
Sodium Channel NaV1.5 Expression is Enhanced in Cultured
Adult Rat Skeletal Muscle Fibers

J. Morel • F. Rannou • H. Talarmin •

M. A. Giroux-Metges • J. P. Pennec •

G. Dorange • G. Gueret

Received: 26 February 2010 / Accepted: 10 May 2010 / Published online: 2 June 2010

� Springer Science+Business Media, LLC 2010

Abstract This study analyzes changes in the distribution,

electrophysiological properties, and proteic composition of

voltage-gated sodium channels (NaV) in cultured adult rat

skeletal muscle fibers. Patch clamp and molecular biology

techniques were carried out in flexor digitorum brevis

(FDB) adult rat skeletal muscle fibers maintained in vitro

after cell dissociation with collagenase. After 4 days of

culture, an increase of the NaV1.5 channel type was

observed. This was confirmed by an increase in TTX-

resistant channels and by Western blot test. These channels

exhibited increased activation time constant (sm) and

reduced conductance, similar to what has been observed in

denervated muscles in vivo, where the density of NaV1.5

was increasing progressively after denervation. By real-

time polymerase chain reaction, we found that the

expression of b subunits was also modified, but only after

7 days of culture: increase in b1 without b4 modifications.

b1 subunit is known to induce a negative shift of the

inactivation curve, thus reducing current amplitude and

duration. At day 7, sh was back to normal and sm still

increased, in agreement with a decrease in sodium current

and conductance at day 4 and normalization at day 7. Our

model is a useful tool to study the effects of denervation in

adult muscle fibers in vitro and the expression of sodium

channels. Our data evidenced an increase in NaV1.5

channels and the involvement of b subunits in the regula-

tion of sodium current and fiber excitability.
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Voltage-dependent Na channels (NaV) play a key role in

cellular excitability. Thus, the balance between activation

and inactivation of NaV is crucial for skeletal muscle

contraction (Catterall et al. 2005; Goldin 2003). Many data

(Dennis and Dow 2007; Desaphy et al. 2001; Fitts et al.

2001; Rossignol et al. 2008) exist concerning modifications

in vivo of the functional properties of muscle (force,

shortening velocity, and power) and the possible cellular

mechanisms corresponding to the observed changes after

muscle adaptation (Dennis and Dow 2007). Furthermore,

some pathologies (immobilization, sepsis) involving alter-

ations in NaV gating lead to reduce performance and

weakness of skeletal muscle (Rossignol et al. 2008).

The NaV channel gene family contains multiple mem-

bers (NaV1.1–NaV1.9, NaVX), which are grouped accord-

ing to their sensitivity to tetrodotoxin (TTX). They are

separated into TTX-sensitive and TTX-resistant channels
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(Catterall et al. 2005; Yang et al. 1991). NaV1.4 is classi-

cally the major pore-conducting subunit in skeletal muscle.

However, it was recently found that phenotype changes in

NaV channels during myogenesis. The decrease of the

TTX-resistant NaV1.5 isoform reflects a normal process of

fiber maturation. This a subunit has been now cloned from

a number of species (Kallen et al. 1990; Noda et al. 1984,

1986; Rogart et al. 1989; Zwerling et al. 1991). Although

NaVa are sufficient to form functional channels when

expressed alone, the presence of regulatory b subunits

(NaVb) fine-tunes the channel activity.

In most of the tissues, four b subunits have been

described (NaVb1–4) (David et al. 2008) for which isoforms

have been cloned: b1 (Isom et al. 1992), b2 (Isom et al.

1995a), b3 (Morgan et al. 2000), and b4 (Yu et al. 2003).

The mechanisms by which the different auxiliary NaVb
subunits act to modulate channel functions are still under

investigation. For example, the properties of cardiac Na

channel a subunits (NaV1.5) are modulated by b1 and b3 in

heterologous expression systems (Goldin 2001), whereas

b2 is thought to have no functional role in the heart. Sim-

ilarly, in Chinese hamster ovary cells, b subunits modulate

NaV1.5 gating with important differences between coex-

pression of b1 and b3 alone and b1/b3 together (Ko et al.

2005). Most of the performed studies of NaVb subunits role

are realized in transfected cells that coexpressed a and b
subunits: mammalian cells (Isom et al. 1995b; Qu et al.

2001), Xenopus oocytes (Morgan et al. 2000), or a myo-

blast cell line used in order to study b regulation during

myogenesis (David et al. 2008). However, this role is still

unknown in adult skeletal muscle.

Furthermore, in vivo denervation of muscle induces

expression of a juvenile form of sodium channels, namely

NaV1.5, in addition to the adult isoform of the sodium

channel NaV1.4 (Lupa et al. 1995; Rich et al. 1999).

