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Abstract The mouse has become the preferred animal for
genetic manipulations. Because of the diverse genetic back-
grounds of various mouse strains, these can manifest
strikingly different characteristics. Here, we studied the
functional properties of currents through voltage-gated
sodium channels in primary cultures of skeletal myocytes
and cardiomyocytes derived from the three commonly used
mouse strains BL6, 129/Sv, and FVB, by using the whole-
cell patch-clamp technique. We found strain-specific sodium
current function in skeletal myocytes, which could partly be
explained by differences in sodium channel isoform expres-
sion. In addition, we found significant effects of cell source
(neonatal or adult animal-derived) and variation of the
differentiation time period. In contrast to skeletal myocytes,
sodium current function in cardiomyocytes was similar in all
strains. Our findings are relevant for the design and proper
interpretation of electrophysiological studies, which use
excitable cells in primary culture as a model system.
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Introduction

The mouse is a major model organism in biomedical research,
and because of technical and economical reasons, it has
become the preferred animal for genetic manipulations. The
use of genetically engineered mice has brought about
considerable progress in various scientific fields; in the future,
it will become more and more important for the study of
physiological mechanisms, molecular mechanisms of disease,
and for the evaluation of innovative therapeutic strategies.

The biomedical research community now has access to
several hundreds of inbred mouse strains. Because of their
diverse genetic backgrounds, these can manifest strikingly
different characteristics. In consequence, experimental
results may considerably vary, depending on the particular
mouse strain chosen for a scientific study. Moreover,
mutations and transgenes are often maintained on mixed
genetic backgrounds of unspecific origin. Contempt of
strain (or substrain) differences, e.g., between wild-type and
knock-out mice to be compared, can lead to poor
experimental design and faulty data interpretation. Finally,
a specific genetic manipulation combined with genes
unique to the background of a strain may generate a
strain-specific phenotype, which is different from that in
other strains. Consequently, for an adequate design of
scientific studies using mice, for the proper choice of a
suitable strain, and to correctly and unambiguously inter-
pret genetic manipulations, it is mandatory to characterize
potential strain-dependent properties.
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Here, we studied the functional properties of currents
through voltage-gated sodium channels in primary cultures
of skeletal myocytes and cardiomyocytes derived from
mice of the three very commonly used mouse strains
C57BL/6 (BL6), 129/SvEvTacfBR (129), and FVB/NCr
(FVB). Besides other applications, skeletal myocyte prima-
ry cultures are employed as a model system to compare the
electrophysiological properties of muscles from wild-type
and genetically manipulated mice (e.g., [1–3]). In addition,
undifferentiated skeletal myocytes (myoblasts), derived
from adult human skeletal muscle, are used in cell therapy
approaches [4]. Primary mouse cardiomyocytes are consid-
ered a suitable model to investigate possible cardiac
phenotypes of genetically manipulated mice [5]. We chose
to study the functional properties of sodium currents for
several reasons. First, whereas functional parameters of
muscle contractility have already been compared between
various mouse strains [6, 7], comparable studies on
electrophysiological parameters in skeletal and cardiac
muscle are lacking. Sodium channels rather than other ion
channels were selected because their isoform and subunit
expression profile in muscular tissues are far less compli-
cated compared to that of other channels (e.g., calcium
channels or potassium channels). This facilitated data
interpretation. Secondly, abnormal sodium channel expres-
sion and/or function was reported in animal models of
human skeletal muscle (e.g., [8–10]) and cardiac [11–13]
diseases. Finally, a recent paper [14] provided evidence that
sodium channel isoform expression is strain dependent in
mouse cardiac ventricles. This may result in strain-specific
sodium current function.

Materials and methods

Skeletal muscle and cardiac primary muscle cell preparation

Primary muscle cell cultures were prepared from healthy
mice of different strains (C57BL/6, animal breeding facility
in Himberg, Austria; 129/SvEvTacfBR, Taconic Farms,
Germantown, NY, USA; FVB/NCr, NIH/NCI/DCT produc-
tion facility, Frederick, MD, USA) in accordance with the
protocol described in [15] and coinciding with the rules of
the University Animal Welfare Committee. Skeletal myo-
blasts were isolated from the hind limbs of neonatal (1- to
4-day old) mice or the lower legs of female adult (12–
24 weeks) mice. Cardiomyocytes were isolated from the
hearts of neonatal (1–4 days) mice. Removed muscle
tissues (skeletal muscle and/or cardiac muscle) were placed
in a culture dish containing ice-cold growth medium (GM)
consisting of Dulbecco’s modified Eagle’s medium
(InvitrogenGmbH, Lofer, Germany) containing 4.5 g/l glucose,
4 mM L-glutamine, 50 U/ml penicillin, 50 μg/ml strepto-

mycin, and 20% fetal calf serum (PAA Labs. GmbH,
Pasching, Austria). Thereafter, the muscle tissue was freed
from connective tissue under microscopic control. The
remaining muscle was mechanically dissociated in GM and
repeatedly forced through the tip of a 10-ml pipette.
Thereafter, the tissue homogenate was mixed 1:1 with a
“solid tissue digestor” [RPMI-1640 medium, 10% fetal calf
serum, 50 U/ml penicillin, 50 μg/ml streptomycin, 5 mM
L-glutamin, 195 U/ml collagenase type I (Sigma, Vienna,
Austria)] in order to isolate satellite cells by proteolytic
digestion. This mixture was shaken for 3 h at 37°C.
Afterward, the cell suspension was centrifuged (1,200 rpm,
5 min), and the pellet was re-suspended in PBS. After
another centrifugation step, the pellet was re-suspended in
GM and, consecutively, filtered through a cell strainer
(40 μm). The filtrate was centrifuged, and the pellet was
again re-suspended in GM. Finally, this cell suspension was
plated on Matrigel-coated (Becton Dickinson GmbH,
Schwechat, Austria) culture dishes (3.5 cm, Sarstedt, Wiener
Neudorf, Austria).

