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Cardiovascular Topics

Change in late sodium current of atrial myocytes in 
spontaneously hypertensive rats with allocryptopine 
treatment
Ying Dong, Yun Huang, Hong-lin Wu, Jun Ke, Yuan-li Yin, Chao Zhu, Bin Li, Jie Li, Lei Gao, Qiao Xue, 
Jian-cheng Zhang, Yang Li

Abstract
Aim: We aimed to study the effect of allocryptopine (All) on 
the late sodium current (INa,Late) of atrial myocytes in spontane-
ously hypertensive rats (SHR). 
Methods: The enzyme digestion method was used to separate 
single atrial myocytes from SHR and Wistar–Kyoto (WKY) 
rats. INa,Late was recorded using the patch-clamp technique, and 
the effect of All was evaluated on the current.
Results: Compared with WKY rat cells, an increase in the 
INa,Late current in SHR myocytes was found. After treat-
ment with 30 μM All, the current densities were markedly 
decreased; the ratio of INa,Late/INa,peak of SHR was reduced by 
30 μM All. All reduced INa,Late by alleviating inactivation of 
the channel and increasing the window current of the sodium 
channel. Furthermore, INa,Late densities of three SCN5A muta-
tions declined substantially with 30 μM All in a concentra-
tion-dependent manner. 
Conclusion: The results clearly show that an increase in INa,Late 
in SHR atrial myocytes was inhibited by All derived from 
Chinese herbal medicine.
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Atrial fibrillation (AF) is the most common arrhythmia and 
contributes substantially to cardiac morbidity and mortality. 
Many clinical studies have suggested that AF is associated with 
risk factors such as hypertension, aging and diabetes mellitus. 
Hypertension is a major risk factor for AF.1 

The heart of the spontaneously hypertensive rat (SHR) has 
demonstrated inducible and even spontaneously occurring AF.2-4 
A main cause of AF is electrical remodelling with a longer 
action potential duration (APD) and atrial refractory period.5 
This electrical remodelling has been associated with changes in 
various ion currents, including an increase in the late sodium 
current (INa,Late).6,7

Allocryptopine (All) is an alkaloid extracted from Corydalis 
decumbens (Thunb.) Pers. Papaveraceae. Our prior studies have 
shown that All has potential anti-arrhythmic action in animal 
models, indicating that All can inhibit arrhythmias induced 
by aconitine with abnormal sodium currents.8,9 Interestingly, 
an increase in INa,Late of the SCN5A-T353I mutation, as a gene 
to code Nav1.5 channel protein, has been found to be greatly 
inhibited by All.10 Our study focused on investigating a change 
in INa,Late in SHR atrial myocytes and the effect of All on INa,Late. 

Methods 
Male SHR (six to eight months of age and a weight of 
180–200 g) were purchased from the Experimental Animal 
Centre of the Chinese PLA General Hospital. Age- and gender-
matched normotensive Wistar–Kyoto rats (WKY) served as 
controls. Research was carried out in accordance with the Guide 
for the Care and Use of Laboratory Animals, issued by the 
National Committee of Science and Technology of China. 

All animals were kept in a laboratory and adapted for a 
week. Heart rate and blood pressure in conscious animals were 
measured using the tail-cuff method (CODA system, Kent 
Scientific, USA). 

Solutions were made up as follows:
• Tyrode’s solution (mM): KCl 5.4, NaCl 136, MgCl2 1.0, 

NaH2PO4 0.33, CaCl2 1.8, HEPES 10 and glucose 10 (pH 7.4). 
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• Kreb’s buffer solution (mM): KCl 40, KOH 80, KH2PO4 25, 
MgSO4 3.0, L-glutamine 50, taurine 20, HEPES 10 glucose 
10, and EGTA 0.5 (pH 7.4). 

• For AP recording, the internal pipette solution contained 
(mM) NaCl 10, CaCl2 1, MgATP 5, KCl 120, EGTA 11, and 
HEPES 10 (pH 7.4). The bath solution was Tyrode’s solution.