NaV1.5 is relatively resistant to TTX and exhibits a shal-

lower voltage dependence of fast inactivation (Filatov and

Rich 2004) and slow inactivation, which could account for

fiber hyperexcitability (Kallen et al. 1990; Pappone 1980).

A model of adult cultured fibers is a major way to study

a- and b-subunit expression of NaV channels independently

of influence of nerve and to find out how denervation-

induced alterations in NaV expression could be related to

sodium current and muscle excitability. In the literature, in

vitro data on striated fibers are extrapolated from myotubes

obtained by fusion of satellite cells or by a skeletal muscle

cell line (Zebedin et al. 2004), but such experimental

models are more appropriate to study the mechanisms of

muscle cellular differentiation.

Concerning adult fibers, sodium channels have been

extensively studied just after dissociation (Lupa et al. 1995;

Ruff 1992), but there is a lack of information for fibers in

culture for a longer time (Brown and Schneider 2002;

Cifelli et al. 2007). Bekoff and Betz (1977) described for

the first time a technique for isolating rat muscle fibers and

maintaining fibers viable up to 16 days in culture. Never-

theless, the effect of in vitro maintenance on NaV a- and

b-subunit repartition in denervated fibers is unknown. We

thus sought to follow the evolution of NaV (a and b sub-

units) in adult muscle fibers maintained for a week in

culture by measuring mRNA and protein levels and, in

parallel, sodium channel electrophysiological character-

ization by patch clamp.

Material and Methods

Dissociation and Culture of Muscle Fibers

All experiments were authorized by a departmental

agreement (no. B29-019-4) and were carried out in

accordance with the recommendations of our ethical

regional committee and of the European Community (no.

86/609). Adult female Wistar rats (body weight 200–220 g,

age 2 months; Centre d’élevage Dépré, Saint-Doulchard,

France) were killed by cervical dislocation and exsangui-

nation. Fast-twitch flexor digitorum brevis (FDB) were

rapidly excised from rats and placed in HEPES-buffered

physiological solution containing 3.0 mg ml-1 of a com-

mercial type of collagenase, liberase III (Blendzyme III;

Roche). The FDB were placed for 3 h at 37�C for enzy-

matic dissociation. After this incubation period, dissociated

fibers were transferred to 35-mm petri dishes in Dulbecco

modified Eagle medium (Sigma) supplemented with 10%

fetal calf serum, 10-2 mol l-1 HEPES, 4.5 g l-1 glucose,

pH 7.3, 300 mOsm, penicillin 50 IU ml-1 and streptomy-

cin 50 lg ml-1. Every 2 days, fibers were transferred in

new dishes to eliminate satellite cells attached to the

plastic.

The fluorescein diacetate test (40 lM; Sigma) was used

to assess viability of fibers after 1, 4, and 7 days in culture

with a fluorescence microscope (excitation filter 470–

490 nm, emission filter 510–560 nm).

Patch Clamp

As previously reported (Rannou et al. 2009), fast sodium

currents were recorded in cell-attached configuration with

the macropatch clamp technique at room temperature

(22 ± 2�C). A GeneClamp 500B amplifier equipped with a

CV5-1GU head stage (Axon Instruments, Foster City, CA)

was used. Pipettes had resistance averaging 2 M9X when

filled with the standard saline solution (150 mM NaCl,

5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 30 mM HEPES;

pH 7.4). Voltage-clamp protocols and data acquisition

were performed with WinWCP V4.2 (Whole Cell program;
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University of Strathclyde, Glasgow, Scotland, UK). Cur-

rents were low-pass filtered at 5 kHz and digitized at

48 kHz.

Because sodium channel density is highly variable near

the end plate (Ruff 1992), sodium currents were recorded at

a site located at more than 200 lM from the end plate. This

could be visualized with phase contrast under an inverted

microscope (Olympus IX 70) and with a progressive-scan

digital camera (Donpisha; Sony, Japan). The fibers were

placed in a bath recording solution containing Cs? as

the main cation (145 mM CsCl, 5 mM EGTA [ethylene

glycol-bis(b-aminoethylether)-N,N,N0,N0-tetra-acetic acid],

1 mM MgCl2, 10 mM HEPES, pH 7.3) to inhibit potas-

sium currents and to depolarize the membrane. To elimi-

nate the residual capacitance transient and the leak current,

we used the P/4 subtraction procedure.

