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oltage-gated sodium (Na+) channels are composed of 
a pore-forming α-subunit and auxiliary β-subunits.1 
At least 6 α-subunits (Nav 1.1–1.6) and 4 β-sub-

units (Nav β1–β4) have been detected in the mammalian 
heart.2,3 The different α-subunit isoforms have distinct elec-
trophysiological and pharmacological properties.1 Based on 
their sensitivity to tetrodotoxin (TTX), voltage-gated Na+ 
channels are divided into TTX-sensitive and TTX-resistant 
channels. TTX-sensitive Na+ channels are sensitive to nano-
molar concentrations of TTX (IC50, 1–25 nmol/L), including 
neuronal Nav 1.1, Nav 1.2, Nav 1.3, Nav 1.6 and skeletal 
muscle Nav 1.4.1 In contrast, the predominant cardiac iso-
form (Nav 1.5) is inhibited by micromolar concentrations  
of TTX (IC50, 2–6 μmol/L) and defined as a TTX-resistant 

channel.1 Because of their distinct expression patterns and 
subcellular localizations, these isoforms have different func-
tions.4,5 The principal cardiac isoform, Nav 1.5, localized in 
the intercalated disks, is responsible for action potential con-
duction between cells, whereas neuronal Nav 1.1, Nav 1.3 
and Nav 1.6 have been found in the transverse tubules, con-
tributing to excitation–contraction coupling.5 Although Na+ 
channel α-subunits are sufficient to form functional channels 
when expressed alone, their kinetics and channel localiza-
tion are tightly regulated by the β-subunits.6–10

Na+ channels play an important role in the upstroke and 
conduction of the action potential in the heart. The orches-
trated activation and inactivation of Na+ channels is vital to 
normal myocardium function, and in maintaining normal heart 
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Background:  Embryonic  cardiomyocytes  undergo  profound  changes  in  their  electrophysiological  properties   
during development. However, the molecular and functional changes in Na+ channel during cardiogenesis are not 
yet fully explained.

Methods and Results:  To study the functional changes in the Na+ channel during cardiogenesis, Na+ currents 
were  recorded  in  the early  (EDS) and  late  (LDS) developmental stages of cardiomyocytes  in embryonic mice. 
Compared with EDS myocytes, LDS myocytes exhibited a larger peak current density, a more negative shift in the 
voltage of half inactivation, a larger fast inactivation component and a smaller slow inactivation component, and 
smaller time constants for recovery from inactivation. Additionally, multiple Na+ channel α-subunits (Nav 1.1–1.6) 
and β-subunits (Nav β1–β3) of mouse embryos were  investigated. Transcripts of Nav 1.1–1.3 were absent or 
present at very low levels in embryonic hearts. Transcripts encoding Nav 1.4–1.6 and Nav β1–β3 increased dur-
ing embryogenesis. Data on the sensitivity of total Na+ currents to tetrodotoxin (TTX) showed that TTX-resistant 
Nav 1.5 is the predominant isoform expressed in the heart of the mouse embryo.

Conclusions:  The results indicate that significant changes in the functional properties of Na+ channels develop 
in the cardiomyocytes of the mouse embryo, and that different Na+ channel subunit genes are strongly regulated 
during embryogenesis, which  further  support  a physiological  role  for  voltage-gated Na+  channels during heart 
development.    (Circ J  2011; 75: 2071 – 2079)
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rhythm. Altered Na+ channel properties may have important 
consequences for cardiac excitability and underlie multiple 
cardiac diseases, such as long QT syndrome,11,12 Brugada 
syndrome,13 idiopathic ventricular fibrillation,14 and other car-
diac conduction disorders.15 The gain-of-function mutation 
in the gene encoding Nav 1.5 (SCN5A) is linked to long-QT 
syndrome,13 whereas loss-of-function mutation in SCN5A is a 
cause of Brugada syndrome.16 These considerations prompted 
a series of investigations aimed at determining molecular 
and functional changes in Na+ channels in experimental and 
human models of cardiac diseases.

Fetal cardiomyocytes experience profound changes in their 
electrophysiological properties during development,17–19 and 
sodium channels might be involved.17 The purpose of this 
study was to use the patch-clamp technique to investigate the 
developmental changes in the functional properties of Na+ 
channels in the cardiomyocytes of mouse embryos, and to use 
reverse transcription polymerase chain reaction (RT-PCR) 
determine changes in Na+ channel subunits expression that 
might be associated with the functional changes.