Cell culture

Primary skeletal myoblasts were incubated in GM at 37°C
and 5% CO2. As soon as about 70–80% of the culture dish
surface was covered with proliferating myoblasts, cell
differentiation was induced by incubation in differentiation
medium (DM). This was identical to the GM, except that it
contained 2% horse serum (Invitrogen) instead of 20% fetal
calf serum. Incubation in DM (with reduced serum content)
induced myoblast fusion and resulted in the generation of
multi-nucleated myocytes. These myocytes exhibited either
a spherical (myoballs) or a longitudinal shape (myotubes).
The use of Matrigel-coated dishes guaranteed long-term
survival of differentiated, spontaneously contracting myo-
cytes (both myoballs and myotubes) as previously shown
[16]; these cultures could be kept for at least 3 weeks
without any obvious signs of deterioration. Media were
changed three times per week. Primary cardiomyocytes
were grown on Matrigel-coated dishes in GM for up to
1 week. The GM was changed three times per week.

Electrophysiology

Sodium currents were recorded from differentiated skeletal
myocytes and cardiomyocytes at room temperature (22±
1.5°C) using an Axoclamp 200B patch-clamp amplifier
(Axon Instruments, Union City, CA, USA) as in [16]. In
case of the skeletal myocytes, the use of spherically shaped
myoballs, rather than longitudinally shaped myotubes,
guaranteed a proper voltage control in the whole-cell mode
of the patch-clamp technique. Myoballs have previously
been shown to resemble the electrophysiological properties
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of differentiated myotubes (e.g., [17]). Skeletal myocytes
obtained from neonatal mice were used for measurements
3–6 days (early differentiation window) and 10–14 days
(late differentiation window) after incubation in DM. The
longer differentiation period was chosen to allow the cells
to develop “mature” electrophysiological conditions, which
has previously been shown to take longer than a week in
skeletal myocytes [18–20]. Sodium currents of skeletal
myocytes from adult mice were only recorded in the late
differentiation window. Cardiomyocytes isolated from
neonatal mouse hearts were used for measurements 1–
4 days after preparation. These cells tended to spread out
and become flatter with time in culture, which made
measurements at later time periods impossible. A similar
phenomenon is described in [5]. Pipettes were formed from
aluminosilicate glass (AF150-100-10; Science Products,
Hofheim, Germany) with a P-97 horizontal puller (Sutter
Instruments, Novato, CA, USA), heat-polished on a micro-
forge (MF-830; Narishige, Japan), and had resistances
between 1 and 2 MΩ when filled with the recording pipette
solution (105 mM CsF, 10 mM NaCl, 10 mM EGTA,
10 mM HEPES, pH=7.3). Voltage-clamp protocols and
data acquisition were performed with pclamp 6.0 software
(Axon Instruments) through a 12-bit A–D/D–A interface
(Digidata 1200; Axon Instruments). Data were low-
pass-filtered at 2 kHz (−3 dB) and digitized at 10–
20 kHz. Curve fitting was performed using ORIGIN 7.0
software (MicroCal Software, Northampton, MA, USA).
Sodium current recording was always begun about 5 min
after whole-cell access was attained in order to minimize
time-dependent shifts in channel gating. In addition, in
order to avoid such shifts to systematically influence our
experiments (e.g., comparisons between different mouse
strains), the following temporal experimental sequence was
always strictly retained for each cell: detection of the
current–voltage relationship, followed by recording of the
capacitive current transient, steady-state fast inactivation,
steady-state slow inactivation, and finally, superfusion with
1 μM tetrodotoxin (TTX). Current–voltage (IV) relation-
ships were fit with function F1: I/Imax=Gmax×(V−Vrev)/(1+
exp((V0.5−V)/K)), where I/Imax is the normalized current,
Gmax is the maximum conductance divided by Imax, V is the
membrane potential, Vrev is the reversal potential, V0.5 is the
voltage at which half-maximum activation occurred, and K
is the slope factor. Decay half-time, a measure of fast
inactivation kinetics, was obtained by analyzing the time
period between the current peak and the time point at which
the current had decayed to 50%. Sodium current density
was calculated by dividing the maximum peak inward
current amplitude of a cell by its membrane capacitance
[16]. Cell capacitance was measured by integrating the area
under the capacitive transient elicited by a 10-ms voltage
step from −120 to −80 mV, which did not activate any

channels. This value was then divided by the applied
voltage change (40 mV). Steady-state fast inactivation data
were fit with the Boltzmann function F2: I/Imax=1/(1+exp
((V−V0.5)/K)), where I/Imax is the normalized current, V is
the membrane potential, V0.5 is the voltage at which half-
maximum inactivation occurred, and K is the slope factor.
Steady-state slow inactivation data were fit with function
F3: I/Imax=1−FractSI/(1+exp((V0.5−V)/K)), where FractSI is
the final current level reached at depolarized potentials,
representing the fraction of channels, which are slow
inactivated. Recordings were made in a bath solution that
consisted of 140 mM NaCl, 2.5 mM KCl, 1 mM CaCl2,
1 mM MgCl2, 10 mM HEPES, pH=7.4. Some experiments
were executed in low sodium bath solution containing
15 mM Na+ in order to minimize current amplitudes. In this
case, 125 mM Na+ was substituted by the impermeant
monovalent cation N-methyl-D-glucamine. Chemicals were
purchased from Sigma. TTX (1 μM) in the bath solution
was used to eliminate TTX-sensitive sodium currents and
allowed an estimation of the TTX-resistant sodium channel
fractions present in the cells. Rapid solution changes were
performed by a DAD-8-VC superfusion system (ALA
Scientific Instruments, Westbury, NY, USA).