• For INa,Late recording, the bath solution contained (mM) NaCl 
130, CaCl2 2, MgCl2 1.2, CsCl 5, glucose 5 and HEPES 10 
(7.4). 

• For INa,Late recording, the internal pipette solution contained 
(mM) cesium aspartate 80, CsCl 60, EGTA 11, HEPES 10 
and Na2ATP 5 (pH 7.2).

• Dofetilide (Dof, 5 nM) and 4-AP (5.0 mM) were added to the 
superfusion to block IKr, IKUr, and Ito, respectively. 

Atrial myocytes from the atrium of SHR were isolated using the 
double enzyme method. Briefly, each SHR was anesthetised with 
sodium pentobarbital (40 mg/kg), followed by anticoagulation 
with heparin (300 U/kg i.p.). The heart was removed immediately, 
suspended on a Langendorff apparatus, and then perfused via 
the aorta. The atrial tissue was digested with Tyrode’s solution, 
containing type II collagenase (1.4 mg/ml, Invitrogen, USA) 
and trypsinase (0.24 mg/ml, Merck, Germany) for 15–20 min. 
Then the atrial tissue was cut into small pieces and placed in a 
dish containing Kreb’s buffer solution. Dispersion of dissociated 
cardiac myocytes was facilitated by light shaking or blowing. All 
solutions were continuously gassed with 95% O2 and 5% CO2 and 
were maintained at 37°C. 

HEK 293 cells (ATTC, Manassas, VA, USA) were maintained 
under 5% CO2 in humidified air at 37°C, as indicated, for 
biochemical analysis. Transient transfection of SCN5A-F1473S, 
SCN5A-T535I and SCN5A-E1784K mutations and 2.0 μg WT 
cDNA plasmids pcDNA3.1 into the cultured cells was performed 
using lipofectamine (Life Technologies, Gaithersburg, MD, 
USA) as per the manufacturer’s instructions. GFP cDNA was 
co-transfected as a reporter gene. After six hours, the transfection 
medium was replaced with the regular HEK293 medium. 
GFP-positive cells, identified using confocal imaging, were patch-
clamped for recording 48 to 72 hours after transfection.

All (molecular weight 365) was obtained from the 
Pharmaceutical Department of Lanzhou University. It is a 
white crystal powder at 99.0% purity; its structure is illustrated 
in Fig. 1. In this study, the maximum concentration of All was 
selected as 0.5 mM; the drug was dissolved in dimethyl sulfoxide 
(DMSO) to obtain a stock solution of 1.0 M. The drug stock 
solution was added to the bath solution to produce the final 
concentration (see the Results section). At this final DMSO 
concentration (0.1%), no peak or sustained current was affected. 

The action potential and current were recorded with the patch-
clamp technique via an Axon-700B amplifier (Axon Instruments, 
Inc, Foster City, CA, USA). Current signals were filtered at 3 kHz 
through a 16-bit A/D digital converter (Digidata 1440A; sampling 
rate: 1.0 kHz; Axon Instruments, Inc). Glass electrodes with tip 
resistances of 2.5–5.0 mΩ were used for recording. The whole-
cell current was obtained under voltage clamp mode via filtering 
at 3.0 kHz and sampling at 10.0 kHz. The action potential was 
recorded in current clamp mode. Original recordings are shown 
in terms of current amplitude, but mean data are presented as 
current density for cell membrane capacitance.

Statistical analysis 

Data are presented as the mean ± SD, with n denoting the number 
of cells analysed. Clampfit version 10.4 (Axon Instruments, Inc) 
and Origin (Microcal Software) were used for data analysis. 
The t-test was performed for two groups. Multiple groups were 
compared using one-way analysis of variance, and significance 
between any two groups was evaluated with a Student–Newman–
Keuls post hoc test. SPSS 17.0 was used for analyses, with p < 
0.05 considered statistically significant.