Methods
Cell Isolation and Culture
Precisely staged pregnant Kunming mice (4–6 weeks old) 
were supplied by the Medical Experimental Animal Center, 
Tongji Medical College of Huazhong University of Science 
and Technology. For isolation of the different developmental 
stages of the cardiomyocytes, embryos aged 10.5–12.5 days 
post coitum and 16.5–18.5 days post coitum were respective-
ly considered as the early developmental stage (EDS) and late 
developmental stage (LDS). Briefly, after the embryos were 
harvested, hearts were dissected and ventricles separated 
from atria, single cardiomyocytes were isolated from the ven-
tricles using enzymatic dissociation procedures as described 
previously.18,19 The isolated cells were plated onto sterile, 
gelatin-coated glass coverslips and kept in the incubator for 

24–48 h. All procedures were performed in accordance with 
the Guidelines of the Hubei Council of Animal Care and 
approved by the Animal Use Subcommittee of Huazhong 
University of Science and Technology, China.

Patch-Clamp Recordings
The cells were placed in a temperature-controlled recording 
chamber that was mounted on the stage of an inverted micro-
scope (Zeiss, Germany). Single, spontaneously beating ven-
tricular cardiomyocytes were investigated with the whole-
cell patch clamp technique in a conventional configuration at 
room temperature (22±2°C). For recordings, an Axopatch 
200A patch-clamp amplifier (Molecular Devices, Sunnyvale, 
CA, USA) was used. Capacitance and series resistances were 
adjusted to obtain minimal contribution of the capacitive tran-
sients. Series resistance was compensated by 60–80% without 
ringing. Membrane currents were digitized at 10 kHz, filtered 
at 2 kHz, and stored on a hard drive for analysis. The patch 
pipettes had 1–2 MΩ tip resistance when filled with an intra-
cellular pipette solution containing (in mmol/L): CsCl 120, 
CaCl2 1, MgCl2 5, Na2ATP 5, tetraethylammonium 10, EGTA 
11, HEPES 10 (pH 7.3 with CsOH). The bath solution con-
tained (in mmol/L): NaCl 65, CsCl 70, CaCl2 1, MgCl2 1, 
CdCl2 0.05, glucose 10, HEPES 10 (pH 7.4 with CsOH).In 
all experiments, recording began approximately 20 min after 
establishment of the whole-cell mode to minimize the contri-
bution of time-dependent shifts of steady-state gating param-
eter measurements.

Voltage Protocols
For the steady-state activation protocol, Na+ currents were 
elicited by a series of 50-ms depolarizing pulses applied from 
a holding potential (HP) of –120 mV, in 10 mV increments 
between –90 and +60 mV. For steady-state activation curves, 
the Boltzmann equation was fitted to these data:

G/Gmax=1/{1+ exp[(V – V1/2)/k]} (1)

Table. Primer Pairs Used for Reverse Transcription-Polymerase Chain Reaction

Gene Primer sequence Accession No. Product size (bp)

Nav 1.1 F: 5’-tcatctcgctccgccattat-3’ NM018733.2 394

R: 5’-gaggtggtgatttggaacagg-3’

Nav 1.2 F: 5’-cttgcagtggcccccagaca-3’ NM001099298.2 363

R: 5’-tcccagcagcacgcaaggtc-3’

Nav 1.3 F: 5’-cggaaccaccagtggcgtgg-3’ NM018732.3 251

R: 5’-cttctcggggcggagcaacg-3’

Nav 1.4 F: 5’-gagggcttaccgccgccatc-3’ NM133199.2 381

R: 5’-gccccgttccccaactctgc-3’

Nav 1.5 F: 5’-tcacacactggggcgggaca-3’ NM021544.3 423

R: 5’-accgctccctttgctgccac-3’

Nav 1.6 F: 5’-agctggccgactttgccgac-3’ NM011323.2 211

R: 5’-ttggacgccacgaaccgctc-3’

Nav β1 F: 5’-cgctatgagaatgaggtgctg-3’ NM011322.2 145

R: 5’-cgtagtcgccagagtggttg-3’

Nav β2 F: 5’-ctaaggcttggtctggtggc-3’ NM001014761.2 124

R: 5’-gctgatggctgttccctagc-3’

Nav β3 F: 5’-aacttggttactcggttggg-3’ NM153522.2 129

R: 5’-ttgaaaggaaagcctgagatag-3’

GAPDH F: 5’-aagcccatcaccatcttccaggag-3’ NM008084.2 308

R: 5’-agcccttccacaatgccaaag-3’

F, forward; R, reverse.
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where Gmax is the maximal peak Na+ conductance, and V1/2 
and k are the voltage of half activation and slope factor, 
respectively.