Data are expressed as means±SE. Statistical compar-
isons were made using ANOVA (for independent samples)
when more than two groups had to be compared and two-
tailed Student’s unpaired t tests for comparison of two
groups. A p<0.05 was considered significant and a p<0.01,
highly significant.

Results

Sodium current properties of primary skeletal myocytes
derived from different mouse strains

Current–voltage (IV) relationships of the sodium currents in
skeletal myocytes derived from BL6, 129, and FVB mice
were obtained by application of depolarizing voltage steps
between −90 and +55 mV from a holding potential of
−120 mV. Thereafter, the peaks of the elicited sodium
currents were plotted against the applied potentials. The
myocytes were derived from neonatal or adult mice and
cultured in DM for 3–6 days (early differentiation window)
or 10–14 days (late differentiation window). In neonatal
animal-derived cells of both differentiation windows, the IV
relationships of BL6 and 129 were very similar. In contrast,
the IV relationship of FVB-derived cells was shifted to the
right. To obtain quantitative parameters for comparison
(Table 1), the IV relationships were fit with function F1
given in the “Materials and methods”. This revealed a
significant shift of V0.5, the voltage at which half-maximum
activation occurs toward more positive potentials in FVB-
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derived compared to BL6- and 129-derived cells. In
addition, K, the slope factor of the IV relationship, was
significantly increased in FVB-derived cells. This reflects a
reduced voltage dependence of activation compared to BL6-
and 129-derived cells. Finally, the reversal potentials (Vrev
values) of cells derived from neonatal mice were similar in
all strains, except for a moderate reduction of this value in
FVB-derived cells of the late differentiation window
(Table 1). In contrast to the described strain differences in
the IV relationship parameters of cells derived from neonatal
mice, no significant differences between the strains could be
found in cells derived from adult animals (Table 1).

Brief depolarizations (≤50 ms) also cause, besides
activation, inactivation of sodium channels from which
they recover with a single kinetic phase, whose time
constant is on the order of a few milliseconds. This
inactivation process is called sodium channel “fast inacti-
vation”. The kinetics of the development of fast inactivation
is represented by the speed of the current decay following
channel activation. In Fig. 1 (top left image), original traces

of current decay are displayed on an expanded time scale.
The current decays following activation by a voltage step,
which elicited the maximum current (current decay at Imax),
were compared between cells derived from neonatal mice
of different strains in the late differentiation window. It can
be noticed that current decay was faster in FVB (empty
triangles) than in the other strains. Quantitative kinetic
values were obtained by analyzing the time period between
the current peak and the time point at which the current had
decayed to 50% (decay half-time, see arrows in Fig. 1).
First, current decays at Imax were analyzed. We found that
the decay half-times in neonatal animal-derived FVB cells
were significantly decreased compared to those in the other
strains in both differentiation windows (Table 1). In
contrast to neonatal animal-derived cells, no significant
strain differences could be found in the current decays of
adult animal-derived cells (Table 1). Here, 129-derived cells
only showed a tendency toward slowed current decay.
Because open state inactivation is known to be a function of
voltage, in addition to current decay half-times at Imax, the

Table 1 Comparison of sodium current activation, fast inactivation kinetics, cell capacitance and current density between skeletal myocytes and
cardiomyocytes derived from different mouse strains

Strain Activation Current decay Cell
capacitance
(pF)

Current
density
(pA/pF)V0.5, mV K, mV Vrev, mV Half-time (ms)

Skeletal
muscle

BL6 Neonatal
early

−32±2 (18) 9.5±0.4 (18) 26±1 (18) 0.86±0.06 (18) 17±1 (17) −66±6 (17)

129 Neonatal
early

−32±1 (25) 10.0±0.3 (25) 28±1 (25) 0.84±0.05 (25) 14±1 (24) −77±7 (24)

FVB Neonatal
early

−24±1 (29)++** 11.4±0.3 (29)++** 28±1 (29) 0.68±0.04 (29)++* 12±1 (25)++** −66±6 (25)

BL6 Neonatal
late

−36±1 (21) 8.9±0.4 (21) 28±1 (21) 1.02±0.07 (21) 15±1 (19) −130±25 (19)

129 Neonatal
late

−39±2 (18) 8.5±0.5 (18) 30±1 (18) 1.05±0.05 (18) 17±2 (15) −72±11 (15)

FVB Neonatal
late

−30±2 (23)++** 10.5±0.3 (23)++** 24±1 (23)++* 0.76±0.04 (23)++** 14±1 (19) −69±4 (19)*

BL6 Adult −42±1 (22) 8.7±0.3 (22) 27±1 (22) 1.17±0.07 (22) 15±1 (20) −70±7 (20)
129 Adult −38±2 (13) 8.4±0.4 (13) 30±1 (13) 1.29±0.11 (13) 19±4 (12) −59±6 (12)
FVB Adult −38±2 (23) 9.0±0.4 (23) 29±1 (23) 1.11±0.09 (23) 18±1 (17) −72±8 (17)

