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Blocking the Nav1.8 channel in the 
left stellate ganglion suppresses 
ventricular arrhythmia induced by 
acute ischemia in a canine model
Lilei Yu1, Menglong Wang1, Dan Hu1,2, Bing Huang1, Liping Zhou1, Xiaoya Zhou1, Zhuo Wang1, 
Songyun Wang1 & Hong Jiang1

Left stellate ganglion (LSG) hyperactivity promotes ischemia induced ventricular arrhythmia 
(VA). Blocking the Nav1.8 channel decreases neuron activity. Therefore, the present study aimed 
to investigate whether blocking the Nav1.8 channel with its specific blocker A-803467 in the LSG 
reduces sympathetic activity and exerts anti-arrhythmic effects. Forty canines were divided into 
dimethylsulfoxide (DMSO) group and 10 mM, 15 mM, and 20 mM A-803467 groups. A volume of 0.1 ml 
of A-803467 or DMSO was injected into the LSG. The ventricular electrophysiological parameters, 
LSG function were measured before and 30 min after the injection. VA was assessed for 60 min after 
ischemia and then LSG tissues were collected for molecular biological experiments. Compared with 
DMSO, concentration-dependent prolonged action potential duration and effective refractory period, 
decreased LSG function were identified after A-803467 treatment. Moreover, the severity of ischemia 
induced VA was decreased in A-803467 groups. Furthermore, decreased nerve growth factor, decreased 
c-fos and increased sympathetic neuron apoptosis were found in the LSG after A-803467 injection. In 
conclusion, blocking the Nav1.8 channel could significantly attenuate ischemia-induced VA, primarily 
by suppressing LSG activity.

Ventricular arrhythmia (VA) is a major cause of cardiac death after myocardial infarction. Recently, studies have 
demonstrated that the left stellate ganglion (LSG) is the key factor that contributes to initializing and maintain-
ing VA1–3. Direct nerve activity recording has shown that LSG neural activity is significantly increased before 
VA onset4. Furthermore, direct infusion of nerve growth factor (NGF) into the LSG or sub-threshold electric 
stimulation of the LSG increases the incidence rate of ventricular fibrillation (VF) and sudden cardiac death5, 6. 
Both clinical and basic studies have revealed that LSG denervation prevents the recurrence of malignant VA7, 8. 
However, the clinical use of direct LSG resection is limited due to its side effects, such as Horner’s syndrome and 
accidental hemorrhages9, 10. New methods targeting LSG denervation are promising.

The Nav1.8 channel, a voltage-gated sodium channel encoded by SCN10A and mainly located in afferent 
neurons, was first discovered in dorsal root ganglion (DRG) neurons11, 12. Studies have demonstrated that the 
Nav1.8 channel plays an important role in peripheral pain processing13, 14. Selective pharmacological blockade 
of the Nav1.8 channel in the DRG exerts a significant antinociception function by inhibiting neural activity15, 16. 
More importantly, blocking the Nav1.8 channel with its specific blocker A-803467 (5-[4-Chlorophenyl]-N-[3, 
5-dimethoxyphenyl] furan-2-carboxamide]) in the cardiac ganglionated plexi (GP) decreases atrial fibrillation 
inducibility17, 18. All these results indicate that the Nav1.8 channel plays important roles in regulating neural 
activity and suggest a potential role of the Nav1.8 channel in the LSG. In the present study, we aimed to investigate 
whether blocking the Nav1.8 channel with its specific blocker A-803467 in the LSG can decrease the incidence of 
VA in an acute ischemia canine model.
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Results
The LSG was exposed (Fig. 1A), and three electrodes were attached at three epicardial sites: the left ventricular 
apex (LVA), the left ventricular base (LVB) and the median area between the LVA and the LVB (LVM), as shown 
in the schematic diagram (Fig. 1B). The experiment was completed in accordance with the flow chart (Fig. 1C). 
All canines developed acute ST-segment and T-wave changes on surface ECGs after ligation of the left anterior 
descending artery (LAD).