The steady-state inactivation protocol was from a HP of  
–120 mV, a 500 ms conditioning prepulse applied in 5-mV 
increments between –130 and –30 mV, followed by a 20-ms 
test pulse to –20 mV. For steady-state inactivation curves, 
the following equation was fitted to these data to produce the 
least-squares fit curves:

I/Imax=1/{1+ exp[(V – V1/2)/k]} (2)

where V1/2 is the voltage of half inactivation, and k is the 
slope factor.

The recovery from inactivation protocol was from a HP  
of –120 mV followed by a pulse to –20 mV (P1) for 500 ms, 
and then stepped to the recovery potential for 1–1,024 ms. 
After the recovery pulse, the potential was again stepped to 
–20 mV (P2) for 20 ms. The peak currents measured during 
the 2 –20 mV depolarizations were compared to produce the 
recovery fractional current (P2/P1). The fractional current was 
plotted as a function of the recovery time (in ms) between 
the 2 test pulses to –20 mV. The time course of recovery from 

inactivation was analyzed by a bi-exponential fitting using 
the equation:

P2/P1=Afexp(–t/τf) + Asexp(–t/τs) + Ao (3)

where Af and As represent the relative fractions of the fast 
and slow recovery components, and τf and τs are the fast and 
slow recovery time constants, respectively.

To determine the inactivation time constants, the decay 
phase of the current during a voltage step was fitted with  
a bi-exponential function of the form:

INa/INa,max=Afexp(–t/τf) + Asexp(–t/τs) (4)

where Af and As are the relative amplitudes of the fast and 
slow inactivation components, and τf and τs are the fast and 
slow inactivation time constants, respectively.

RT-PCR
The mRNA expression of the Na+ channel subunits was ana-
lyzed by RT-PCR. Total RNA was extracted from embryonic 
ventricular tissue using the RNeasy Mini-Kit (Qiagen GmbH, 
Germany) according to the manufacturer’s protocol. RNA 
concentration was calculated by measuring absorbance at 

Figure 1.    Current density and activation properties of Na+ current in early (EDS) and late (LDS) development stage myocytes. 
(A) Representative Na+ current traces for the peak current density – voltage (I – V) and activation curves. The voltage protocol 
is shown in the inset. Note the difference in the current amplitude scale between EDS and LDS myocytes. (B) Peak I – V curve. 
(C) Steady-state activation curve. *P<0.01 LDS vs. EDS cells. The number of cells is shown next to the symbols.
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260 nm. cDNA was generated from 2 μg of total RNA using 
reverse transcriptase (Boehringer-Mannheim, Germany) and 
oligo (dT) primers (Boehringer-Mannheim, Germany). The 
RT reaction was carried out at 42°C for 1 h and at 95°C for 
5 min. Products of the RT reaction were subjected to PCR 
amplifications using specific primers as listed in the Table. 
Single cells were picked up with a glass pipette and stored 
together with RNase inhibitor (Invitrogen GmbH, Germany) 
in PCR tubes and kept at –80°C, followed by standard pro-
tocols for further processing.

The amplification conditions included a denaturation of 
3 min at 94°C, followed by 30 cycles of amplification (30 s at 
94°C for denaturation, 30 s for annealing at 54°C for Nav 1.1 
and Nav β1, 58°C for Nav β2 and Nav β3, 60°C for Nav 1.2, 
Nav 1.5 and Nav 1.6, 62°C for Nav 1.3 and Nav 1.4, and 30 s 
at 72°C for extension), and a final incubation of 10 min at 
72°C. Forty cycles of amplification was performed for singe-
cell RT-PCR.

The PCR products were stained with ethidium bromide, 
separated by 2% agarose gel electrophoresis, and examined by 
a bioimaging analyzer (BioRad, Richmond, CA, USA). The 
intensity values were normalized for GAPDH reference genes.