Steady-state activation (SSA) curves were fitted using a 
Boltzmann distribution as follows:

  
G(t)

 ____ Gmax
   =   1 _______________  

1 + exp   
(Vm – V1/2,act)

 _________ kact

  
  

where kact is the slope factor and V1/2,act is the membrane potential 
for half-maximal activation. 

Steady-state inactivation (SSI) was fitted using the Boltzmann 
equation:

  
I(t)

 ___ Imax
   = 1 + exp   

(Vm – V1/2,inact)
 __________ kinact

  

where kinact is the slope factor and V1/2,inact is the membrane 
potential for half-maximal inactivation. 

The peak currents were measured and mean data were fitted with 
the Hill equation:

  I __ I0
   =   1 ____________  1 + ([C]/IC50)nH   

where [C] is the drug concentration in the external solution, IC50 

is the half-maximum inhibited concentration, I0 and I are the 
current amplitudes measured in the absence and presence of 
drugs, respectively, and nH is the Hill coefficient.

Results
To ensure stability of the animals, we measured their blood 
pressure and body weight in the first week. Results revealed 
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Fig. 1.  Chemical formula of All, an alkaloid extracted from 
Corydalis decumbens (Thunb.) Pers. Papaveraceae.

Table 1. Systolic blood pressure (SBP) and body weight  
of SHR and WKY rats (mean ± SD)

Day

Parameters Rats 1 3 5 7

SBP 
(mmHg)

SHR 175.3 ± 10.5** 178.4 ± 14.2** 176.9 ± 7.9** 179.2 ± 13.8**

WKY 122.4 ± 6.5 127.1 ± 7.9 120.8 ± 9.2 126.2 ± 5.4

Body 
weight (g)

SHR 183.5 ± 2.9 186.2 ± 4.3 184.9 ± 2.1 185.6 ± 3.1

WKY 189.4 ± 3.4 190.2 ± 2.0 187.3 ± 4.0 188.5 ± 3.4

** p < 0.01 vs WKY group.
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significant differences in blood pressure between the SHR and 
WKY groups (p < 0.01, n = 15), whereas the weight of the two 
groups neither changed nor differed significantly (Table 1). 

Action potential (AP) was elicited using 1 500 pA and a 5-ms 
current pulse. Action potential durations (APD20, APD50 and 
APD90) were recorded at 20, 50 and 90% repolarisation. APD50 
and APD90 were prolonged in SHR atrial myocytes (p < 0.05 or 
p < 0.01, n = 15). These changes could be partially recovered by 
All 30 μM (p < 0.05 or p < 0.01, n = 15). APD20 changed slightly 
in the three groups. The resting membrane potential and the 
AP amplitudes showed no significant difference with 30 μM All 
treatment (Fig. 2). 

Change of late sodium current before and after All 
treatment
For INa,Late at steady state, we used a 500-ms depolarisation pulse 
before and after treatment with 30 μM All. At a test potential of 
–20 mV, the INa,Late densities were increased from 0.24 ± 0.02 pA/
pF for the WKY cells to 1.73 ± 0.04 pA/pF for the SHR cells (p 
< 0.01, n = 15; Fig. 3A). 

After treatment with 30 μM All, current densities of SHR 
cells decreased to 0.92 ± 0.03 pA/pF. The ratios of INa,Late/INa,peak for 
the WKY and SHR cells were 0.09 ± 0.01% and 0.71 ± 0.02%, 
respectively. The INa,Late/I Na,peak of the SHR group reduced to 0.37 
± 0.02% with 30 μM All (p < 0.01, n = 15; Fig. 3B). 

The INa,peak was elicited using depolarising steps to –40 mV for 
500 ms, from a holding potential of –120 mV. Current amplitudes 
were normalised to the cellular membrane capacitance in the 
form of current densities. Compared with WKY cells, the peak 
current densities of SHR cells changed slightly from –248.22 ± 
25.34 pA/pF to –242.82 ± 20.08 pA/pF, and the peak current 

density of SHR cells was –245.25 ± 17.33 pA/pF in the presence 
of 30 μM All (Fig. 3C). 