Current–Voltage Relationship and Determination

of Maximal Conductance

The holding potential was set to -100 mV. The current–

voltage relationship was measured by applying to the patch

membrane a cycle of 20-ms test pulses from the holding

potential to increasing potentials (from -60 to ?130 mV in

10-mV increments). The interval between each test pulse

was long enough (3 s) to allow the complete recovery of the

sodium channel from inactivation. This protocol was

repeated three times for each patch to ensure sodium current

stability. The patches with no reliable peak current ampli-

tude were discarded. Imax corresponds to the peak sodium

current in nA. The maximal sodium conductance (gNa max)

was given by the slope of the quasi-linear part of the cur-

rent–voltage relationship (I/V curve). TTX (Alomone Lab,

Israel) at the concentration of 300 nM, was used according

to a previously described protocol (Filatov and Rich 2004)

to evidence NaV1.5 current by blocking NaV1.4 channels.

Activation Determination

The activation curve was obtained by plotting gNa/gNa max

as a function of imposed membrane potential. gNa max was

calculated as reported here above; gNa was calculated for

each imposed potential from -60 to ?30 mV, according to

the following relation: gNa = INa/(Vm - VNa) where INa

is the sodium current, Vm the membrane potential, and VNa

the equilibrium potential for sodium, determined from the

current–potential curve. Calculated values of gNa/gNa max

were fitted with the Boltzmann equation,

gNa

gNa max

¼ 1

1þ e
V�Va1=2

Ka

� �

where Va1/2 is the potential at which half of the channels

are activated and Ka is the slope factor.

Time Constant Determination

The activation and inactivation constants of the sodium

currents (sm and sh, respectively) were calculated accord-

ing to Hodgkin-Huxley relation:

ImaxðtÞ ¼ A 1� eð�t=smÞ
� �p

� hinf � hinf � 1ð Þ � eð�t=shÞ
� �

where A indicates the voltage-depending part of the cur-

rent, p is the exponent of m (around 3), hinf is the equi-

librium value reached by h according to the potential, and t

is time in milliseconds.

Fast Inactivation Determination

Steady-state fast inactivation was measured by applying

50-ms conditioning prepulses of various holding potentials

from -120 to ?10 mV, followed by a 20-ms test pulse up

to -20 mV to activate Na? current. To calculate the slope

factor Kh and half-inactivation voltage Vh1/2, the steady-

state fast inactivation relationships were fitted with the

Boltzmann equation:

INa

INa max

¼ 1

1þ e

V�Vh1=2

Kh

� � !

where INa is the sodium current and INa max the maximal

sodium current.

Sodium Channel Immunocytochemistry

Fibers were preincubated in 0.1 M phosphate-buffered

saline (PBS), pH 7.4, containing 0.3% Triton X-100 and

10% goat serum (solution A) for 2 h at room temperature.

For channel labeling, fibers were exposed to anti-skeletal

muscle type 1 sodium channel (SkM1) at a dilution of 1:50

in solution A for overnight at 4�C. The monoclonal anti-

body recognizes an intracellular epitope of the TTX-S

muscle NaCh (SP19, S6936, Sigma). After overnight

incubation, fibers were treated with a secondary goat anti-

mouse IgG Fc specific FITC conjugated (1:200) for 1 h at

room temperature. The samples were rinsed 3 times with

0.1 M PBS, pH 7.4 containing 0.1% Triton X-100 between

incubations.

Observations were made under a Olympus fluores-

cence microscope and a laser scanning confocal instrument

(Leica Microsystems).
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Reverse Transcription–Real-time Polymerase Chain

Reaction

Real-time polymerase chain reaction (PCR) has been

already reported (Rossignol et al. 2008). Briefly, RNA

was extracted using TriZol reagent. To minimize DNA

contamination, eluted RNA solutions were treated with

DNAse. Reverse transcription reaction was realized with

1 lg of total RNA. For real-time PCR, all oligonucleotide

primers were designed from published sequence (Fig. 5a).

GAPDH (D-glyceraldehyde 3-phosphate dehydrogenase)

and b2 microglobulin were selected as controls. The

specificity of forward and reverse primers was verified on

the Infobiogen Web site (http://www.infobiogen.fr/). All

real-time PCR assays were conducted with ABI Prism

7000 SDS (Applied Biosystems, Foster City, CA) 7000

System software version 1.2 (Applied Biosystems) with

designed primers. For each sample, 2 ll of cDNA was

combined with 12.5 ll of Power SYBR Green PCR

master mix (Applied Biosystems) and 10 pmol of each

primer, then adjusted to 25 ll by adding RNAse-free

water. The PCR assay was carried out in duplicate for

each sample. The reactions were carried out with standard

conditions as follows: 50�C for 2 min and 95�C for

10 min, then 40 cycles consisting of 95�C for 15 s and

60�C for 1 min.

