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 Background: Augmented cardiac sympathetic afferent reflex (CSAR) plays a role in enhanced sympathetic activity. Given that 
a strategy for abolishing augmented CSAR-induced sympathetic activation may be beneficial for protecting 
against ventricular arrhythmias (VAs) triggered by acute myocardial infarction (AMI), we investigated whether 
cardiac sympathetic afferent denervation (CSAD) could protect against VAs by modulating cardiac sympathetic 
nerve activity in an AMI dog model.

 Material/Methods: Twenty-two anesthetized dogs were assigned to the CSAD group (n=9) and the sham group (n=13) randomly. 
CSAD was produced by epicardial application of resiniferatoxin. Heart rate variability (HRV), ventricular action 
potential duration (APD), APD dispersion, beat-to-beat variability of repolarization (BVR), effective refractory 
period (ERP) of ventricles, ERP dispersion, plasma norepinephrine (NE) concentration, and left stellate ganglion 
(LSG) neural activity were determined at baseline and after CSAD. We designed an AMI model by occluding the 
left anterior coronary artery, and performed analysis of VAs for 60 minutes using electrocardiography. Then, 
levels of c-fos and nerve growth factor (NGF) were determined.

 Results: Relative to baseline values, CSAD prolonged ERP and APD of ventricles, increased HRV, decreased APD disper-
sion, BVR, ERP dispersion and serum NE concentration, and attenuated LSG activity in the CSAD group. AMI 
triggered a remarkable increase in LSG activity and function but decreased the HRV of the sham group animals 
relative to the CSAD group. Moreover, the CSAD group had higher levels of VAs relative to the sham group. This 
was accompanied by a corresponding decrease in proteins quantities of NGF and c-fos in the CSAD group in 
the LSG after AMI compared to the sham group.

 Conclusions: CSAD can suppress LSG neural activity, hence enhance the electrophysiological stability and protect the heart 
from AMI-triggered VAs.
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Background

Lethal ventricular arrhythmias (VAs) often lead to sudden car-
diac death, especially in patients suffering from ischemic heart 
diseases [1]. Ischemia-induced VAs have been shown to be 
caused by hyperactivity of the cardiac sympathetic nervous sys-
tem [2]. Accordingly, various kinds of neuro-rebalance strategies 
that block excessive sympathetic activation have been shown 
to reduce the incidence of VAs and sudden cardiac death [3].

It is well known that acute myocardial infarction (AMI) induces 
the release of various metabolites that stimulate the cardiac 
sympathetic afferent nerve endings, resulting in increases in 
sympathetic nerve activity [4–6]. Previous studies have indicated 
that augmented cardiac sympathetic afferent reflex (CSAR) is 
a key contributor to enhanced sympathetic activity during isch-
emia, heart failure, and hypertension [7,8]. Recent functional 
evidence indicates that cardiac afferent fibers containing the 
transient receptor potential vanilloid 1 (TRPV1) have been im-
plicated in the activation of CSAR. Selective deletion of these 
cardiac sympathetic afferents by application of resiniferatoxin 
(RTX), a compound capable of inducing rapid desensitization of 
TRPV1-expressing cardiac sympathetic afferent neurons and fi-
bers by prolonging the opening of TRPV1-expression channels 
and increasing intracellular calcium within a short time frame, 
can almost absolutely abolish CSAR activation [9-12]. Given 
that a strategy for abolishing the augmented CSAR-induced 
sympathetic activation may be beneficial for protecting against 
the AMI-induced VAs, we investigated the potential protective 
effects of selective desensitization of TRPV1-expressing CSAR 
afferents on autonomic dysfunction and the ventricular elec-
trophysiological characteristics and VAs during AMI.

Material and Methods

Animal preparation

All protocols for animal experimentation and the handling 
of animals were performed after approval from the Ethics 
Committee of our University (IACUC No. 20171224) and con-
formed to the principles described by the Guide for the Care 
and Use of Laboratory Animals of the National Institutes of 
Health (NIH publication 85-23, revised 1996). Mature male dogs 
(20.4±1.5 kg) were provided by the Department of Animals for 
Scientific Research, Renmin Hospital of Wuhan University and 
raised in the Laboratory Animal Centre of Wuhan University. 
One canine per cage were housed at 24±2°C conditions. Water 
and food were freely available. We used 3% Na-pentobarbital 
for anesthetization of 22 dogs at a starting dose of 1 mL/kg 
(intravenous) via dorsalis pedis vein. This was followed by ven-
tilation of the animals with room air supplemented with oxy-
gen using a positive pressure respirator. At intervals of 1 hour 

