leroy | Phosphodiesterase 4B in the cardiac Ltype Ca 2+ channel complex regulates Ca 2+ current and protects against ventricular arrhythmias in mice[END_REF]. Sodium current (I Na ) was recorded by the whole-cell patch-clamp technique in freshly isolated cardiomyocytes from 8-month-old WT and DMSXL mice at a room temperature of 22 -25° C. Sodium current density-membrane potential (V m ) relationships were calculated and peaks of the current were compared at -20 mV. The activation-V m and availability-V m relationships were also determined. Ionic currents were recorded by the whole-cell patch-clamp technique with an Axopatch ™ 200B patch-clamp amplifier (Axon Instruments, Molecular Devices). The resistance of the Corning ® Kovar Sealing code 7052, WPI patch pipettes (Glass Dynamics) ranged between 1 and 2 MΩ. The currents were filtered at 20 kHz (-3 dB, 8-pole low-pass Bessel filter) and digitized at 50 kHz using a Digidata 1200 acquisition system (Axon Instruments). The cell membrane capacitance was determined according to Momtaz et al. [START_REF] Momtaz | Action potential and plateau ionic currents in moderately and severely DOCA-salt hypertrophied rat hearts[END_REF]. The series resistance was compensated at 80 to 95%, resulting in <3 mV errors; the cell membrane capacitive current and the leakage current were compensated. The peak I Na amplitude was monitored according to a steady-state pulse protocol: a 300 milliseconds depolarizing test pulse to -30 mV from a HP of -100 mV at 0.2 Hz. An equilibration period was allowed until the peak I Na amplitude reached the steady-state.

The steady-state pulse protocol was applied before activation-V m and availability-V m . For the activation-V m protocol, the currents were elicited by 100 milliseconds depolarizing pulses applied at 0.2 Hz from HP -120 mV, in 5-or 10-mV increments, between -100 and +50 mV. The steadystate availability-V m protocol was from a HP of -100 mV; a 1-sec conditioning pre-pulse was applied in 5-or 10-mV increments, between -140 and -30 mV, followed by a 100 milliseconds test pulse to 0 mV at 0.2 Hz. Data for activation-V m and steady-state availability-V m relationships of I Na were fitted to the Boltzmann distribution equation: Y=1/{1+exp[-(V m -V 0.5 )/k]}, where V m is the membrane potential, V 0.5 is the half-activation or half-availability potential. For activation-V m curves, Y represents the relative conductance. For availability-V m curves, Y represents the relative current. Fast onset of inactivation was evaluated i) by measuring the time to half decay of inactivation of the peak current for each membrane potential (V m ) ranging from -55 to 0 mV, as previously described [START_REF] Mohler | Nav1.5 E1053K mutation causing Brugada syndrome blocks binding to ankyrin-G and expression of Nav1.5 on the surface of cardiomyocytes[END_REF] and ii) by calculating the fast time constant (τ fast ). The I Na inactivation was fitted with a double exponential curve using the Sigmaplot 11.0 software (Systat Software Inc.). For the recordings of whole-cell current, the intracellular pipette solution 

Action potential recordings

Action potentials (AP) were recorded using the standard microelectrode technique [START_REF] Coraboeuf | Effect of tetrodotoxin on action potentials of the conducting system in the dog heart[END_REF] on strips of the right ventricle of 8-month-old WT and DMSXL mice. The preparations were stimulated (Isostim A320, World Precision Instruments Inc.) via a bipolar Ag-electrode with 1-ms pulses at twice the threshold voltage. AP were recorded using 15-30 MΩ standard glass microelectrodes filled with 3 mol/L KCl and coupled to a high-input impedance preamplifier Warner Instrument Corp). The AP were displayed on an oscilloscope and simultaneously digitized and analyzed with the interactive Acquis1 software, version 4.0 (Gerard Sadoc, CNRS, Gif/Yvette, France). The preparations were stimulated at 1 Hz and allowed to equilibrate for ≥1 h, before the onset of recording. The AP measurements included maximum upstroke velocity ([dV/dt] max ), resting membrane (E r ) potential and duration at 25, 50 and 90% (APD 25,50,90 ) of repolarization.

Computer simulations of membrane action potential

Computer simulations of membrane action potential were achieved using Oxsoft Heart Model v.

4.8 (written by and available from Pr. D. Noble, Oxford University; copyright by OXFORD Ltd, UK) [START_REF] Difrancesco | A model of cardiac electrical activity incorporating ionic pumps and concentration changes[END_REF]. This mathematical modeling software solves the equations developed to model currents associated with ion channels, exchangers and pumps in the heart, and then reconstitute the cellular action potential. We selected it because of its easy commercial availability and because it contains all the parameters needed to verify the importance of the changes in the speed of I Na inactivation on the [dV/dt] max of the AP upstroke. We used the built-in model of rat ventricular AP. Resting membrane potentials (E r ) were adjusted according to experimental recordings by simply altering the appropriate input [K] o and [K] i as allowed by the model entries. The I Na inactivation rate was modified, following the ratio of the τ fast between WT and DMSXL currents and the resulting effect on [dV/dt] max was retrieved.