In real-time PCR, a fluorescent dye (SYBR Green) is

added to the medium. SYBR Green, a DNA-binding dye,

emits fluorescence when incorporated into double-strand

DNA. At the end of each PCR cycle, fluorescence is

measured. Ct corresponds to the fluorescence threshold

appearance and is proportional to mRNA content. Each

Ct of the studied mRNA is normalized by reference to

housekeeping genes to obtain DCt (DCt = Ct target

gene - Ct housekeeping gene). For each increase of DCt

of 1, the amount of mRNA is divided by 2. Determinations

of the relative gene expression levels were made using the

DDCt method as described by Gahr et al. (2004). DDCt

allows comparison between two conditions for the studied

mRNA, DDCt = DCt condition 1 - DCt condition 2. The

difference of mRNA content R between two conditions is

given by the formula R = 2-DDCt.

Protein Content and Immunoblotting of NaV Channel

Isolated fibers were homogenized in buffer with 100 mM

choline chloride, 50 mM phosphate potassium, 0.5 mM

calcium chloride, 0.5 mM magnesium chloride, 1 mg/ml

pepstatin, 1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml

benzamidine, 8 lg/ml calpaı̈n I and II inhibitors, and

0.2 mM PMSF, pH 7.4. After a first centrifugation at

5009g for 10 min, the clear supernatant was removed and

centrifuged for 1 h at 100,0009g to pellet the membranes

(with a Ti502 rotor; Beckman Instruments, Fullerton, CA),

which was subsequently resuspended in the same homog-

enization buffer by gentle agitation. The protein content

was measured by the Bradford method. Proteins were

diluted 1:1 in Laemmli sample buffer (Sigma) and sub-

jected to separation by one-dimensional sodium dodecyl

sulfate–polyacrylamide 10% gel electrophoresis. The sep-

arated proteins were transferred to nitrocellulose mem-

brane (0.45 lm; Millipore), and the blot was blocked for

1 h at room temperature with 5% milk and Tween 20 in

PBS and incubated with mouse or rabbit primary anti-

bodies against NaV1.4 (3 lg/ml anti-SkM1, monoclonal

mouse IgG clone L/D3; Sigma), and NaV1.5 (4 lg/ml

polyclonal rabbit IgG; Sigma), respectively. Antibody

against GAPDH (Santa Cruz Biotech, Santa Cruz, CA) was

used as control.

Revelation was performed by goat anti-mouse (1/1250,

A2429, Sigma) or goat anti-rabbit (1/1250, A3687, Sigma)

secondary antibodies conjugated to alkaline phosphatase

followed by detection with NBT (Sigma)/BCIP (Sigma)

substrate. Membranes were photographed and densitomet-

ric tracing was obtained with densitometry software

(Mesurim Pro, http://pedagogie.acamiens.fr/).

Data Analysis and Statistics

Excel was used to analyze experimental data and to per-

form curve fittings. All values are given as mean ± stan-

dard error of the mean (SEM). Statistical differences were

determined by performing the Student t-test after checking

the normality of distribution. Paired t-test was used to

compare TTX value to control at a given day; unpaired t-

test was used to compare the value between the different

days.

For each gene, DCts were compared between days of

culture by the Student t-test for nonpaired data. Differences

were considered significant at P \ 0.05.

Results

Morphological Observations

Cross-striation was clearly visible microscopically in about

80% of cultured fibers during 7 days of culture (Fig. 1a, b,

d). This percentage of viability was systematically con-

firmed by the fluorescein diacetate test (Fig. 1c). Clusters

of NaV, revealed by immunocytochemistry (Fig. 1e), nor-

mally located in the postsynaptic membrane of striated

fibers, gradually disappeared from the synaptic region. At

day 7, fluorescence was observed throughout fibers

(Fig. 1f).
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Current–Voltage Relationship

Sodium currents in single FDB fibers were elicited by test

pulses between -60 to 130 mV from the holding potential

of -100 mV (Rannou et al. 2009; Talon et al. 2005) after

different times of culture. Examples of recorded current are

shown in Fig. 2a; the current potential relationships are

shown in Fig. 2b. A decrease in sodium current amplitude

was observed after TTX administration. Moreover, a neg-

ative shift of the maximum current toward hyperpolariza-

tion was noticed. The characteristics of these currents are

reported in Table 1. It could be noticed that peak current

amplitude (Imax) was decreased at day 4, followed by a

reincrease after 7 days of culture, reaching a value not

significantly different from day 1 value (Fig. 2a). The same

profile was also evidenced for gNa max conductance: a

diminution after 4 days and a reincrease at 7 days, com-

pared to day 1. In addition, we showed that a TTX induced

a partial inhibition of Imax depending on the day of culture,

thus showing a 50% ratio of TTX-sensitive current carried

by NaV1.4 type vs. TTX-resistant current carried by

NaV1.5 type. Moreover, compared to control fibers, a

progressive decrease of TTX inhibition was shown: it was

about 50% at day 1, 37% at day 2, and 24% at day 7

(Fig. 2a).