Cardiac BL6 Neonatal −36±2 (14) 7.4±0.2 (14) 18±2 (14) 1.08±0.06 (14) 20±1 (9)°° −100±9 (9)
129 Neonatal −35±1 (14) 7.0±0.3 (14) 20±1 (14) 1.13±0.06 (14) 16±1 (14) −95±7 (14)
FVB Neonatal −37±2 (17) 6.3±0.2 (17)** 21±1 (17) 1.24±0.06 (17) 18±1 (17) −88±7 (17)

The parameters were obtained by using the analyzing procedures and fitting functions (F1) described in “Materials and methods”. Current decay
(at Imax) half-time is the time period between the current peak and the time point at which the current had decayed to 50%. Line “neonatal early”
represents skeletal myocytes derived from neonatal mice, which were differentiated for 3–6 days (4±0.3, BL6; 5±0.1, 129; 4±0.1, FVB). Line
“neonatal late” represents neonatal animal-derived skeletal myocytes, which were differentiated for 10–14 days (11±0.3, BL6; 11±0.3, 129; 11±
0.2, FVB). Line “adult” represents adult animal-derived skeletal myocytes differentiated for 10–14 days (10±0.1, BL6; 10±0.2, 129; 10±0.2,
FVB). Line “neonatal” represents cardiomyocytes derived from neonatal animals, which were grown in GM for 1–4 days (2±0.2, BL6; 1±0.3,
129; 1±0.1, FVB). Values represent means±SE; n in parentheses indicate the number of experiments. Data in bold indicate that an ANOVA
significance test revealed a significant difference (p<0.05) between the respective parameters of the three different mouse strains. Data in italics
indicate that ANOVA revealed a highly significant difference (p<0.01) between the strains. Statistical comparisons between two groups were
made using two-tailed Student’s unpaired t tests. Here, ++ p<0.01 indicates a significant difference between FVB and 129. *p<0.05 and **p<0.01
indicate a significant difference between FVB and BL6. °°p<0.01 indicates a significant difference between BL6 and 129.
V0.5 The voltage at which half-maximum activation occurred, K the slope factor, Vrev the reversal potential
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current decays at various potentials were also analyzed
(Fig. 1). It can be noticed that in neonatal animal-derived
cells of the early differentiation window (neonatal early),
current decay was similar in all strains over the whole
voltage range displayed. Thus, the significantly speeded
current decay at Imax of FVB cells in this differentiation
window (Table 1) was simply due to the fact that the IV
relationship in this strain was shifted toward more positive
voltages (Table 1). In contrast, in neonatal animal-derived
cells of the late differentiation window (neonatal late),
significant differences in current decay existed between the
strains at depolarized voltages, whereby FVB cells showed the
fastest decay (Fig. 1). Finally, in adult animal-derived cells,
current decay was found significantly slower at various but
not all voltages in 129 compared to the other strains (Fig. 1).

Kinetic parameters of sodium channel activation or fast
inactivation (e.g., current decay), detected using the whole-
cell patch-clamp technique, may be influenced by technical
problems such as an insufficient control over the membrane
voltage [21]. This is especially true for measurements on
big and nonspherical cells. Consequently, systematic differ-
ences in cell size, e.g., between the cell populations derived
from different strains, may have affected our current decay

measurements. To check for this, we compared membrane
capacitance, a measure of cell size, in myocytes derived
from BL6, 129, and FVB mice. In general, the capacitance
values were similar. A single significant strain difference
was found for neonatal animal-derived FVB cells in the
early differentiation window when compared to the other
two strains (Table 1). To make sure that cell size differences
did not affect our current decay data, membrane capaci-
tance and decay half-times at Imax were correlated with each
other. A linear regression model was used, which revealed
no significant correlation between membrane capacitance
and decay half-time in any strain. The respective values of
the correlation coefficient, r2, ranged from 0.0003 to 0.0754
(0.03±0.02; mean±SE) in BL6 cells, 0.0069–0.0532 (0.02±
0.02) in 129 cells, and 0.0122–0.2061 (0.08±0.06) in FVB
cells. Based upon these values, it can be concluded that cell
size did not influence the current decay measurements in
this study. In addition to the capacitance values, the current
densities were estimated for myocytes derived from the
three strains. Generally, they were similar, except for a
significantly increased current density in neonatal animal-
derived BL6 cells of the late differentiation window
compared to FVB cells (Table 1).

Fig. 1 Comparison of the current decay kinetics in skeletal myocytes
derived from different mouse strains. Typical examples of current
decay at Imax are displayed in the top left image. The arrows indicate
the time points at which current decay half-times were measured.
These represent the time periods between the current peak and the time
point at which the current had decayed to 50%. In the graphs, current
decay half-times were plotted against the membrane voltage (steps

between −30 and +10 mV from a holding potential of −120 mV) for
myocytes derived from neonatal (early and late differentiation
window) and adult mice. The lines connect single data points. Data
are expressed as means±SE. *p<0.05 and **p<0.01 indicate a
significant difference between the three strains at certain potentials
revealed by ANOVA
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The left part of Table 2 shows a comparison of the
voltage dependencies of sodium current fast inactivation in
skeletal myocytes derived from neonatal and adult BL6,
129, and FVB mice. To obtain steady-state fast inactivation
curves, from a holding potential of −120 mV, 50-ms
inactivating prepulses to various potentials (−110 to
−30 mV) were applied. The peaks of the currents elicited
by immediately following test pulses to −20 mV were then
plotted against the prepulse voltage. We found that fast
inactivation parameters were generally similar in all strains.
However, statistical analysis revealed several significant
differences of minor dimension in V0.5, the voltage at which
half-maximum fast inactivation occurred, and K, the slope
factor of the steady-state inactivation curve. These existed
between FVB- and BL6-derived cells and between FVB-
and 129-derived cells (see Table 2). Taken together, the
voltage dependencies of fast inactivation were similar in all
strains both in neonatal and adult animal-derived cells.