Single-Cell Real-Time PCR
Real-time PCR was performed on MxPRO3000 equipment 
(Stratagene Technology, USA) in a total reaction volume of 
20 μl containing 10 μl SYBR Green Real-time PCR Master 
Mix (Toyobo, Japan), 0.4 μmol/L of each forward and reverse 
primer and 2 μl cDNA templates. The PCR processing con-
sisted of 40 cycles of 10-s denaturation at 95°C, 20-s anneal-
ing at 60°C, and 15-s extension at 72°C. The primers were as 
follows: Nav 1.4: forward 5’-gagctgaaagacaatca-3’, reverse 
5’-ctgctgagcaagatcatgaa-3’; Nav 1.5: forward 5’- atggtcattg-
gcaaccttgtggt-3’, reverse 5’- ctgttctcttcatcctcttc-3’; Nav 1.6: 
forward 5’-agaagaagtactacaacgcc-3’, reverse 5’-agtagtgtctcaa-
ggcaaac-3’; GAPDH: forward 5’- catagacaagatggtgaatcgg-3’, 
reverse 5’-gtccactttgtcacaagagaaggc-3’. The transcript expres-
sion levels were quantified by using the threshold cycle (Ct) 
value method, where values were normalized to GAPDH as 
an internal control in the same sample. The specificity of the 
PCR product amplification was confirmed by the melting 
curves.

Statistical Analysis
Data analysis was performed with Origin 7.5 software 

Figure 2.    Inactivation properties of Na+ current in early (EDS) and late (LDS) development stage myocytes. (A) Illustrative Na+ 
current traces for the inactivation curve. (B) Steady-state inactivation curve of the Na+ current. The voltage protocol is shown 
in the inset. (C) Mean values for the time constants of the fast (τf) and slow (τs) inactivation components at a test potential of  
–30 mV. (D) Mean values for the relative amplitudes (%) of the fast (Af) and slow (As) inactivation components of the Na+ cur-
rent. *P<0.01 LDS vs. EDS cells. The number of cells is shown next to the symbols.
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(Microcal Software, USA) and Clampfit 9.0 software (Axon 
Instruments, USA). All data are expressed as mean ± SEM. 
Unpaired t-tests and 1-way ANOVA were performed where 
appropriate. A statistically significant difference was defined 
as P<0.05.

Results
Developmental Changes in Peak Current Density and Gating  
Properties of Na+ Channels During Mouse Embryogenesis

Activation  As illustrated in Figures 1A,B, the peak Na+ 
current density was significantly larger in the LDS cells (n= 
10; –60 to +20 mV) than in the EDS cells (n=8) (P<0.01), 
indicating that the Na+ current density increased significantly 
during development. However, the voltage dependence of 
activation in both cell types was similar (Figure 1C). There 

was no significant difference in the voltage of half activation 
(V1/2) or slope factor (k) between EDS and LDS myocytes 
(V1/2: –46.1±3.4 mV EDS vs. –47.0±3.4 mV LDS, P>0.05;  
k: 5.5±0.4 mV EDS vs. 5.8±0.7 mV LDS, P>0.05).

Inactivation  Figures 2A,B shows the representative Na+ 
currents and steady-state inactivation curves. We found that 
the voltage of half inactivation (V1/2) shifted to a more nega-
tive potential in the LDS (n=8) compared with the EDS (n=8) 
cells (V1/2: –82.7±4.4 mV LDS vs. –71.6±2.4 mV EDS, P< 
0.01). The k values for the EDS and LDS cells were not sig-
nificantly different (7.2±0.7 mV EDS vs. 6.5±0.9 mV LDS, 
P>0.05). To compare the time-dependence of Na+ channel 
inactivation in EDS and LDS cardiomyocytes, the time con-
stants and relative amplitudes of fast (τf, Af) and slow (τs, As) 
inactivation components at a test potential of –30mV were 
shown in Figures 2C,D. The time constants of Na+ channel 

Figure 3.    Recovery from inactivation in early (EDS) and late (LDS) development stage myocytes. (A) Representative Na+ cur-
rent traces for the recovery curve. The currents were elicited by 500 ms pulses to –20 mV (P1) with varying inter-pulse durations 
at a recovery potential of –120 mV and subsequent –20 mV test pulses (P2). (B) Recovery curve from inactivation of the Na+ 
current. (C) Smaller time constants of the fast (τf) and slow (τs) recovery components were found in LDS than in EDS myocytes. 
*P<0.01 LDS vs. EDS cells. The number of cells is shown next to the symbols.
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inactivation in both cell types were similar (P>0.05). But 
LDS myocytes had significantly larger amplitude of fast (Af) 
inactivation components than in EDS myocytes (Af: 94.1± 
0.1% LDS vs. 91.7±0.1% EDS, P<0.01; As: 5.9±0.1% LDS 
vs. 8.2±0.1% EDS, P<0.01).