Time constants corresponding to activation (sm) and fast

inactivation (sh) were calculated for a depolarizing pulse

of 0 mV. A progressive increase of sm was observed

according to culture duration. Those values remained

unchanged even after TTX exposure. The sh constant sig-

nificantly decreased after 4 days, whereas the value

obtained for day 7 was not significantly different than the

day 1 value. However, TTX significantly reduced, sh value

corresponding to INa diminution, whereas sm was not

modified.

Activation and Fast Inactivation

To allow comparison in activation curves of sodium

current, conductance values were normalized to gNa max

(Fig. 3a). Similarly, current values were normalized to

maximal current to allow for comparison in fast inacti-

vation curves (Fig. 3b). Values calculated by fitting

experimental points according to the Boltzmann equation

are shown in Table 1. Va1/2, the voltage dependence of

activation, was characterized by a significant shift toward

more positive potential from day 1 to day 4 and a partial

recovery at day 7. All the curves were shifted toward a

more negative potential by TTX exposure. However, the

same pattern of increase at day 4 and partial recovery

at day 7 was still observed (Fig. 3a). Concerning the

voltage dependence of sodium current fast inactivation

(Vh1/2), no significant shift was noticed, either in control

condition or in the presence of TTX, indicating that

culture duration did not influence Na channel fast inac-

tivation (Fig. 3b).

Fig. 1 Cultured muscle fibers enzymatically dissociated from adult

rat flexor digitorum brevis (FDB) muscle at day 1 (D1) (a, d) and at

day 7 (D7) (b) observed with Hoffman phase-contrast microscope.

(c) Fluorescein diacetate fluorescence at D7 (original magnification,

1.59). (e, f) Fluorescent NaV after anti-PAN-sodium channel

labeling, concentration of the NaV at the end plate at D1 (e) and (f)
the dispersion throughout the fiber at D7
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Protein Expression

The evaluation of NaV1.4 and NaV1.5 protein expression

was measured after 1, 4, and 7 days of culture to check a

possible modification in channel type repartition. Speci-

ficity of anti-NaV1.5 and anti-NaV1.4 antibodies was

checked by Western blot test on skeletal muscle and heart

membrane protein extract because the NaV1.5 isoform is

known to be predominant in heart. As expected, only one

band at 260 kDa was detected with anti-NaV1.5 antibody in

the heart, whereas NaV1.4 was predominant in the skeletal

muscle. A decrease in NaV1.4 protein expression depend-

ing on culture duration was observed, corresponding to a

50% decrease between day 1 and day 7. On the other hand,

NaV1.5 protein expression was dramatically increased

between 1 and 7 days of culture (Fig. 4a, b). However, it

should be noted that at day 1, a NaV1.5 protein expression

was already detected.

a and b Subunits mRNA Expression

Concerning the transcript level, real-time PCR was used to

quantify the expression of NaV1.4 and NaV1.5 mRNAs at

different days of culture. Moreover, regulatory subunits b1

to b4 were also evaluated because they are involved in

channel regulation. No significant variation can be

observed in NaV1.4 mRNA levels at the different days of

culture. Rather, we showed a strong increase of NaV1.5

expression from day 4 to day 7. Variations of b expression

levels were more complex: b1 mRNA was not modified at

day 4 but reached a peak of expression at day 7. No

modification of b4 was observed (Fig. 5b). b2 and b3

subunit were expressed at a very low level.

Discussion

In this study, adult skeletal muscle fibers were cultured

during 7 days. Methods of dissociation and culture of FDB

muscle fibers have already been described (Bekoff and

Betz 1977; Ravenscroft et al. 2007). Our technique, which

uses liberase instead of collagenase, allowed a shorter time

of dissociation and provided an increased number of iso-

lated viable fibers. By both staining assays and an elec-

trophysiological approach, we demonstrated that these

fibers remained viable and functional in vitro during 7 days

of culture. However, we described morphological, bio-

chemical, and physiological modifications of sodium

channel in these fibers. In the present work, simultaneous

localization (immunostaining), protein isoform detection

(Western blot test), mRNA expression (real-time PCR),
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Fig. 2 Patch clamp records (a) of sodium currents in flexor digitorum

brevis (FDB) fibers at different culture times, before (left traces) and

after application of 300 nM tetrodotoxin (right traces), at day 1 (D1)

(top), day 4 (D4) (middle), and day 7 (D7) (bottom) of culture. (b)

Sodium current potential relationship with or without tetrodotoxin

(TTX) at D1, D4, and D7
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and electrophysiological properties (patch clamp) of

sodium channels were carried out in cultured adult muscle

fibers. Conversely, earlier studies focused either on sodium

channel mRNA (Kallen et al. 1990) or proteins (Casadei

et al. 1984; Haimovich et al. 1984; Kraner et al. 1989;

Zwerling et al. 1991).