during the operation, animals were given additional mainte-
nance doses of 2 mg/kg (intravenous) of the same anesthe-
sia through femoral vein sheath, using the corneal reflexes to 
assess the level of anesthesia. Fluid losses were compensated 
by injection of physiologic saline (50 to 100 mL/hour) through 
the femoral vein sheath. The dog’s body temperature was kept 
at 36.5±1.5°C by a heating pad. A computer-based apparatus 
(Lead 7000, Jinjiang Inc., China) was applied for continuous re-
cording of the body surface electrocardiogram (ECG) and arte-
rial blood pressure (ABP) via the femoral arterial sheath. Left 
thoracotomy was performed at the fourth intercostal space. 
At the end of the experiment, the animals were not allowed 
to recover and euthanized with a lethal dose of sodium pen-
tobarbital (150 mg/kg). All efforts were made to minimize the 
suffering of the dogs.

Experimental protocols

We allocated 22 dogs into 2 groups: cardiac sympathetic af-
ferent denervation (CSAD) (n=9) and sham (sham operation 
without CSAD, n=13). CSAD was produced by epicardial appli-
cation of RTX as previously described [10]. RTX and Tween 80 
were supplied by Sigma-Aldrich (St. Louis, MO, USA). Briefly, 
RTX was solubilized in ethanol (2 mL) and mixed thoroughly 
with Tween in isotonic saline (2 mL of Tween 80 dissolved in 
16 mL normal saline). The entire left and right ventricles were 
covered with medical skim gauze soaked with RTX (50 μg/mL) 
and the pericardium was sutured to ensure adequate drug 
contact and reduce drug losses. The vehicle (2 mL of absolute 
ethanol mixed thoroughly with 18 mL of Tween in isotonic sa-
line) was applied to the epicardium as a control. Action po-
tential duration (APD), APD dispersion, beat-to-beat variabil-
ity of repolarization (BVR), heart rate variability (HRV), and 
ventricular effective refractory period (ERP), ERP dispersion, 
left stellate ganglion (LSG) neural activity and blood norepi-
nephrine (NE) concentration were determined at baseline and 
30 minutes after CSAD or sham intervention without CSAD. 
To establish an AMI model, the left anterior descending coro-
nary artery was isolated and ligated below the first diagonal 
branch for 60 minutes. AMI was assessed by acute elevation 
of T-wave changes and ST-segment. Subsequently, the num-
ber of VAs during the first 60 minutes after AMI, LSG neural 
activity and function during AMI, serum NE level, ventricular 
ERP and APD, and HRV were continuously recorded (Figure 1). 
VAs were categorized as ventricular premature beats (VPBs), 
ventricular tachycardia (VT, ³3 consecutive VPBs), and ventric-
ular fibrillation (VF).

Measurements of HRV

Analysis of the overall activity of cardiac autonomic nervous 
system was based on HRV [13]. Spectral power of HRV was eval-
uated by 5-minute ECG data from baseline, 30 minutes after 
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epicardial RTX or vehicle intervention, and 15 minutes after 
AMI; the digital ECG signals were used to analyze HRV spec-
tral power via an autoregressive algorithm. The power spectral 
variables were defined as follows: from 0.04 to 0.15 Hz, low fre-
quency component (LF); from 0.15 to 0.40 Hz, high frequency 
component (HF), and the ratio between LF and HF (LF/HF). 
The values of the HF and LF were examined and designated 
by normalized units (nu) according to a previous report [14].

Determination of ventricular ERP

Multielectrode catheters with a 2 mm interelectrode distance 
were inserted via 2 epicardial sites on free walls of the left ven-
tricles. Measurement of the left ventricular ERP was performed 
from the ischemia area (IA, below the ligation site, near the 
left ventricular apex) and the ischemia remote area (IRA, near 
the left ventricular base). The ERP at each epicardial site was 
measured using a pacing protocol comprising of 8 consecutive 
stimuli (S1-S1, 300 ms cycle length), and then an extra stim-
ulus (S2). To induced refractoriness, decrements of 10 ms fol-
lowed by 2 ms were applied to reduce the S1-S2 interval from 
250 ms [15]. ERP was considered as the longest S1-S2 inter-
val that could not capture the ventricles. The dispersion of 
ERP was evaluated by a specific value (range/mean of ERP).