Recovery From Inactivation  Figures 3A,B shows illus-
trative currents and the recovery curves from inactivation. 
We found that both the fast (τf) and the slow (τs) time con-
stants for Na+ channel recovery were significantly smaller in 
LDS (n=8) (τf: 5.5±0.4 ms LDS vs. 7.5±0.5 ms EDS, P<0.01; 
 τs: 122.5±4.5 ms LDS vs. 198.6±12.3 ms EDS, P<0.01) than 
in EDS (n=7) cells (Figure 3C).

Expression of Na+ Channel α- and β-Subunits in Embryonic 
Cardiomyocytes
Expressions of the Nav 1.1–1.6 subunits at different stages 
of development were investigated. The amount of Nav 1.4, 
Nav 1.5 and Nav 1.6 in whole ventricle tissue increased with 
age during ontogeny. Transcripts of Nav 1.1, Nav 1.2 and Nav 
1.3 were absent or present at very low levels in embryonic 
ventricles (Figure 4A). The expression pattern of the vari-

ous Na+ channel α-subunits in the present study is similar to 
that in the postnatal mouse heart.2 The expressions of 3 Na+ 
channel β-subunits (Nav β1–β3) were upregulated in whole 
ventricles during embryogenesis (Figure 4B). Because of the 
lack of evidence for its regulation of Na+ channels, Nav β4 
was not investigated in the present study.

To exclude contamination by other cell types, single cell 
RT-PCR was performed to demonstrate the expression pat-
tern of different Na+ channel subunits in ventricular cardio-
myocytes. Similar developmental changes as revealed in the 
whole ventricles were found in each subunit. At the EDS, 
only Nav 1.5 and Nav β1 were detectable whereas at the LDS 
low expressions of Nav 1.4, Nav 1.6, Nav β2 and Nav β3 
were observed (Figure 5A). The single-cell real-time PCR 
experiments demonstrated that Nav 1.5 was the most abun-
dant subunit in both EDS and LDS myocytes (Figure 5B). 
The expressions of Nav 1.4, Nav 1.5 and Nav 1.6 mRNA 
significantly increased during embryogenesis according to 
the following: Nav 1.5 >> Nav 1.4 > Nav 1.6.

Figure 4.    Expression of different Na+ channel subunits in early (EDS) and late (LDS) development stage ventricles. (A) Expres-
sion of 6 Na+ channel α-subunits at the mRNA level in EDS and LDS ventricles. (B) Expression of 3 Na+ channel β-subunits at 
the mRNA level in EDS and LDS ventricles. Relative expression levels of the mRNA of different Na+ channel subunits quantified 
as described in the Methods. *P<0.01 LDS vs. EDS cells. The number of cells is shown next to the symbols.
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Sensitivity of Total Na+ Currents to TTX
Finally, to determine the sensitivity of the total Na+ cur-
rent in both embryonic cardiomyocyte types, we performed 
whole-cell voltage clamp experiments in the presence of 
TTX at concentrations from 0.1 to 50 μmol/L. Currents dur-
ing 50-ms depolarizations to –30 mV from a holding poten-
tial of –100 mV were decreased by TTX in a dose-dependent 
manner in both myocyte types. Fitting the dose – response 
relationship with a Hill curve (Hill coefficient of 1) yielded 
an IC50 of 5.2 μmol/L (EDS, n=6) and 6.6 μmol/L (LDS, n= 
5–8) (Figure 6), which were within or very close to the 
micromolar range (2–6 μmol/L) reported previously.1 Thus, 
the total Na+ currents in both EDS and LDS myocytes pri-
marily exhibited the TTX-resistant characteristic.