Concentration-dependent tests of All on INa,Late (1, 3, 10, 30, 
100, 300, and 500 μM) were performed. INa,Late was inhibited 
by All in a concentration-dependent manner. Plots of the IC50 
obtained for the drug are presented in Fig. 3D. The IC50 of All 
was 16.8 ± 2.2 μM, and the Hill coefficient was 0.96. 

SSA was studied by applying depolarising pulses, ranging 
from –100 mV to +40 mV, for 500 ms. Conductance of various 
voltage pulses were normalised to the maximum conductance 
recorded to obtain the activation curve, which was fitted to a 
standard Boltzmann distribution function. The V1/2,act of the SHR 
cells showed a slight negative shift compared with WKY cells. V1/2 

and k were not significantly changed with exposure to 30 μM All.
SSI was studied by applying 1 000-ms pre-pulses ranging 

from –140 to 0 mV, followed by a 100-ms test pulse at –20 mV. 
The normalised currents were fitted to a Boltzmann distribution 
function. During SSI, a +17.2-mV shift for the SHR cells was 
observed compared to the WKY cells. The SSI curve shifted 
positively, and then the larger window current appeared. With 30 
μM All, the SSI curve shifted negatively, and the window currents 
in the SHR cells reduced, as shown in Fig. 4 (p < 0.05, n = 15).

The effect of All on the fast inactivation kinetics of INa was 
analysed. Depolarising steps from 2 to 50 ms were tested to 
ensure full current decay. Compared with the WKY cell channel, 
a significantly longer time constant of the slow component (Tau 
2, indicating a decelerated inactivation of the open channel) of 
the SHR cells was found over a range from –70 mV to +20 mV. 
The fast time constant (Tau 1) proportion of the SHR cells did 
not change. Further, Tau 2 from the SHR cells appeared shorter 
after exposure to 30 μM All, but Tau 1 was not different from 
that of the WKY control (Fig. 5A). 
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Fig. 2.  Effects of All on AP. (A) Representative AP traces recorded from WKY and SHR cells with 30 μM All. INa,Late of SHR myocytes. 
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With the double-pulse protocol, recovery from the current 
inactivation process was measured. Cell currents were pre-pulsed 
to –20 mV for 100 ms, according to the interval times (0.5, 1, 2, 
5, 10, 20, 50, 100, 200 and 500 ms) at –120 mV, and then stepped 
up to –20 mV. The recovery constants of the three groups were 
not markedly different (n = 15; Fig. 5B). 

To determine the exact action of All on the late sodium 
current, we investigated whether All exerted a direct effect on 
three SCNA5A mutations (F1473S-SCN5A, T535I-SCN5A 
and E1784K-SCN5A) with a late sodium current in HEK293 
cells. The current was induced using 500-ms depolarisations 
before and after treatment with 30 μM All. Representative 
current traces of F1473S-SCN5A, T535I-SCN5A, E1784K-
SCN5A and WT of SCN5A are shown in Fig. 6A. At a test 
potential of –20 mV, the INa,Late densities of the three mutations 
increased from 0.81 ± 0.03 pA/pF for the WT to 5.02 ± 0.13 pA/
pF for F1473S, 594 ± 0.47 pA/pF for T535I, and 4.12 ± 0.12 pA/
pF for E1784K, respectively (p < 0.01, n = 10). After exposure to 
30 μM All, the INa,Late densities of SCN5A mutations decreased 
to 1.08 ± 0.02 pA/pF for F1473S, 1.32 ± 0.50 pA/pF for T535I, 
and 0.97 ± 0.31 pA/pF for E1784K, respectively (p < 0.01, n = 
10; Fig. 6B).

The effects of different concentrations of All on INa,Late of the 
SCN5A mutations were investigated. INa,Late was inhibited by All 
in a concentration-dependent manner. IC50 was 15.2 ± 2.2 μM 
for F1473S, 41.8 ± 3.6 μM for T535I, and 18.1 ± 3.2 μM for 
E1784K, respectively. The Hill coefficients were 0.87, 1.29 and 
0.98, respectively (Fig. 6C).