Effect of blocking Nav1.8 channel on the ventricular APD80 and ERP in normal hearts.  The 
left ventricular action potential duration (APD) and effective refractory period (ERP) were assessed at three 
epicardial sites (LVA, LVM and LVB) in all canines and the examples of original traces for APD and ERP were pre-
sented as Supplementary Fig. S1. No difference in the APD80 or ERP was observed between the dimethylsulfoxide 
(DMSO) group and the A-803467 treatment groups at baseline. However, a concentration-dependent prolonged 
APD80 (Fig. 2A–C) and ERP (Fig. 2D–F) were identified in the A-803467 treatment groups compared with the 
DMSO group. For example, the APD80 at the LVA after A-803467 treatment was 170.6 ± 11.9 ms, 177.4 ± 15.4 ms, 
202.4 ± 11.7 ms and 215.4 ± 14.2 ms for the DMSO group and the 10 mM, 15 mM and 20 mM A-803467 groups, 
respectively.

Effect of blocking Nav1.8 channel on VA in ischemic hearts.  VAs were induced by acute ischemia, 
as demonstrated by the occurrence of ventricular premature beats (VPBs), salvo beats, ventricular tachycardia 
(VT), and VF in the DMSO group during the 60 min continuous electrocardiograph (ECG) recording after LAD 
occlusion (Fig. 3A). However, the number of VPBs and salvo beats in the A-803467 treatment groups was signif-
icantly decreased compared with the DMSO group (Fig. 3B and C). In addition, the number of VT episodes was 
significantly decreased in the A-803467 treatment groups (Fig. 3D). Furthermore, the average VT duration in the 
A-803467 treatment groups was significantly shorter than that in the DMSO group (34.3 ± 5.8 ms for the DMSO 
group and 11.0 ± 4.1 ms for the 20 mM group) (Fig. 3E). Finally, the incidence rate of VF was significantly lower 
in the 20 mM A-803467 treatment group than that in DMSO group and 10 mM A-803467 group (Fig. 3F). These 
results indicated that blocking Nav1.8 channel significantly attenuated the severity of VA induced by ischemia.

Effect of blocking Nav1.8 channel on LSG activity.  The LSG function, which was measured by the sys-
tolic blood pressure (SBP) elevation response after LSG electrical stimulation, was used to indicate LSG activity. 
Figure 4A displays an example of the SBP elevation in response to LSG electrical stimulation. The results showed 
that blocking the Nav1.8 channel blunted the LSG function, as demonstrated by a decreased change in the max-
imal SBP at the same voltage level of electrical stimulation (Fig. 4B). Notably, it appeared that treatment with a 
high concentration of A-803467 (20 mM) almost suppressed the LSG function.

Effect of blocking Nav1.8 channel on the expression of NGF and c-fos in the LSG.  The expres-
sion of c-fos was used as a rapid indicator for extensive activation of neural elements19, meanwhile NGF expres-
sion was an important contributor to the pathological remodeling of LSG in response to ischemia20. Firstly, the 
levels of NGF in the LSG collected from the DMSO group and from normal canines without any intervention 

Figure 1.  The LSG location (A), schematic representation of electrodes position in the left ventricular free 
walls (B) and the experimental design flowchart were shown (C). LSG = left stellate ganglion; LAA = left atrial 
appendage; LA = left atria; PA = pulmonary artery; LSPV = left superior pulmonary vein; LIPV = left inferior 
pulmonary vein; LV = left ventricular; LVA = left ventricular apex; LVB = left ventricular base; LVM = median 
area between LVA and LVB; DMSO = dimethylsulfoxide; APD = action potential duration; ERP = effective 
refractory period; LAD = left anterior descending coronary artery; VA = ventricular arrhythmia.
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Figure 2.  Effects of Nav1.8 channel block on the ventricular APD80 (A–C) and ERP (D–F). Blocking Nav1.8 
channel with A-803467 significantly prolonged ventricular APD80 and ERP, whereas no significantly change 
was found in the DMSO group. *p < 0.05 vs DMSO group at 30 min, #p < 0.05 vs 10 mM group at 30 min. The 
abbreviations were similar with Fig. 1.

Figure 3.  Effects of Nav1.8 channel block on VA episodes. (A) Representative ECG examples. (B–E) 
Quantitative analysis of the number and duration of different types of VA. *p < 0.05 vs DMSO group, #p < 0.05 
vs 10 mM group. VA = ventricular arrhythmia; VPB = ventricular premature beat; VT = ventricular tachycardia; 
VF = ventricular fibrillation.
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were compared. The results showed that 60 min ischemia did not increase the mRNA expression of NGF (see 
Supplementary Fig. S2). Then, the mRNA expression of NGF in the DMSO group and A-803467 groups was 
evaluated. As shown in Fig. 5A, blocking the Nav1.8 channel in the LSG significantly reduced mRNA levels of 
NGF and this inhibitory effect on sympathetic remodeling was enhanced at higher A-803467 concentration. In 
addition, the expression of c-fos in the DMSO group and the A-803467 groups showed the same tendency as NGF 
expression (Fig. 5B).