Prolonged depolarizations (seconds to minutes) cause
inactivation of sodium channels from which they recover
with multiple kinetic phases, whose time constants range over
several orders of magnitude from tens of milliseconds up to
tens of seconds. These kinetic phases of recovery can be
summarized by the term “slow inactivation”. To test for the
voltage dependence of slow inactivation, from a holding
potential of −120 mV, 10-s prepulses to various potentials
(−110–0 mV) were applied to slow inactivate the channels.
Thereafter, a 20-ms repolarization to −140 mV was applied in
order to allow the channels to recover from fast inactivation.
The peaks of the currents elicited by immediately following
test pulses to −20 mV were then plotted against the prepulse

voltage to obtain steady-state slow inactivation curves. We
found striking differences between the voltage dependencies
of sodium current slow inactivation in skeletal myocytes
derived from neonatal BL6, 129, and FVB mice. First, in the
early differentiation window, the steady-state inactivation
curve of 129-derived cells was strongly shifted to more
negative potentials compared to that of cells derived from the
two other strains. This is represented by a 10-mV left-shift in
the voltage at which half-maximum slow inactivation oc-
curred (V0.5 value, Table 2) in 129-derived cells. Secondly, in
the late differentiation window, the fraction of channels,
which can be slow inactivated (FractSI), showed a pro-
nounced strain dependence, with the largest FractSI values
found in FVB-derived cells and the lowest values found in
BL6-derived cells (Table 2). This indicates that the sodium
currents of BL6-derived cells were most resistant to the
process of slow inactivation. FVB-derived cells, on the other
hand, were most susceptible to slow inactivation. In contrast
to neonatal animal-derived cells, no significant strain differ-
ences could be found in the voltage dependencies of slow
inactivation in adult animal-derived cells (Table 2).

Besides the main comparison between the sodium
current parameters of skeletal myocytes derived from
different mouse strains described above, Tables 1 and 2
also provide a comparison between neonatal and adult
animal-derived cells (compare lines “neonatal late” with
“adult”), as well as a comparison between myocytes, which
were incubated in DM for a short (early differentiation
window) and a longer (late differentiation window) time
period (compare lines “neonatal early” with “neonatal
late”).

Table 2 Fast and slow inactivation parameters of skeletal myocytes and cardiomyocytes derived from different mouse strains

Strain Fast inactivation Slow inactivation

V0.5, mV K, mV V0.5, mV K, mV FractSI

Skeletal muscle BL6 Neonatal early −69±1 (24) 6.9±0.2 (24) −55±1 (7)○○ 12.3±1.3 (7) 0.70±0.06 (7)
129 Neonatal early −69±1 (23) 6.6±0.1 (23) −65±1 (8) 11.3±1.0 (8) 0.69±0.04 (8)
FVB Neonatal early −67±1 (21) 6.9±0.1 (21) −55±2 (10)++ 9.7±0.4 (10) 0.71±0.02 (10)
BL6 Neonatal late −71±1 (19) 6.7±0.3 (19) −57±2 (7) 13.4±1.6 (7) 0.50±0.02 (7)○

129 Neonatal late −69±1 (30) 7.0±0.1 (30) −58±1 (20) 12.1±0.5 (20) 0.60±0.02 (20)
FVB Neonatal late −72±1 (26)+ 7.3±0.1 (26)* −52±2 (7)+ 10.9±0.8 (7) 0.67±0.03 (7)**
BL6 Adult −75±1 (22) 7.1±0.2 (22) −57±1 (13) 11.6±0.8 (13) 0.64±0.04 (13)
129 Adult −74±1 (17) 7.3±0.2 (17) −57±2 (12) 12.6±0.8 (12) 0.61±0.03 (12)
FVB Adult −71±1 (28)* 7.0±0.2 (28) −53±1 (11) 12.1±0.6 (11) 0.62±0.02 (11)

Cardiac BL6 Neonatal −69±2 (16) 8.4±0.1 (16) −59±3 (14) 21.0±0.9 (14)° 0.41±0.03 (14)
129 Neonatal −67±1 (21) 8.7±0.2 (21) −58±2 (9) 23.9±0.7 (9) 0.41±0.04 (9)
FVB Neonatal −68±1 (17) 8.0±0.2 (17) −61±2 (11) 20.6±0.7 (11)++ 0.42±0.02 (11)