Discussion
There are 3 significant findings from the present study. (1) 
There are significant changes in the functional properties of 
Na+ channels in cardiomyocytes during mouse embryogene-
sis. Cardiomyocytes at the LDS exhibits a negative shift in 
the voltage dependence of inactivation, a larger fast inacti-
vation component and a smaller slow inactivation compo-
nent, and an accelerated rate of recovery from inactivation. 
(2) There is marked upregulation of Na+ channel subunits 
Nav 1.4, Nav 1.5, Nav 1.6, Nav β1, Nav β2, and Nav β3. (3) 
There is a similar sensitivity of the total Na+ current to micro-
molar concentrations of TTX during cardiac development.

Functional Implications of Altered Na+ Channel Properties
The developmental increase in peak INa density in the present 
study was in agreement with the fact that during the develop-
ment of the murine heart, the maximum upstroke velocity 
(Vmax) of the action potential increased.20,21

The hyperpolarizing shift in voltage-dependent inactivation 
combined with unaltered activation gave rise to a reduced 
overlap between the activation and inactivation curves, and 
hence a decrease in the persistent Na+ current.22,23 This persis-
tent Na+ current was believed to contribute to the action poten-
tial plateau and play an important role in the pathological 
changes in electrical excitability associated with many disease 
states, including cardiac arrhythmias, ischemic stroke, and 
epilepsy.24 This is another explanation for the ongoing short-
ening of the action potential duration with maturation.25 
Although the time course of inactivation at both developmen-
tal stages had similar time constants, a larger fast inactiva-

Figure 5.    Expression of different Na+ channel subunits in single beating early (EDS) and late (LDS) development stage myo-
cytes. (A) Expression of different Na+ channel subunits measured by single-cell reverse transcription-polymerase chain reaction. 
(B) Relative expression  levels of Nav 1.4, Nav 1.5 and Nav 1.6 measured by single-cell  real-time polymerase chain  reaction. 
*P<0.01 LDS vs. EDS cells. The number of cells is shown next to the symbols.

Figure 6.    Dose – response curves of TTX blockage of  total 
Na+ currents in early (EDS) and late (LDS) development stage 
myocytes.  Mean ± SEM.  The  data  are  fitted  with  a  Hill-type 
curve: fractional blockage =1/(1+[TTX]/IC50) with an IC50 of 
5.2 μmol/L  (EDS)  and  6.6 μmol/L  (LDS).  TTX,  tetrodotoxin. 
The number of cells is shown next to the symbols.
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tion component and a smaller slow inactivation component 
were found in cardiomyocytes at the LDS, which reflected  
a switch between different gating modes of the cardiac Na+ 
channel.26,27 Cardiomyocytes at the LDS also exhibited a 
more rapid time course of recovery from inactivation than 
those in the early stage. The faster recovery from inactivation 
combined with similar rate of fast inactivation may promote 
greater sodium conductance per unit time, and contribute to 
the increase in Na+ current density.28

Expression Pattern of Na+ Channel α-Subunits  
of Cardiomyocytes
In the present study, both the data from single cardiomyocytes 
and whole ventricles demonstrated developmental changes 
in the expression of different Na+ channel α-subunits. Al-
though the expressions of Nav 1.1, Nav 1.2 and Nav 1.3 
mRNA were absent or present at very low levels, Nav 1.4, 
Nav 1.5 and Nav 1.6 were increased during cardiogenesis. 
Our results provided, to our knowledge, the first evidence of 
the expression of neuronal Na+ channels (Nav 1.3, Nav 1.6) 
and the skeletal muscle Na+ channel (Nav 1.4) in the embry-
onic mouse heart as early as 10.5 days post coitum.

Unlike the data from the whole ventricles, single-cell  
RT-PCR showed that EDS myocytes exclusively expressed 
Nav 1.5 and those in the LDS expressed mainly Nav 1.5 with 
minor expressions of Nav 1.4 and Nav 1.6. These findings 
strongly indicated that the data acquired from the whole  
ventricles had been contaminated by that for other cell types, 
such as fibroblasts and nerve cells. These cell types in cardiac 
tissues have been reported to express functional Na+ chan-
nels.29,30 Additionally, single-cell real-time PCR demonstrated 
upregulation of Nav 1.4, Nav 1.5 and Nav 1.6 during devel-
opment.