Effect of blocking Nav1.8 channel on the apoptosis of TH-positive neurons in the LSG.  Double 
staining of tyrosine hydroxylase (TH) and terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling 
(TUNEL) was applied to detect the severity of sympathetic neuron apoptosis in the LSG. As shown in Fig. 6A, the 
ganglion neurons in the DMSO group were mostly stained positive for TH (red) and negative for TUNEL (green). 
However, in the high-concentration A-803467 treatment group, most ganglion neurons stained positive for both 
TH and TUNEL. The quantitative analysis showed that the apoptosis rate was higher in the high concentration 
group than that in the DMSO and low-concentration groups (Fig. 6B).

Discussion
Major findings.  The present study demonstrated that blocking the Nav1.8 channel in the LSG with A-803467 
prolongs the ventricular APD80 and ERP in a concentration-dependent manner in normal hearts. Furthermore, 
A-803467 administration into the LSG significantly attenuates VA in ischemic hearts. The decreased LSG activity, 

Figure 4.  Effects of Nav1.8 channel block on LSG function. (A) The representative BP elevation example in 
response to LSG electrical stimulation. (B) The voltage/BP response curve in different groups. Blocking Nav1.8 
channel attenuated LSG function. *p < 0.05 vs DMSO group, #p < 0.05 vs 10 mM group. SBP = systolic blood 
pressure.

Figure 5.  Effect of Nav1.8 channel block on the mRNA expression of NGF (A) and c-fos (B) in LSG. 
NGF = nerve growth factor. *p < 0.05 vs DMSO group, #p < 0.05 vs 10 mM group.
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partly due to the decreased NGF expression and increased apoptosis of sympathetic neurons in the LSG, contrib-
utes to the protective function of the Nav1.8 channel blockade against VA (Fig. 7).

LSG activity and the Nav1.8 channel.  It is well known that the autonomic nervous system can modu-
late cardiac electrophysiology. Sympathetic stimulation increases the instability of cardiac electrophysiology, as 
demonstrated by the shortened ventricular APD and ERP, while sympathetic denervation or vagus nerve stim-
ulation exerts the opposite effect21–24. The LSG is the key element in the cardiac autonomic nervous system. 
Studies from our team and other groups have confirmed that LSG inhibition, whether by direct LSG excision8, 9, 

25, spinal cord stimulation according to the cardiac neuronal hierarchy theory26, or low-level vagus nerve stimula-
tion27, can stabilize cardiac electrophysiology and suppress susceptibility to ischemia induced VA. In the present 
study, we first reported that blocking the Nav1.8 channel with A-803467 attenuates the activity of the LSG in a 
concentration-dependent manner, as demonstrated by the blunted SBP elevation in response to LSG electrical 
stimulation. In addition to LSG, right stellate ganglion (RSG) also plays important function in regulation ven-
tricular electrophysiology and ischemic VA2. We assessed the effect of A-803467 on RSG function. Interestingly, 
decreased RSG function was found after the injection of A-803467, as demonstrated by the attenuated maximal 
sinus rate change at the same simulation voltage (see Supplementary Fig. S3). However, the deficiency is that 
the effects of A-803467 injection into RSG on ventricular electrophysiology and ischemic VA were not accessed. 
Whether A-803467 injection into the RSG plays antiarrhythmic effect similar with the effect in LSG remain 
unclear. Even though, our results provide direct evidence that the Nav1.8 channel could affect sympathetic activ-
ity and that this effect may contribute to the regulation of cardiac electrophysiological properties.

The function of the Nav1.8 channel in neuropathic pain has been well investigated13. In contrast to most other 
sodium channels, studies have demonstrated that the inactivation rate of Nav1.8 channel was slow. However, the 
recovery rate of Nav1.8 channel was quick11, 28. In addition, Nav1.8 channel was characterized by depolarized 
voltage dependence of inactivation28, which indicates that it is remain available for operation even when other 
sodium channels cannot respond to stimuli. Due to these unique properties, Nav1.8 channel contributes a sub-
stantial fraction of the transmembrane current that flows during the rising phase of the neuronal action poten-
tial29. Studies have demonstrated that the expression and electrophysiological function of the Nav1.8 channel are 
altered after direct spinal nerve ligation12. In addition, inhibition of the Nav1.8 channel, either by siRNA silencing 
or knock-down, can effectively alleviate pain symptoms in rodent pain models30, 31. A-803467, a small molecule 