The parameters were obtained by using the analyzing procedures and fitting functions (F2 and F3) described in “Materials and methods”. Values
represent means±SE; n in parentheses indicate the number of experiments. Data in bold indicate that ANOVA revealed a significant difference
(p<0.05) between the respective parameters of the three different mouse strains. Data in italics indicate that ANOVA revealed a highly significant
difference (p<0.01) between the strains. Statistical comparisons between two groups were made using two-tailed Student’s unpaired t tests. Here,
+ p<0.05 and ++ p<0.01 indicate a significant difference between FVB and 129. *p<0.05 and **p<0.01 indicate a significant difference between
FVB and BL6. °p<0.05 and °°p<0.01 indicate a significant difference between BL6 and 129.
V0.5 The voltage at which half-maximum inactivation occurred, K the slope factor, FractSI the fraction of channels that can be slow inactivated
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Various sodium current parameters were significantly
different between neonatal and adult animal-derived cells.
These differences were strain dependent and are listed
below, including the p values of Student’s t tests, which are
missing in Tables 1 and 2. In cells derived from BL6 and
FVB mice, the IV relationship of adult preparations was
significantly shifted (V0.5 values, p<0.01) toward more
negative potentials (Table 1). In addition, only in FVB-
derived cells, besides V0.5, were the K and Vrev values also
significantly different between neonatal and adult prepara-
tions (p<0.01). Current decay at Imax generally tended to be
slower in cells derived from adult animals in all strains.
Here, statistical significance was reached in FVB (p<0.01)
and 129 (p<0.05; Table 1). A difference (p<0.05) also
existed in the current densities in BL6-derived cells, with a
higher current density in neonatal preparations (Table 1).
This difference, however, seems to be a result of a longer
differentiation time of neonatal cells (compare lines
neonatal early with neonatal late; see next paragraph) rather
than a specific feature of neonatal versus adult cells. In
accordance, [22] demonstrated that sodium channel
mRNA levels increase during cultivation of embryonic
rat skeletal myocytes. For steady-state fast inactivation
parameters, in BL6- and 129-derived cells, V0.5 was sig-
nificantly shifted toward more negative potentials in adult
preparations, with p values <0.05 and <0.01, respectively
(Table 2). Finally, the only significant difference (p<0.05)
in the steady-state slow inactivation curves of neonatal
and adult animal-derived cells existed in the FractSI values
of the BL6 strain, where adult preparations showed a
higher value (Table 2).

Comparison between the sodium current parameters of
neonatal animal-derived skeletal myocytes in the early and
the late differentiation window also revealed some signif-
icant differences, which were in part strain dependent.
Here, the IV relationships displayed differences in all
strains. Namely, the V0.5 values were consistently shifted
toward more negative potentials (p<0.05 in BL6 and p<
0.01 in 129 and FVB; Table 1) in the late differentiation
window. In addition, the steepness of the IV relationships
was increased (smaller K values) in the late window,
reaching statistical significance only in 129 (p<0.01) and
FVB (p<0.05). Finally, the Vrev values were significantly
less positive (p<0.01) in the late window in the FVB strain
(Table 1). In all strains, current decay at Imax tended to be
slower in cells from the late differentiation window,
whereby statistical significance (p<0.01) was only reached
in the 129 strain (Table 1). Current densities in the late
window were significantly higher (p<0.05) only in the BL6
strain (Table 1). The steady-state fast inactivation curves
were significantly shifted (p<0.01) toward more negative
potentials in the late window only in FVB (Table 2).
Moreover, their K values were significantly increased (p<

0.05) in the late window in 129 (Table 2). Finally,
comparison of the steady-state slow inactivation curves in
the early and late differentiation window revealed that V0.5

was significantly shifted (p<0.01) toward more positive
potentials in the late window only in 129 (Table 2). The
FractSI values were decreased in the late window in all
strains (Table 2). Here, statistical significance was reached
in BL6 (p<0.01) and 129 (p<0.05).

Taken together, both cell source (neonatal or adult animal-
derived) and differentiation time period can significantly
affect the sodium current properties of skeletal myocytes in
primary culture.

Sodium channel isoform expression as possible source
for strain-specific sodium current properties

Besides the adult skeletal muscle sodium channel isoform
Nav1.4, primary skeletal myocyte cultures also express
Nav1.5 channels (e.g., [23, 24]), which are otherwise
expressed only in developing or denervated skeletal muscle
and in the heart. Because these two sodium channel
isoforms significantly differ in their functional properties
(e.g., [25–28]), distinctions in their expression levels may
account for the mouse strain-specific sodium channel
properties observed in this study.

To test for differences in sodium channel isoform
expression, we compared the TTX sensitivities of sodium
currents in skeletal myocytes derived from the different
mouse strains. It is well known that the currents through
Nav1.5 channels are more resistant to TTX block than those
through Nav1.4 channels; thus, a shift in sodium channel
isoform expression from Nav1.4 toward Nav1.5 should
result in a reduced TTX sensitivity. Figure 2 shows a
typical TTX experiment carried out on a neonatal animal-
derived BL6 cell in the early differentiation window:
Sodium currents were first measured under control con-
ditions. Thereafter, 1 μM TTX was washed in, and the
currents were detected again. A final current measurement
was performed after TTX was washed out. It can be noticed
that 1 μM TTX significantly reduced the current ampli-
tudes, leaving a current carried by a “TTX-resistant”
sodium channel fraction. This fraction most probably
represents current through Nav1.5 channels (IC50∼1μM)
because Nav1.4 channels (IC50∼10 nM) should be totally
blocked by 1μM TTX (e.g., [24, 29]). Table 3 displays the
TTX-resistant sodium current fractions for cells derived
from the different mouse strains. In neonatal animal-derived
cells, this fraction was significantly increased in 129
compared to the two other strains. This suggests a greater
contribution of Nav1.5 to the total sodium current in 129-
derived cells. In contrast to neonatal animal-derived cells,
the TTX-resistant current fractions were similar in all
strains in adult preparations (Table 3).
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Sodium current properties of primary cardiomyocytes
derived from different mouse strains

The upper image of Fig. 3a shows typical sodium currents
and the corresponding IV relationship of a cardiomyocyte
derived from the heart of a neonatal 129 mouse. Compared
to neonatal animal-derived skeletal myocyte currents (top
of Fig. 3b), the cardiomyocyte currents exhibited slower
kinetics (see also Table 1). Another well-defined sodium
current speciality of cardiomyocytes is their high resistance
to slow inactivation. The lower image of Fig. 3a shows that
about 60% of the total current remained after 10-s prepulses
to strongly depolarized potentials. This suggests that 60%
of the channels in this cardiomyocyte could not be slow

inactivated (see also Table 1). In the skeletal myocyte
(bottom of Fig. 3b), only about 30% of the channels were
resistant to slow inactivation.