Measurement of monophasic action potentials (MAPs)

Left ventricular free walls MAPs were measured at IA and IRA 
via customized Ag-AgCl catheters in all animals. A dynamic 
steady-state pacing protocol (S1S1) was made to obtain MAP 

duration and action potential duration alternans (APDA) cy-
cle length. The pulse train was given at an initial cycle length 
which was shorter than the normal sinus cycle length followed 
by gradual shortening by 10 ms until APD alternans occurred. 
Each pulse train was delivered for at least 30 seconds to get 
a steady state, and the stimulation train was interrupted for 
2 minutes to decrease the pacing memory effects before the 
next one was delivered. The MAP duration was evaluated at 
90% repolarization (APD90) under constant pacing cycle length 
(PCL) of 300 ms. The APDA was measured as the difference 
between APD90 for 2 adjacent beats when the alternate APD90 
differed by 5% over 10 consecutive beats. The length of an 
APDA cycle was considered as the maximal PCL which induced 
APDA [15]. PowerLab data acquisition system (AD Instruments, 
Bella Vista, Australia) was used to acquire and analyze all MAPs 
signals. The bandwidth signal of the amplifier ranged from 
0.3 Hz to 1000 Hz. APD90 dispersion was calculated by the ra-
tio (range/mean of APD90). BVR for 30 consecutive beats was 
determined from the formula (BVR=S|DN+1–DN|/[30×√2], where 
D represents the MAPs) [16].

LSG neural activity recording

LSG neural activity was determined for 60 seconds at 3 time 
points: baseline, 30 minutes after epicardial RTX or vehicle 
intervention, and 15 minutes after the AMI. The recording of 
neural electrical signals was performed by a tungsten-coated 
microelectrode inserted into the LSG and interference was re-
duced by a ground lead attached to the wall of the chest. All 
signals were amplified and filtered between 0.3 kHz and 1 kHz 
via a PowerLab system (AD Instruments, Bella Vista, Australia) 
as previously described [17]. LSG neural activity, estimated by 
the recorded frequency and amplitude from LSG, was defined 
as deflections with a signal-to-noise ratio greater than 3: 1. 
The increased frequency and amplitude from LSG imply an in-
crease in LSG neural activity.

Assessment of LSG function

Responses to high-frequency stimulation of the LSG in terms 
of the highest change in systolic blood pressure (SBP) were 
used to assess LSG function as described previously [17]. High-
frequency stimulation (from 10 V to 70 V, with increments of 
10 V, 20 Hz, 0.1 ms pulse duration) was provided generated by 
the Grass-S88 stimulator. Thereafter, we plotted a voltage/SBP-
response curve. The duration of each electrical stimulation was 
less than 30 seconds. A subsequent stimulation was only initi-
ated when the BP values were restored to the baseline level.

Blood sampling

To determine the concentration of serum biomarkers from 
venous blood, serum NE concentration was measured with 
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Figure 1.  Experimental flow chart. Sham group, sham operation 
without cardiac sympathetic afferent denervation; 
CSAD group, with cardiac sympathetic afferent 
denervation; RTX – resiniferatoxin; LSG – left 
stellate ganglion; LADO – left anterior descending 
branch occlusion; ERP – effective refractory period; 
APD90 – 90% repolarization duration; APDA – action 
potential duration alternans; HRV – heart rate 
variability; AMI – acute myocardial infarction; 
Vas – ventricular arrhythmias.
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a Dog Norepinephrine ELISA kits (H096, Nanjing Jiancheng 
Bioengineering Inc, Nanjing, China).

Western blot

Fresh LSG tissues were excised at the end of the experiment 
and kept at –80°C. Western blot was applied to quantify the 
protein concentrations of NGF and c-fos from the LSG using 
anti-c-fos (ab156802, Abcam, Cambridge, UK) and anti-NGF 
(bs-10806R, Bioss, Beijing, China). The enhanced chemilumi-
nescence system was used to visualize the separated protein 
bands. GAPDH served as the housekeeping protein (ab181603, 
Abcam, Cambridge, UK).

Data analysis

The continuous variables with normal distribution are shown as 
mean ± standard deviation (SD). Comparisons among the vari-
ables before and after interventions were achieved by paired-
samples t-test. The means of 2 groups after AMI 60 minutes 
were compared using independent-samples t-test. The non-
parametric Wilcoxon signed ranks test and Mann-Whitney U 
test were applied for comparisons of the APDA cycle length. 
The Fisher exact test was applied to analyze the occurrence of 
VF between the 2 groups. The software SPSS 23.0 (IBM Corp., 
USA) was used for data analysis and 2-tailed P<0.05 was con-
sidered significant.

Results

In this study, 5 dogs in the sham group and 1 dog in the CSAD 
group died of ventricular fibrillation after coronary artery li-
gation, and these dogs were not included in this study (ex-
cept for the calculation of incidence of ventricular fibrillation).

Influence of CSAD on the hemodynamic parameters and 
heart rate

As shown in Table 1, ABP and heart rates were not altered at 
30 minutes after CSAD. However, BP significantly decreased 

after left anterior descending branch occlusion, and the de-
crease was attenuated in the CSAD group.