Tissue analysis of ventricular myocardium

Frozen, 10µm-thick slices of ventricles harvested from 8-month-old WT and DMSXL mice were stained with picrosirius red to measure the amount of cardiac fibrosis. For indirect immunofluorescence, slices were permeabilized with acetone for 10 min, before incubation for 1 h at room temperature in phosphate buffered saline containing 1% bovine serum albumin and 10% normal goat serum as a blocking buffer. The slices were incubated with the primary rabbit anti-Na v 1.5 antibody (Alomone labs) diluted 1:50 in blocking buffer (phosphate buffered saline with 1% bovine serum albumin, 3% normal goat serum) for 2 h, at room temperature. The primary antibody was detected by incubating slices with the secondary Alexa Fluor ® 594 goat anti-rabbit antibody (Molecular Probes ® ; Life Technologies Corporation) diluted 1:400, and with the nuclear dye 4′,6diamidino-2-phenylindole (Sigma-Aldrich) diluted 1:500 in the same blocking buffer for 1 h.

Images were acquired with a cooled CoolSnap ™ camera (Roper-Scientific) mounted on an Olympus epifluorescent microscope with x10 and x20 objectives for classical epifluoresence analysis. High resolution 3-dimensionnal microscopy was also performed using a 60X (UPlanSApo, 0.17) objective. For each sample, a series of consecutive planes (stack of images) were acquired (sectioning step, 0.2μm) and deconvoluted using acquired PSF. Images were processed and analyzed using Metamorph software (Molecular Devices) supplemented with the 3D-deconvolution module. For each sample, 3 consecutive z-images were thresholded to similar levels and z-projections were carried on using the ImageJ software.

Genetic studies

Total cardiac RNA was extracted using the Chomczynski procedure through the kit RNAPLUS2 TM .The total RNA was reverse-transcripted into cDNA and a set of primers spanning the SCN5A cDNA was selected. Polymerase Chain Reaction (PCR) was performed in GeneAmp* PCR System 9700 (Applied biosystems) and products were analyzed by Gel Electrophoresis and were sequenced using "BigDye Terminator v.3.1 cycle sequencing kit", on ABI PRISM 3130 analyser (Applied Biosystems).

Statistical analysis

The data are expressed as means ± standard deviation for continuous variables or median (25% and 75% interquartiles) as requested. Categorical variables are expressed as counts and percentages.

Continuous variables were compared using t-test or Mann-Whitney's U test as requested.

Categorical variables were compared using Chi-square test or Fisher's exact test as requested. For multiple comparisons, a two way ANOVA for repeated measures was performed and post-hoc analysis was done using the Bonferroni test. A P value <0.05 was considered significant. The Sigmaplot ® statistical software, version 11.0 was used for all analyses. Data are expressed as means ± SD for continuous variables or median (25% and 75% interquartiles) as requested. N: number of mice used for each experiment, V 0.5 : half value of activation / availability-V m relationships of the sodium current in steady state protocol, t 1/2 : time of half inactivation of the sodium current, [dV/dt] max : maximum upstroke of the 0 phase of the action potential.

Figure legends:

Translational Impact

Clinical issue:

The multisystemic autosomal dominant disorder myotonic dystrophy type 1 (DM1), also known as 

Implications and future directions:

This study reveals a totally new mechanism responsible for the conduction block and contractile dysfunction in DM1 which could modify the prevention and treatment of the risk of sudden death and heart failure in DM1 patients. For instance, the enhanced sensitivity to the antiarrhythmic drugs affecting the cardiac sodium current should have therapeutic implications. In addition, this study provides another example of a complex disease associated with discrete changes of the sodium current properties. It points out to the possibility of a continuum of diseases from pure channelopathies to neuromuscular disorders and cardiomyopathy. These results justify further study to underpin the molecular basis of sodium current dysfunction in DM1.

  contained (in mmol/L): NaCl 5, CsCl 130, MgCl 2 2, CaCl 2 2, EGTA 15, HEPES 10, and MgATP 4, pH 7.2 with CsOH. The external solution contained: NaCl 25, CsCl 108.5, CaCl 2 0.5, MgCl 2 2, 4-AP 5, CoCl 2 5, HEPES 10, and glucose 10, pH 7.4 with CsOH. The myocytes were bathed in Tyrode solution containing: NaCl 135, KCl 4, MgCl 2 2, CaCl 2 1.8, HEPES 10, NaH 2 PO 4 1, Napyruvate 2.5 and glucose 20, pH 7.4 with NaOH. The chemicals were purchased from Sigma-Aldrich Chimie.
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 1 Figure 1: Cardiac electrocardiogram and echography.
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 2 Figure 2: Comparison of kinetic and biophysical characteristics of sodium currents recorded
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 3 Figure 3: Comparison of Action potential (AP) recordings from WT and DMSXL mice.