Figure 6.  Effect of Nav1.8 channel block on apoptosis of sympathetic neurons in LSG. (A) Representative 
images showing double-immunofluorescence staining for TH (red) and TUNEL (green) in LSG from DMSO 
group and 20 mM A-803467 group. (B) Quantification of the sympathetic neuron apoptosis (n = 3, *p < 0.05 vs 
DMSO group, #p < 0.05 vs 10 mM group). TH = Tyrosine hydroxylase.
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that blocks the Nav1.8 channel 300- to 1000-fold more potently than other voltage-gated sodium channels, was 
recently discovered15. A-803467 attenuates neuropathic pain by inhibiting neuronal activity in a dose-dependent 
manner16. All these results indicate that the Nav1.8 channel plays important roles in alleviating pain through 
regulating the activity of afferent nerves. In the present study, we found that injection of a Nav1.8 channel blocker 
into the LSG prolonged ventricular APD80 and ERP in normal hearts and attenuated VA in ischemic hearts. These 
results further confirm that the Nav1.8 channel in the LSG contributes to the regulation of sympathetic activity 
and suggest a novel target for VA treatment.

Possible mechanisms underlying the Nav1.8 channel blockade and decreased LSG activ-
ity.  The cardiac sympathetic afferent reflex is an important contributor to the exaggerated sympathoexcita-
tion in cardiovascular diseases, such as ischemia-induced heart failure and hypertension32, 33. Stimulating cardiac 
sympathetic afferent nerve endings caused an excitatory response of sympathetic nerve activity, while blocking 
cardiac sympathetic afferent inputs attenuated the sympathetic nerve activity34, 35. Studies have demonstrated that 
the LSG participates in the transition of cardiac sympathetic afferent signal from the heart to the spinal cord36. 
In addition, sympathetic afferent cell bodies have been identified in the LSG37, 38. Considering that the Nav1.8 
channel is mainly expressed in primary afferent neurons39, the decreased sympathetic activity in the present study 
may be attributed to the attenuated cardiac sympathetic afferent reflex. However, the exact mechanism by which 
A-803467 regulates LSG afferent neuronal activity remains to be clarified.

Blasius A. L. et al. reported that mice carrying the Possum mutation in SCN10A, which enhances Nav1.8 
channel activity and neuronal excitability, exhibit marked R-R variability upon scruffing40. Furthermore, these 
effects of the Possum mutation were attenuated by atropine infusion. Therefore, it is possible that Nav1.8 chan-
nel regulates the content of neurotransmitters and/or neuropeptides. Previous studies have shown that NGF 
promotes LSG remodeling and contributes to the increased ischemia-related VA6, 20. We detected mRNA expres-
sion of NGF in the LSG collected after ischemia, and the data indicated that A-803467 significantly attenuated 
the NGF expression. It has been demonstrated that the NGF levels in the LSG were not changed at 3.5 hours 
post-ischemia41. Our results also confirmed that the mRNA expression of NGF after 60 min ischemia was similar 
with that in normal canines (see Supplementary Fig. S2). Thus, the decreased NGF expression may be respon-
sible for the attenuated LSG activity induced by A-803467. More importantly, it has been validated that NGF 
protects neuron cells against apoptosis42, 43. In the absence of NGF, sympathetic neurons die by apoptosis in 
a transcription-dependent manner43. The decreased NGF expression in the present study may lead to neuron 
apoptosis in the LSG. However, further research is warranted to clarify the detailed mechanisms by which the 
Nav1.8 channel regulates NGF expression. In addition, other mechanisms for the Nav1.8 channel regulation of 
NGF expression and neuron apoptosis may exist.