Discussion
In epidemiological studies, the risk of AF was estimated to 
be 1.42 times higher in hypertensive patients compared with 
normotensives. Hypertension, age and diabetes are prominent 
risk factors for AF.11,12 Normally, the sodium channel was 
inactivated within a few milliseconds of depolarisation. Some 
channels remained open, creating a small but persistent influx 
of Na+ throughout the plateau of AP during pathological 
conditions.13,14 

Especially in chronic physiological and pathological processes 
(such as in the case of aging, myocardial hypertrophy, sick 
sinus syndrome and heart failure), sodium channels may be 
remodelling. Chang et al. found down-regulation of Nav1.5 
protein expression and reduced INa density in failing hearts 
and ischaemia–reperfusion injury. Nav1.5 contributes to 
arrhythmogenesis in heart failure due to the generation of INa,Late.15 

Up-regulated Nav1.8 augmented INa,Late in human hypertrophied 
myocardium and prolonged the APD.16,17 

Sick sinus syndrome is a common arrhythmia often associated 
with aging or organic heart diseases. The disease-causing gene 
is closely related to the sodium channel.18 The SHR cells 
showed electrophysiological remodelling of the left atrium, 
leading to increased vulnerability to burst pacing-induced atrial 
arrhythmias.2 

Our investigation demonstrated larger INa,Late and longer APD 
in SHR atrial cells compared with WKY cells. The magnitude 
of INa,Late may increase significantly in chronic pathological 
settings. Sossalla et al.19 reported that INa,Late increased in atrial 
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Fig. 3.  Effect of All on late sodium current (INa,Late) of SHR myocytes. (A) Representative current traces recorded from WKY and 
SHR cells with 30 μM All. INa,Late of SHR myocytes was significantly larger than that of WKY cells, which was inhibited by 
All. (B) Incremental ratio of INa,Late/INa,peak in SHR cells reduced from 0.71 ± 0.02 to 0.37 ± 0.02% and ended at 0.09 ± 0.01% 
of WKY cells. (C) At a test potential of –20 mV, INa,peak did not change in the three groups. (D) INa,Late was inhibited by All in a 
concentration-dependent manner. IC50 was 16.8 ± 2.2 μM, Hill coefficient: 0.96 (n = 15). **p < 0.01 vs WKY group. ##p < 0.01 
vs SHR group.
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myocytes isolated from the right atrial appendage of persistent 
AF patients. INa,Late densities in left atria have also been reported 
to increase in a rabbit left ventricular hypertrophy model caused 
by hypertension.13 

INa,Late contributes to the plateau phase of the cardiac AP and 
is related to arrhythmogenesis under pathological conditions. 
Although the contribution is small relative to the peak current, 
INa,Late cannot be neglected. A small, persistent Na+ current 

prolongs the plateau APD and induces a Na+ load that may 
indirectly increase intracellular Ca2+ concentrations. Both AP 
prolongation and Ca2+ overload are reported to be the main 
causes of AF.20,21 Our findings suggest that enhanced INa,Late is 
involved in the occurrence and development of AF. 

We also found that the window currents of SHR atrial cells 
were enhanced. Several factors contribute to the late sodium 
current, in which an increase in the window current is a driving 
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mechanism, namely in the overlap of the SSA and SSI of the 
sodium channel.22 The window current is increased by the late 
sodium current, thereby extending the APD. The mutations in 
SCN5A delay repolarisation, relating to long QT syndrome 3 
(LQT3), mostly by increasing INa,Late and increasing the window 
current, owing to the right shift in the inactivation curve to slow 
the inactivation course of the sodium channel.23

Our study demonstrated that All greatly reduced the INa,Late 
of SHR atrial cells. All caused voltage- and concentration-
dependent INa,Late inhibition with an IC50 of 16.8 ± 2.2 μmol/l and 
a Hill coefficient of 0.96. All appeared to bind at the binding site 
of the cardiac-specific Na channel isoform Nav1.5 with SCN5A 
coding. Another LQT3 mutation, F1473S, was reported by 
Ran et al.,24 showing that an enlarged window current induced 
an INa,Late that was not affected by mexiletine (a sodium channel 
inhibitor).