Figure 4 :

 4 Figure 4: Computer simulations of ventricular membrane action potential.

Figure 5 :

 5 Figure 5: Tissue analysis of ventricular myocardium of WT and DMSXL mice.

  Figure 4:

  Steinert's disease, is the commonest form of adult-onset muscular dystrophy. DM1 is caused by abnormal expansion of CTG trinucleotide repeats in the gene encoding the DM protein kinase DMPK. Cardiac arrhythmia and conduction blocks are the major and potentially life-threatening feature of patients with DM1 such as one third of patients with DM1 die suddenly. However, the underlying mechanisms of these cardiac electrical conductions disturbances are not known except that acute induction of CTC repeats causes conduction block in mice.Results:Given the impossibility to perform experimental study using human myocardium of patients with DM1, animal models are crucial to underpin the pathophysiology of this disease. Here we used a unique mice model carrying a long CTG repeat in the DMPK gene resulting in a slow and chronic accumulation of CTG repeats as observed in human, to study cardiac abnormalities associated with the development of the disease. Pharmacological stress test using a sodium channel blocker revealed a high incidence of atrioventricular conduction blocks and impaired left ventricle function in DMSXL mice that progressed with ageing. These results suggested abnormal sodium current properties as a common mechanism for electrical and contractile dysfunction. Indeed, the sodium current recorded using the patch clamp technique in isolated myocytes showed a 1.7 fold faster current inactivation rate in DMSXL than in WT myocytes. Ventricular action potential (AP) recordings and computer model indicated that this shortened sodium current could account partly for the slow AP and depressed excitability of DM1 myocardium. No structural myocardial abnormalities or default of channel expression could explain this current abnormality.

Table 2 : Conventional and tissue Doppler echocardiographic measurements in WT and DMSXL mice aged 3 months at baseline and after flecainide injection (left table) and aged 8 months (right table).

 2 Treatment) for repeated measures followed by post-hoc Bonferroni test was used. The P column values compare WT vs. DMSXL mice in this table. At 3 months, there is no significant difference between DMSXL and WT mice in baseline conditions. However, flecainide injection reveals a reduced S wave endo, S wave epi and Strain rate S wave in DMSXL mice compared to WT. Intergroup comparisons before and after flecainide injections are indicated as follow: * P<0.05; ** P<0.01. Right table: 1-way ANOVA (Group) followed by 2 X 2 comparisons based on Bonferroni test was used. The P column values compare WT vs. DMSXL mice at 8 months.

		3 months	3 months + flecainide		8 months
		WT	DMSXL	WT	DMSXL	P	WT	DMSXL	P
		(n=10)	(n=10)	(n=10)	(n=10)		(n=6)	(n=7)
	Heart rate, bpm	606±90 586±92 546±66	471±92	0.1	615±110 638±92 0.8
	IVS, mm	1.1±0.1 1.0±0.1 1.0±0.1	1.0±0.1	0.9	1.04±0.1 1.0±0.1 0.4
	LVEDD, mm	2.8±0.3 2.8±0.3 2.9±0.6	2.8±0.1	0.5	2.94±0.2 2.86±0.3 0.4
	PW, mm	1.0±0.1 1.0±0.1 1.1±0.1	1.0±0.1	0.2	0.98±0.1 0.98±0.1 0.9
	LVEF Teichholtz, %	87±2 86±0.6	86±4	86±4	0.8	88±3	86±4	0.5
	Shortening fraction, % 51±4 50±0.9	50±6	50±5	0.8	53±4	50±5	0.5
	Mitral E wave, m/s	0.7±0.1 0.8±0.1 0.8±0.1	0.8±0.1	0.7	0.9±0.1 0.9±0.1 0.8
	S wave endo, cm/s	2.7±0.4 2.5±0.4 2.6±0.3	2.0±0.3 ** 0.04	3.6±0.4 2.9±0.1 0.003
	S wave epi, cm/s	1.8±0.4 1.5±0.3 1.9±0.7	1.1±0.4 ** 0.001	3.2±0.5 2.6±0.2 0.02
	Strain rate S wave, 1/s 12.6±1.7 11.8±1.3 12.2±2.6	9.9±1.3 * 0.03	18.0±0.9 13.7±4.0 0.03

Values are means ± SD. IVS: intraventricular septum thickness; LVEDD: left ventricular end diastolic diameter; PW: posterior wall; S wave: systolic wave; bpm: beats per minute. Because echocardiographic parameters present high variations according to the heart rate, they were not measured in the 8-month-old mice group with high incidence of AV block and bradycardia. Left table: A 2-way ANOVA (Group X

Table 3 : Action potential and sodium current parameters from 8-month-old DMSXL and WT mice.
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Tables:

The ECG was monitored continuously and measurements of the ECG parameters were performed before and after 16 min of flecainide injection. The QTc (corrected QT interval) was calculated following the modified Bazett's formula: QTc = QT/(RR/100) 0.5 . A 2-way ANOVA (Group X Treatment) for repeated measures followed by 2 X 2 comparisons based on Bonferroni test was used.