Study limitations.  The present study has several limitations. First, the present study was done under pento-
barbital anesthesia, which may affect the autonomic nervous system. However, the animals were anesthetized 
similarly, and the ischemia was induced by the same method. The only difference between the various groups was 
the treatment: DMSO or different concentrations of A-803467. Thus, the effect of anesthesia on the LSG activity 
could be counteracted among the different groups. Second, the protein expression of Nav1.8 in the canine LSG 
under physiological and pathophysiological conditions such as acute ischemia was not examined because of the 
lack of a dog-specific antibody against Nav1.8. However, mRNA expression of Nav1.8 was found in the LSG 

Figure 7.  Schematic diagram depicting the potential role of Nav1.8 channel in LSG and VA. LSG hyperactivity 
contributes to the VA under acute ischemia stress. Whereas, blocking Nav1.8 channel with its specific blocker 
A-803467 could inhibit LSG activity through decreased NGF expression and increased sympathetic neuron 
apoptosis, which subsequently attenuates ischemia induced VA.

http://S2


www.nature.com/scientificreports/

7Scientific Reports | 7: 534  | DOI:10.1038/s41598-017-00642-6

(see Supplementary Fig. S4). Third, increased myocardial dispersion of repolarization was associated with the 
pro-arrhythmia effect of sympathetic hyperactivity44, 45. Despite the APD and ERP, the assessment of the disper-
sion of repolarization, directly evaluated with a 56-electrode sock, could further elucidate the potential role of 
the Nav1.8 channel in the stellate ganglion in cardiac electrophysiology. Fourth, in addition to the LSG function, 
direct neural activity recording may be better to reflect the LSG activity. Last, the long-term effect of Nav1.8 chan-
nel blockade on cardiac electrophysiology was not examined. However, apoptosis of sympathetic neurons was 
found in the LSG. It is speculated that the effect of Nav1.8 channel blockade lasts a long time.

Clinical perspectives.  Clinical and basic studies demonstrate that an activated cardiac sympathetic nervous 
system, especially the LSG, plays a central role in the initialization and maintenance of VA. Left cardiac sympa-
thetic denervation (LCSD) has been clinically applied to treat patients with refractory VA or electrical storm8, 9, 
which pose high risks for VF and sudden cardiac death. LCSD has usually been achieved through direct surgical 
resection or resection through video-assisted thoracic surgery. However, the clinical use of sympathetic dener-
vation is limited due to undesirable complications such as Horner’s syndrome and accidental hemorrhages. Our 
study suggests that injection of the Nav1.8 channel-specific blocker A-803467 (minimum effective dose: 15 mM 
in 0.1 ml) into the LSG attenuates VA severity in an ischemic model, possibly by inhibiting the LSG activity via 
attenuating NGF expression and increasing sympathetic neuron apoptosis. Injection of a Nav1.8 channel-specific 
blocker into the LSG under thoracoscope support may avoid the main side effects of conventional surgical LSG 
excision. Further research is warranted to evaluate the safety and efficiency of this new method.

Conclusion.  In the present study, we found that microinjection of a specific Nav1.8 channel inhibitor into the 
LSG increases the cardiac electrophysiology stability and attenuates VA induced by acute ischemia. The decreased 
LSG activity, partly due to the decreased NGF and c-fos expression and increased sympathetic neuron apopto-
sis in the LSG, contributes to the protective function of the Nav1.8 channel blockade against VA. Targeting the 
Nav1.8 channel in the LSG may be a novel approach to attenuate ischemia-induced VA.

Materials and Methods
Experimental animals and surgical preparation.  All animal experiments were performed according 
to the National Institutes of Health guidelines and were approved by the Animal Care and Use Committees of 
Renmin Hospital of Wuhan University. Male canines with body weights of 18~20 kg were anesthetized with 3% 
sodium pentobarbital with an initial dose of 1 ml/kg and a maintenance dose of 2 ml/h. The ECG signals were 
recorded using a computer-based Lab System (Lead 7000, Jinjiang Inc., Chengdu, China) with filters between 0.5 
and 30 Hz. The sampling rate of all recorded signals was 4 KHz. A heating pad was used to maintain the core body 
temperature of canines at 36.5 °C ± 1.5 °C.

A bilateral thoracotomy was performed at the fourth intercostal space. Acute ischemia was established by 
occlusion of the LAD for 1 h as described in our previous study21 and confirmed by the development of acute 
ST-segment and T-wave changes on surface ECG. The VA was recorded by the Lead 7000 system and then num-
bered manually after the experiment. The VA was defined according to the Lambeth Conventions46. The VPB was 
defined as one premature ventricular beat. The salvo beat was defined as two consecutive premature ventricular 
beats. VT was defined as three or more consecutive premature ventricular beats. VF was defined as tachycardia 
with random electrocardiogram morphology associated with the loss of arterial BP that degenerated into ven-
tricular asystole.