Characterization of Total Na+ Currents in Embryonic  
Ventricular Cardiomyocytes
Although our results showed the developmental expression 
of Nav 1.3, Nav 1.4 and Nav 1.6 in embryonic ventricular 
cardiomyocytes, the TTX-sensitive Na+ current characteristic 
was not detected under our recording conditions. The total 
Na+ currents in both EDS and LDS myocytes were sensitive 
to micromolar concentrations of TTX. Moreover, 0.1 μmol/L 
TTX reduced the total Na+ current by 3.5±1.1% in EDS cells 
and 4.2±1.9% in LDS cells, which might represent an upper 
limit on the percentage of TTX-sensitive Na+ currents, be-
cause this concentration of TTX was reported to specifically 
block the TTX-sensitive Na+ channel without significantly 
affecting the TTX-resistant Nav 1.5 channel.31 Real-time PCR 
in the present study also showed that Nav 1.5 was the most 
abundant subunit in both EDS and LDS myocytes, although 
at the LDS there were minor expressions of Nav 1.4 and Nav 
1.6. Thus, our results showed that the TTX-resistant Nav 1.5 
was the predominant isoform expressed in the heart of the 
mouse embryo.

In this study, the voltage-dependent activation in cardio-
myocytes did not change significantly during embryogene-
sis, whereas the voltage-dependent inactivation shifted in the 
hyperpolarizing direction. The TTX-sensitive Na+ current 
was reported to activate and inactivate at more positive poten-
tials than the TTX-resistant Na+ current,5,31 so we assumed 
that the TTX-sensitive Na+ current was a very small propor-
tion of the total Na+ currents and had little or no effect on the 
electrophysiological characteristics of total Na+ current in the 
embryonic cardiomyocytes, which might explain the absence 
of a change in voltage-dependent activation during embryo-

genesis. Our findings were supported by previous studies 
showing that the fraction of the TTX-sensitive Na+ current  
in most cardiac preparations was from 5% to 30%.2,5,31,32 In 
addition, Bretteet al4 also demonstrated a TTX-sensitive Na+ 
current that accounted for 14±3% of the total Na+ current 
and might not be required for normal excitation – contraction 
coupling in rat ventricular myocytes.

Functional Role of Na+ Channel β-Subunits
One of the most prominent findings in the present study was 
the significant upregulation of accessory β-subunits during 
mouse embryogenesis. The upregulation of Nav β1 subunit 
mRNA was in line with the results of a previous study.33 To 
date, we have been the first to reveal the expression of the 
Nav β2 and Nav β3 subunits in the embryonic heart.

Most studies found that coexpression of the Nav β1 sub-
unit with the Nav 1.5 subunit increased the Na+ current den-
sity, accelerated the rate of recovery from inactivation, and 
caused a negative or positive shift in steady-state inactivation 
with no effect on voltage-dependent activation, as well as 
hastening the rate of inactivation,7,9,34,35 whereas coexpres-
sion of either the Nav β2 or Nav β3 with Nav 1.5 caused only 
changes in the kinetics of voltage-dependent activation and 
inactivation.7–9 Thus, based on published studies of the effect 
of coexpression of accessory Nav β-subunits on the Na+ cur-
rent, we speculate that the increase in the 3 Nav β-subunits, 
together with upregulation of Nav 1.5, may contribute to the 
phenotypic changes in the electrophysiological characteris-
tics of Na+ currents during cardiac development.

Study Limitations
In this study, the technique to detect the expression of the 
Na+ channel subunits was of paramount importance, because 
it was crucial for quantitative analysis of the functional chan-
nels. Although RT-PCR, used in this study, was valuable for 
predicting the expression pattern of different Na+ channel sub-
units, it would be much better to perform Western blot analy-
sis to examine the expression of these subunits at the protein 
level. In addition, we did not attempt to analyze the sub-
cellular localization of these subunits by use of immuno-
histochemistry, which was another limitation of this study.

Taken together, our results illustrate significant functional 
and molecular changes in Na+ channels during murine car-
diogenesis. Cardiomyocytes derived from embryonic stem 
cells (ESCM) have potential both as an experimental model 
for investigating cardiac physiology and as a source for car-
diac tissue repair.36,37 The results obtained from the present 
study not only illustrate the characteristics of the Na+ currents 
in mouse cardiomyocytes during normal embryonic develop-
ment, but also provide a baseline against which research on 
ESCM may be compared. Moreover, these findings extend 
our understanding of the role performed by Na+ channels 
during embryogenesis, indicating that there is considerable 
complexity and diversity of expression patterns, which may 
underlie functional significance.
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