By using PAN-antibody labeling, it was observed that

the end plate disappeared after 7 days in culture, whereas

the staining corresponding to extrajunctional channels was

dramatically increased. This result was in agreement with

previous studies using BTX staining (Grohovaz et al.

1993).

According to culture duration, modifications of electro-

physiological properties were observed: INa max and gNa max

decreased at day 4 and reincreased at day 7. Maximal cur-

rent and conductance can be related to the number of

activable sodium channels and/or to the difference in type

or regulation of the sodium channels. Time constants are

mainly related to sodium channels a and/or b subunits types

and not to channel density. Our study shows that activation

time constant sm exhibited a progressive enhancement from

day 1 to day 7. However, the inactivation time constant sh

decreased from day 1 to day 7. These results indicated a

modification in the type and/or the regulation of the sodium

channels.

After the differential TTX inhibition and the formula

proposed by Lupa et al. (1995), we have calculated the

respective participation of NaV1.4 and NaV1.5 to maximal

sodium current at the different culture times (Table 2). Our

results indicate that NaV1.5 contribution to total current

increased throughout culture. A possible interference due

to satellite cells expressing NaV1.5 channels was avoided

by elimination of most of these cells in the early stages of

culture.

This result is in keeping with data obtained in dener-

vation models showing that TTX induced a different

inhibition of sodium channel. In one example, Wang et al.

(2005) showed an increase of NaV1.5 sodium channel in a

model of aging mice corresponding to a denervation model.

On the other hand, Desaphy et al. (1998) reported an

increase of NaV1.4 in aging rats but with no correlation to

denervation.

Filatov and Rich (2004) showed that the inactivation

process depends on the channel type. A negative shift of

inactivation curve was observed with NaV1.5 compared to

NaV1.4. At day 7, such a negative shift is observed in our

study in agreement with an increase of NaV1.5 isoform

expression. With culture duration, TTX did not induce a

shift of inactivation curve between days and 7, suggesting

that other mechanisms than NaV1.4/NaV1.5 ratio were

present in sodium current regulation. In reference to David

et al. (2008), b subunits can change properties of sodium

channel. The activation curve at day 4 showed a shift

toward more positive potential, in agreement with an

increase of TTX resistant channel density as reported by

Pappone (1980). It should be noted that a trend to recovery

was observed at day 7. Because the density of NaV1.5 did

not decrease at day 7, it could be hypothesized that this

shift is due to a regulatory effect of b subunits.

In normal conditions, a quite low level of expression of

the NaV1.5 was observed in adult skeletal muscle, and

similarly, an extremely low level of mRNA was detected in

FDB adult muscle with real-time PCR. This is in agree-

ment with Kallen et al. (1990), who have obtained the same

result in Northern blot analysis. Our molecular biology

results go along with the electrophysiological data. First,

NaV.1.4 mRNA and corresponding proteins were present in

fibers throughout the culture. Second, for NaV1.5, there is

Table 1 Characteristics of Na? currents recorded with patch clamp technique, with or without TTX, in single fibers after 1, 4, and 7 days in

vitro

Characteristic Day 1 (n = 7) Day 1 TTX (n = 7) Day 4 (n = 12) Day 4 TTX (n = 12) Day 7 (n = 10) Day 7 TTX (n = 10)

Imax (nA) 2.03 ± 0.28 1.02 ± 0.13* 1.35 ± 0.25* 0.85 ± 0.11** 1.82 ± 0.42 1.38 ± 0.62***

gNa max (mS) 30.84 ± 4.75 18.78 ± 0.98* 20.88 ± 4.2 12.14 ± 1.48**� 28.01 ± 4.97 23.72 ± 5.1�

sm (ms) 0.10 ± 0.02 0.09 ± 0.03 0.17 ± 0.06 0.22 ± 0.07 0.19 ± 0.03* 0.17 ± 0.04

sh (ms) 0.32 ± 0.03 0.30 ± 0.03 0.22 ± 0.03* 0.21 ± 0.03� 0.31 ± 0.03 0.23 ± 0.01***�

Va1/2 (mV) -12.92 ± 2.55 -30.08 ± 2.35* -4.85 ± 3.76* -22.79 ± 3.51** -10.77 ± 4.39 -28.93 ± 4.38***

Vh1/2 (mV) -61.76 ± 3.15 -73.43 ± 1.98* -55.78 ± 2.88 -72.53 ± 2.94** -58.76 ± 2.48 -71.88 ± 3.36***

a Activation and fast inactivation parameters of voltage-gated sodium channels with or without tetrodotoxin (TTX) in single fibers at the same

culture time. Flexor digitorum brevis (FDB) single fibers were studied according to culture duration with or without TTX (day 1, day 4, day 7).