INa,Late may be a cause of after-depolarisations, spontaneous 
diastolic depolarisation, and triggered arrhythmias in atrial 
myocytes. In addition, INa,Late increases repolarisation dispersion 
and may lead to APD alternans and re-entrant arrhythmias. 
Several kinds of INa,Late inhibitors have shown promising clinical 
effects.25,26 Ranolazine, a INa,Late blocker, demonstrated anti-
AF effectiveness in persistent AF patients.27 Other drugs may 

preferentially inhibit INa,Late, including anti-arrhythmic drugs 
in class I (mexiletine, lidocaine and flecainide) and class III 
(amiodarone).28 

Our findings reveal selective inhibition of All on INa,Late of  
atrial myocytes from SHR in a concentration-dependent manner. 
In previous studies, we found that All could reduce delayed after-
depolarisations and trigger activities in mice cardiomyocytes 
induced by isoproterenol.9,29 This discovery provides evidence for 
the inhibition of atrial ectopic rhythm and a reduction in AF. 

All may rescue trafficking deficiencies and restore the 
cellular electrophysiological characteristics of SCN5A-T353I, 
causing Brugada syndrome and LQT3.10 We also found that All 
decreased transmural repolarising ionic ingredients of outward 
potassium current (Ito) and slowly delayed the rectifier potassium 
current (IKs).8 These findings provide a novel perspective on the 
application of All in atrial anti-arrhythmogenesis in clinical 
settings.

Limitations
Electrical remodelling of atrial myocytes is found in age and 
chronic disease conditions. More recently, Yan et al.30 reported 
that the stress-response kinase JNK isoform 2 (JNK2) plays 
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decreased significantly. (C) Inhibition effects of All on INa,late in a concentration-dependent manner. IC50 was 15.2 ± 2.2 μM 
for F1473S, 41.8 ± 3.6 μM for T535I, and 18.1 ± 3.2 μM for E1784K. **p < 0.01, compared with WT. ∆∆p, &&p and ##p < 0.01, 
compared with FS, TI and EK, respectively.
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an important role in promoting atrial arrhythmias. JNK is 
activated in response to various cellular stresses such as aging, 
ischaemia, inflammation, cardiac hypertrophy and alcohol 
use.31-33 Their results showed that JNK2 activation caused 
abnormal intracellular calcium waves and diastolic sarcoplasmic 
reticulum Ca2+ leak in the atrial myocytes.30 INa,Late is enhanced in 
the myocytes of animals with chronic heart failure and patients 
with hypertrophic cardiomyopathy. We do not know how the 
JNK changed in the SHR atrial myocytes, and whether it 
affected the late sodium current. The effect of All on the JNK 
signalling pathway requires further research.

INa,Late may increase calcium influx via the reverse mode of the 
sodium/calcium exchanger. Intracellular Ca2+ levels increase and 
cause a series of pathophysiological changes, such as structural 
and electrical remodelling of the atrium. In this study, we focused 
on the effect of All on the INa,Late from SHR atrial myocytes. The 
change in Ca2+ concentration and its molecular regulation of 
signalling pathways was not explored. It would be necessary to 
investigate the concentration of Ca2+ and the activity of CaMKII 
in SHR atrial cells. 

Conclusion
This study is the first to demonstrate the direct inhibitory 
effect of All on the INa,Late current in SHR atrial myocytes in a 
concentration-dependent fashion. The underlying mechanisms 
may be partially explained by their roles in reducing the sodium 
channel window current. This provides, at least in part, a 
potential for the application of All in anti-arrhythmia patients.
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support, and also the National Natural Science Foundation of China (grant 

no. 81870249, 81671731, 81470542).
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