Administration of the Nav1.8 blocker A-803467.  Forty canines were randomly divided into a DMSO 
group, a low concentration A-803467 group (10 mM), a moderate concentration A-803467 group (15 mM), and 
a high concentration A-803467 group (20 mM). A final volume of 0.1 ml of A-803467 or DMSO was injected into 
the LSG at four points under direct visual DMSO to ensure optimal injection. A-803467 (Sigma Aldrich, A3109, 
St. Louis, Missouri, USA) was dissolved in DMSO, stored at a concentration of 50 mM, and diluted to its final 
concentration before use.

Measurement of LSG function.  The LSG was separated and identified as previously described47. The rel-
ative change of maximal SBP in response to direct electrical stimulation of the LSG reflected the LSG function26. 
LSG function was detected at baseline and 30 min after the administration of A-803467. A Grass-S88 stimulator 
(Astro-Med, West Warwick, Rhode Island, USA) was used to apply high-frequency stimulation (20 Hz, 0.1 ms 
pulse duration, and voltages of 20 V, 40 V, 60 V, and 80 V) to the LSG. Subsequently, a voltage/BP response curve 
was constructed as described in our previous studies47. The high-frequency stimulation lasted 30 seconds, and the 
next measurement was not recorded until the BP returned to the baseline level.

Electrophysiological measurements.  The S1–S2 method, which comprised eight basic stimulation (S1–
S1 = 330 ms) at twice the diastolic threshold and one premature stimulation (S2), was used to examine the ven-
tricular ERP at three epicardial sites: LVA, LVB and LVM. The ERP was defined as the longest S1–S2 interval that 
failed to capture the ventricles47. The S1–S2 interval was started at 250 ms and decreased initially by 10 ms and 
then 2 ms until refractoriness was achieved (S1:S2 = 8:1).

Left ventricle monophasic APD was recorded at the LVA, LVM, and LVB with a custom-made Ag-AgCl elec-
trode. Paired platinum stimulating electrodes were positioned on the epicardial surface of the right atrial append-
age (RAA) with regular pacing (pacing cycle length = 330 ms). Monophasic APD signals were filtered at 0.4 to 
1200 Hz and analyzed using the Lead 7000B Workstation (Jinjiang Inc.). APD measured at 80% repolarization 
was defined as the APD80.
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Polymerase Chain Reaction (PCR) and TUNEL staining.  At the end of the experiment, the LSG was 
excised and washed with saline. The tissue for PCR was dissected into small portions, snap-frozen in liquid nitro-
gen, and then maintained at −80 °C until use. For TUNEL staining, the tissue was fixed by 4% paraformaldehyde 
solution and embedded in paraffin. The paraffin-embedded LSG was cut transversely into 5-μm sections.

Total RNA was extracted from LSG tissue with the TRIzol reagent (Roche, Basle, Switzerland Indiana) 
according to the manufacturer’s instructions, and the concentration was measured with a NanorDrop 2000. A 
total of 2 μg RNA was used to synthesize cDNA with the Transcriptor First Stand cDNA Synthesis Kit (Roche). 
Quantitative real-time PCR (qRT-PCR) was performed with the LightCycler 480 SYBR Green I Master Mix 
(Roche) using the LightCycler 480 real-time PCR system (Roche) according to the manufacturer’s instructions. 
Primer pairs were shown in Online Supplemental Table 1. The PCR conditions were as follows: initial dena-
turation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 10 seconds (denaturation), 60 °C for 10 seconds 
(annealing), and 72 °C for 20 seconds (extension). The relative expression levels of mRNA were normalized to the 
reference gene GAPDH. All reactions were conducted in triplicate, and the data were calculated using the 2−ΔΔCT 
method.

TUNEL assay was performed using the ApopTag Plus In Situ Apoptosis Fluorescein Detection Kit (Millipore, 
Boston, Massachusetts, USA) according to the manufacturer’s protocol. Double staining of TH (Abcam, 
Cambridge, England) and TUNEL was applied to evaluate sympathetic neuron apoptosis. The nuclei were stained 
with 4,6-diamidino-2-phenylindole (DAPI). Images were all obtained with a fluorescence microscope (Olympus 
Dx51) and DP2-BSW software (Version 2.2), and the images were analyzed with Image-Pro Plus (Version 6.0) in 
a blinded manner.

Statistical analysis.  All variables were expressed as means ± standard deviation (SD) and were analyzed by 
one-way ANOVA. To compare the incidence of VF between groups, Fisher’s exact test was used. The SPSS PASW 
Statistics (version 18.0) and GraphPad Prism software (version 5.0) were used for data analysis and graphing. The 
significance level was set at p < 0.05.
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