Imax and gNa max are derived from the nonnormalized current–voltage curve; sm and sh are the activation and inactivation time constants of

sodium channel determined at 0 mV. Va1/2 and Vh1/2 were determined from the activation and inactivation curve, respectively. Values are mean

± SEM

* Significantly different from day 1 (P \ 0.05), ** significantly different from day 4 (P \ 0.05), *** significantly different from day 7

(P \ 0.05), � significantly different from day 1 with TTX (P \ 0.05), � significantly different from day 4 with TTX (P \ 0.05)
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an mRNA peak at day 4, as reported previously (Lupa et al.

1995; Yang et al. 1991), and maximal protein expression

occurred at day 7. This can be related to the time needed

for translation of mRNA into proteins and for their inser-

tion into the membrane as functional channels (Lupa et al.

1995). The channel lifetime is still unknown in adult

muscle and can be related to the contractile activity of the

fibers: denervation and stress conditions can modify the

turnover of ionic channels (Qu et al. 2001). The discrep-

ancy between mRNA level and protein expression can be

related to trafficking modifications in relation to b subunits

variations, as reported by Isom et al. (1992) in another

model. In spite of these studies, to our knowledge, the

cellular signals involved in the regulation of sodium

channel expression and distribution have not been fully

described until now. Another possibility is an alteration of

NaV proteins by endogenous protease leading to unfunc-

tionnal channels (Kraner et al. 1989). Moreover, it should

be noticed that expression of NaV protein was carried out

from membrane fraction, not on the total cellular amount.

It is well known that sodium channel a subunit deter-

mines the basic properties of the channel, while b subunits

modulate the channel properties. Functional studies in a

heterologous system have demonstrated that depending on

the type of coexpressed a subunit, b subunits are able to

modulate almost all aspects of the channel properties,

including voltage-dependent gating, activation, and inac-

tivation, as well as strong increase in the number of

functional channels present in the plasmic membrane (Qin

et al. 2003).

Some papers have reported an effect of b subunits, but

most of them concern channels expressed in Xenopus

oocytes (Lenkowski et al. 2003). Information is still lack-

ing about the evolution of b-subunits and their potential

role in adult cultured fibers, or even in denervated muscle.

In a model of hind limb unloaded rat, Desaphy et al. (2001)

showed an increase in sodium current parallel to an
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Fig. 3 Activation (a) and fast inactivation (b) curves of voltage-

gated sodium channels in single fibers from flexor digitorum brevis

(FDB), identified according to culture time (day 1 [D1], day 4 [D4],

day 7 [D7]). Curves were obtained by fitting the data with Boltzmann

equation. b gNa/gNa max for each tested potential between -60 and

?30 mV for the holding potential of -100 mV. c Steady-state fast

inactivation was determined for the holding potential of -100 mV.

The 50-ms inactivation prepulses to potentials ranging between -120

to ?10 mV were applied; then peak sodium current amplitudes were

measured during the 20-ms test pulse at which amplitude was selected

to give a response near the maximum
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increase in b1 subunit and a decrease in NaV1.4 alpha

subunit after 3 weeks. This would suggest that an increase

in b1 is correlated with an increase in sodium current

carried by NaV1.5. This is in agreement with the present

findings. We demonstrated that b1 and b4 were expressed

more than b2 and b3 at day 1. The low level of b2 and b3

reduces the significance of further variations; however, b1

showed a noticeable twofold increase at day 7. Sodium

channel b subunits are multifunctional. They modulate

channel gating and regulate the level of channel expression

at the plasmic membrane level. Studies showed that b
subunits also function as cell adhesion molecules in

terms of interaction with extracellular matrix molecules,

regulation of cell migration, cellular aggregation, and

interaction with the cytoskeleton (Isom 2001, 2002).