In order to compare the sodium current properties in
cardiomyocytes derived from the different mouse strains,
the same experiments were performed on cardiomyocytes
as described above for skeletal myocytes. The respective
sodium current parameters obtained on cardiomyocytes
derived from the three strains are given in the Tables 1 and
2. It can be noticed that, in contrast to those of neonatal
animal-derived skeletal myocytes, the sodium current
properties of cardiomyocytes were hardly strain dependent.
This was true for the activation parameters, the inactivation
kinetics, and the current densities (Table 1), as well as for
the voltage dependencies of fast and slow inactivation
(Table 2). A few significant differences of minor dimen-
sion, however, could be detected. Namely, the K value of
the IV relationship was decreased in FVB- compared to
BL6-derived cells (Table 1), and the K value of the steady-
state slow inactivation curve was slightly increased in 129
compared to the two other strains (Table 2).

Discussion

In the present study, we compared the functional properties
of sodium currents in primary skeletal myocytes and
cardiomyocytes derived from three commonly used mouse
strains. To avoid confusion, it should be clearly pointed out
that we did not investigate strain-specific differences in the
function and expression of sodium channels in neonatal and

Table 3 TTX-resistant sodium current fractions in skeletal myocytes
derived from different mouse strains

Strain TTX-resistant fraction

Skeletal muscle BL6 Neonatal early 0.30±0.04 (6)○

129 Neonatal early 0.40±0.03 (9)
FVB Neonatal early 0.31±0.02 (13)++

BL6 Neonatal late 0.29±0.04 (10)○

129 Neonatal late 0.40±0.03 (18)
FVB Neonatal late 0.28±0.06 (8)+

BL6 Adult 0.40±0.03 (14)
129 Adult 0.45±0.04 (10)
FVB Adult 0.43±0.04 (11)

The TTX-resistant current fraction represents the fraction of the total
sodium current in 140mM sodium bath solution, which remained during
superfusion of the cells with a bath solution containing 1 μM TTX.
Values represent means±SE; n in parentheses indicate the number of
experiments. Data in bold indicate that ANOVA revealed a significant
difference (p<0.05) between the respective parameters of the three
different mouse strains. Statistical comparisons between two groups
were made using two-tailed Student’s unpaired t tests. Here, + p<0.05
and ++ p<0.01 indicate a significant difference between FVB and 129.
°p<0.05 indicates a significant difference between BL6 and 129.

Fig. 2 Sequential program and original traces of a typical TTX
experiment. The currents were elicited by depolarizing voltage steps
between −90 and +50 mV from a holding potential of −120 mV and
were recorded from a skeletal myocyte in the early differentiation
window derived from a neonatal BL6 mouse in 140 mM sodium bath
solution. This ensured adequate current amplitudes also in the
presence of 1 μM TTX. Currents during superfusion with bath
solution containing 1 μM TTX were recorded 60 s after TTX
application was begun
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adult skeletal muscle or in the neonatal heart. In fact, strain-
specific responses of primary skeletal myocytes and
cardiomyocytes to cultivation were studied. Such primary
cultures serve as model system to study the properties of
muscle tissues (e.g., [1–3, 5]).

Mouse strain effects

Previous reports have shown that ion channel expression in
various tissues can considerably differ between mice of
different strains. For example, a dramatic difference was
found in cerebellar Kv1.2 potassium channel expression and
cellular localization between BL6 and 129 mice [30].
Similarly, [14] reported strain-specific sodium and potassi-
um channel isoform expression in mouse cardiac ventricles,
and [31] found strain-specific TRP channel expression in
various tissues, including skeletal muscle. Our investigation
adds functional data to these studies, which exclusively
focused on ion channel expression. We found strain-specific
sodium channel function in primary skeletal myocytes
derived from neonatal mice. Thus, besides strain-dependent
ion channel expression [14, 30, 31], the functional proper-
ties of ion channels (this study), which determine cellular
excitability, can also differ between cells of various strains.
Similar to our electrophysiological study, other authors also

found functional properties of muscular tissues to be clearly
mouse strain dependent. For example, the response to
exercise training was dramatically increased in FVB mice
compared with that in other strains [6]. Moreover, whereas
cardiac contractile function was similar under physiological
conditions, significant strain differences were exposed at
sub-physiological temperature and frequency [7]. Together,
these studies [6, 7] and our data support the concept that
important functional properties of muscular tissues can be
significantly different in various mouse strains.

What is the cause for strain-dependent sodium current
function in neonatal animal-derived skeletal myocytes? The
fact that primary skeletal myocytes express both Nav1.4 and
Nav1.5 channels (e.g., [23, 24]), which are functionally
different (e.g., [25–28]), prompted us to test the hypothesis
that shifts in the expression of these sodium channel
isoforms generate strain-specific sodium current function.
Indeed, we found differences in the TTX sensitivities
between neonatal animal-derived cells of various strains,
suggesting strain-specific sodium channel isoform expres-
sion. However, these differences did not always closely
correlate with the sodium current parameters detected.
Namely, with regard to the sodium current parameters, the
FVB strain was outstanding and differed from 129 and
BL6. For example, in FVB cells, activation was shifted to