Concerning b1, Patino et al. (2009) showed that this

subunit induced a negative shift in another type of sodium

channel (NaV1.2). It can be hypothetized that a similar

effect can be induced in the muscle channels and corre-

spond to a reduction in sodium currents. Then the increase

in the sodium channel density, mainly related to NaV1.5

expression, would induce an increase in the sodium current

at day 4 and an increase in fiber excitability, possibly

leading to spontaneous contractions, as in denervated

muscle (Caldwell et al. 1986). The modifications observed

in the b subunit ratio increase in b1 with b4 stability could

constitute a regulation process and lead to a decrease of the

sodium current. This regulatory role of b subunits in

muscle has to be confirmed because results are frequently

contradictory. These differences could be attributed to the

availability to glycosylation and/or sialylation of mam-

malian cells in comparison with Xenopus oocytes. It is

known that in Xenopus oocytes, some of the posttransla-

tional events observed in mammalian cells are altered or

absent (Isom et al. 1995b).

In a model of C2C12 skeletal muscle, Zebedin et al.

(2004) demonstrated that NaV1.5 channel expression was

Nav

and subunit Forward primer Reverse primer

Amplicon

size (bp)

α Nav1.4 5'-GCCTTGCGCTCTCTGACTTG-3' 5'-ACAGCGTGGGTGACACAAAGTA-3' 51 

α Nav1.5 5'-GGGCCCTGAAAACTATATCGG-3' 5'-GCCTTCCCAAGAGACCACAAT-3' 85

β1 5'-GGTTCCCTTCCTGTGACACCT-3' 5'-GCCTTCCCAAGAGACCACAAT-3' 81

β2 5'-GTGGTCCTTGGTCCCTCAATC-3' 5'-AGGCATCCCTGTGCATTTTC-3' 81

β3 5'-TCTGTGTGCACTGGAACGCT-3' 5'-TGGGTTTGCTCCAGGTCTTC-3' 81

β4 5'-GGCATCGTGACTCAGACGC-3' 5'-AAACACTGCCCCCATCACC-3' 86

GAPDH 5'-CAGTCAAGGCTGAGAATGGGA-3' 5'-GGGATCTCGCTCCTGGAAG-3' 71

β2 microglobulin 5'-TGCCATTCAGAAAACTCCCC-3' 5'-GGAAGTTGGGCTTCCCATTC-3' 71

A

B

Fig. 5 a Sequences of forward

and reverse primers used to

amplify sodium voltage gated

channel a and b subunits and the

size expected for each

polymerase chain reaction

(PCR)-amplified product.

b Relative abundance of mRNA

level coding for NaV1.4,

NaV1.5, b1, and b4, determined

by real-time PCR. It should be

noted that the results are

expressed in DCt and that a one-

point increase in DCt

corresponds to a decrease of

50% in mRNA expression.

*Significant difference from day

1 (P \ 0.05)

Table 2 Relative contribution of NaV1.4 and NaV1.5 channels to

sodium current expressed as a percentage of Imax

Day Itot (nA) NaV1.4 (nA) % Of Imax NaV1.5 (nA) % Of Imax

1 2.03 1.00 49 1.03 51

4 1.35 0.50 37 0.85 63

7 1.82 0.47 26 1.35 74

According to Lupa et al. (1995) formula. Itot means NaV1.4 ? NaV1.5

currents
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enhanced, corresponding to cell differentiation in relation

with myosin composition. During the early embryonic

development, NaV1.5 is present in fiber membrane. After

the maturation time, a switch toward adult sodium channel

isoform (NaV1.4) is observed (Lupa et al. 1993), which is

presumably the result of the effects of an increased muscle

activity. Conversely, our model of adult cultured muscle

fibers showed an increase in a NaV1.5 and b1 expression

and can be useful for the study of postdenervation changes.

Cultured fibers ‘‘denervated’’ by enzymatic dissociation

can be compared with what was previously described in

immature (Lupa et al. 1993) and denervated muscle (Rich

et al. 1999) from in vivo models. The different published

models of denervation have also shown a reexpression of

NaV1.5 isoform. Often in these studies, the sodium current

sensitivity to TTX was used to investigate the status of

muscle denervation.

In conclusion, we suggest three main mechanisms to

account for these changes: (1) the disappearance of nervous

trophic factors involved in the control of the phenotypic

expression, as reported for the AChRs (McArdle 1983);

(2) the inactivity of the muscle fibers after removal of the

nerve input (Rich et al. 1999); and (3) nerve injury prod-

ucts, important for the initiation and control of the dener-

vation phenomena (Cangiano 1985). This last mechanism

cannot be taken into account concerning cultured fibers.

Because of the denervation mechanism complexity, it

would be of great importance to have adult cultured muscle

fibers model in which postdenervation phenomena could be

monitored to control dedifferentiation mechanisms. That is

why further studies are now carried out to establish a

coculture model with rodent neurons and glial cells: to get

a better understanding in nerve–muscle interactions.
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