Fig. 3 Typical examples of
original current traces with the
corresponding IV relationships
(upper panel) and steady-state
slow inactivation curves (lower
panel) of cardiomyocytes (a)
and skeletal myocytes (b) of the
129 strain. The experiments
were performed on cardiomyo-
cytes derived from neonatal
mice and from skeletal myo-
cytes derived from neonatal
mice in the early differentiation
window. The pulse protocols
used to elicit the currents are
given in the text of the
“Results”, and the fitting proce-
dures (function F1 for IV rela-
tionships and function F3 for
steady-state slow inactivation
curves, solid lines) are described
in the “Materials and methods”
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more positive potentials, and, at least in the late differen-
tiation window, current decay was speeded, and the fraction
of channels that could be slow inactivated was increased.
Considering the specific functional properties of Nav1.4
and Nav1.5 when expressed in a given cell type (e.g., [25–
28]), all these shifts in sodium current parameters could be
explained by a higher contribution of Nav1.4 to the total
sodium current in FVB cells compared to 129 and BL6
cells. In the corresponding TTX data, however, the 129
strain was outstanding in that it showed a greater TTX-
resistant current fraction compared to FVB and BL6,
concomitant with a higher contribution of Nav1.4 in both
FVB and BL6 cells. This partial inconsistency between the
sodium current and the TTX data prompts us to conclude
that strain-specific expression of Nav1.4 and Nav1.5
channels may be one but not the only cause for strain-
specific sodium current function in neonatal animal-derived
skeletal myocytes. Among other possible reasons are
differences in sodium channel β-subunit expression or
different cellular protein kinase activities, which would
result in altered sodium channel phosphorylation levels.

Finally, it is important to note that we found considerable
strain differences only in neonatal animal-derived but not in
adult animal-derived skeletal myocytes. Interestingly, the
TTX sensitivities were also similar between the strains in
adult animal-derived cells. This finding argues for an
involvement of sodium channel isoform expression shifts in
the generation of strain-specific sodium current functional
properties. The reason for this basic difference between
neonatal and adult animal-derived cells is currently unknown.

In contrast to skeletal myocytes, we did not find major
strain differences in the sodium current properties of
primary cardiomyocytes derived from neonatal mice. This
seems to contradict [14], who, using the same mouse strains
as in the present study, reported significant effects of the
genetic background on sodium channel transcripts in mouse
cardiac ventricles. Namely, the FVB strain expressed less
Nav1.5 transcripts but more Nav1.4, Nav1.3, and Navβ
transcripts than 129 and BL6. One might expect that such
expression shifts of sodium channel isoforms (with different
functional properties) in cardiomyocytes should alter their
sodium current parameters. However, although significant,
the strain differences in sodium channel isoform expression
described in [14] were rather small, with Nav1.5 still
representing by far the dominating isoform in all strains.
This is consistent with our finding of similar sodium channel
function in cardiomyocytes derived from FVB, 129, and
BL6 mice. Furthermore, a direct comparison between the
results of [14] and our study is not valid because adult mouse
cardiac ventricles and primary cardiomyocyte cultures,
respectively, were used. Besides the study of [14], there is
also evidence that cardiac electrophysiological properties are
different in various mouse strains. Thus, [32] and [33]

reported strain-dependent ECG characteristics, and [34]
found differences in the vulnerability to ventricular arrhyth-
mia between various strains. Strain-specific ion channel
expression and/or function of cardiomyocytes [14] in various
regions of the heart are likely to cause such electrophysio-
logical differences. Our data suggest that sodium channels
might not considerably contribute. Of course, this is only
true if the electrophysiological properties of cardiomyocytes
in primary culture are similar to those of adult cardiomyo-
cytes. Although not directly compared in [5], such a
conclusion was drawn by these authors.

Relevance of the study

Several of our findings are relevant for the design and
proper interpretation of electrophysiological studies, which
use excitable cells in primary culture as a model system:
First, cells derived from different mouse strains can exhibit
different ion channel function and expression. Secondly,
differences exist between neonatal and adult animal-derived
cells, and finally, prolonged differentiation time periods do
also affect the functional properties of the channels. Thus,
experimental design, comparisons of the results between
studies, and data interpretation should be done very
carefully. For example, contempt of strain differences,
e.g., between wild-type and knock-out mice to be com-
pared, may lead to faulty data interpretation. Namely, strain
differences in a certain electrophysiological parameter, but
not differences due to the genetic manipulation itself, may
be artificially exposed.

In accordance with previous studies (e.g., [22–24]), our
data imply that primary skeletal myocyte cultures do not
represent an appropriate model system to explore the
electrophysiological properties of adult skeletal muscle.
Independent of the mouse strain used for cell isolation and
independent of the differentiation time period in culture,
both myocytes derived from neonatal and adult skeletal
muscle express a large fraction of Nav1.5 channels, which
are normally absent in adult skeletal muscle [22, 35]. This
is suggested by the fact that application of 1 μM TTX
reduced the sodium current to 30–40%, which implies that
60–80% of the active channels in the cultures were TTX-
resistant Nav1.5 channels (assuming an IC50 value of 1 μM
for Nav1.5).

In contrast to primary skeletal myocyte cultures, which
obviously fail as a model for adult skeletal muscle, the
electrophysiological properties of primary cardiomyocyte
cultures derived from neonatal mice may be similar to those
of adult cardiac tissue [5]. In addition, neonatal mouse
cardiomyocytes in primary culture have a small cell size
and lack transverse tubules, which makes them technically
favorable for whole-cell patch-clamp studies when compared
to freshly isolated adult cardiomyocytes [5]. Taken together
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with our finding that sodium current function in neonatal
primary cardiomyocytes is not strain dependent, this prepa-
ration promises to be a suitable model to investigate possible
cardiac phenotypes of genetically manipulated mice.
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