Effect of CSAD on VAs

Figure 2A illustrates the types of VAs triggered by acute myo-
cardial infarction. Sixty minutes of continuous ECG recorded 
after AMI showed that the prevalence of VPB episodes were 
remarkably decreased in the CSAD group relative to sham 
group (Figure 2B). In addition, the incidence of VF and the ep-
isodes of VT were significantly lower, and mean duration of 
VT in the CSAD group was remarkably shorter relative to the 
sham group (Figure 2C–2E).

Influence of CSAD on ventricular electrophysiologic 
properties

Typical raw MAP signals from IA in the 2 groups are shown 
in Figure 3A. Compared to baseline, both ERP and APD90 were 
significantly prolonged by 30 minutes of CSAD treatment 
(Figure 3), yet no difference was observed in the sham group 
(Figure 3). Sixty minutes following left anterior descending 
branch occlusion, a marked reduction in ERP and APD90 from 
the IA was observed in the sham group, an effect that was 
prevented by CSAD (Figure 3D–3G). ERP and APD90 from the 
IRA were no significant differences after AMI in both groups 
(Figure 3E–3H). Compared to baseline, the marked elevation 
in ERP dispersion, APD90 dispersion and BVR was induced by 
AMI, which were significantly prevented in the CSAD group 
(Figure 3F, 3I–3K). AMI resulted in an elevation in APDA cycle 
length from the IA in the sham group, but this effect was sup-
pressed in the CSAD group (Figure 3B).

Influence of CSAD on HRV

There were no remarkable changes in LF/HF, HF, and LF at base-
line state in both groups. Thirty minutes later, LF/HF and LF 
were markedly decreased, and HF was markedly increased in 
the CSAD group, while no changes were recorded in the sham 
group. LF/HF and LF were increased while HF was decreased 

Heart rate (bpm) Systolic BP (mm Hg) Diastolic BP (mm Hg)

Baseline 30min AMI Baseline 30min AMI Baseline 30min AMI

Sham group 140±19 138±12 142±15 138±18 136±8 107±15** 95±24 88±17 67±14*

CSAD group 137±14 130±13 135±16 141±22 132±13 125±25 87±22 84±19 77±21

Table 1. Effect of CSAD on heart rate and hemodynamic parameters.

Heart rate and blood pressure (BP) recordings between cardiac sympathetic afferent denervation (CSAD) group and sham group (sham 
operation without CASD) at baseline, 30 minutes after epicardial resiniferatoxin (RTX) or vehicle intervention (30 min), and 15 minutes 
after acute myocardial infarction (AMI). * P<0.05 and ** P<0.01 vs. group baseline
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by AMI in the sham group, and these effects were absent in 
the CSAD group (Figure 4A–4C).

Impact of CSAD on serum NE concentration

After 30 minutes of CSAD treatment, serum NE level was re-
markably reduced in the CSAD group, while the change of 

serum NE level at baseline and after sham operation were sim-
ilar. AMI increased the serum NE concentration in the sham 
group, but not in the CSAD group (Figure 4D).
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The impact of CSAD on LSG activity and function

Figure 4E illustrates the representative neural activity images 
from LSG recorded at baseline, 30 minutes after CSAD or 
sham operation, and 15 minutes after AMI for 1 minute be-
tween the 2 groups. Quantitative analysis indicated that both 
the amplitude and frequency of the neural activity obtained 
from the LSG were significantly decreased at 30 minutes af-
ter CSAD treatment in the CSAD group, whereas the changes 
in the neural activity after sham operation and at baseline 
were similar. Compared to baseline, AMI triggered a remark-
able rise in the amplitude and frequency of the neural activ-
ity recorded from the LSG in the sham group, but not in the 
CSAD group (Figure 4F, 4G). Maximal SBP change caused by 
LSG direct electrical stimulation at 60 minutes after AMI be-
tween the 2 groups is summarized in Figure 4H. The change 
of maximal SBP was obviously prevented during LSG stimula-
tion in the CSAD group relative to the sham group.

Effect of CSAD on NGF and c-fos protein expression

Typical western blots of c-fos and NGF are shown in Figure 5A. 
Quantitative results indicate that AMI decreased NGF and c-fos 
proteins in the LSG in the CSAD group compared with the sham 
group (Figure 5B, 5C).

Discussion

The findings of this study evidently demonstrated that CSAD 
enhanced ventricular electrophysiological stability and protected 
the heart against AMI-induced VAs in canines. Mechanistically, 
we propose that the anti-arrhythmic effect of CSAD is mediated 
by modulating cardiac sympathetic nerve activity.

Basic and clinical studies have suggested that increased car-
diac sympathetic nerve activity is thought to contribute to 
VAs [18–21]. It is well known that AMI releases various metab-
olites including ATP, protons, bradykinin, and histamine that 
stimulate cardiac sympathetic afferent nerve endings and lead 
to an activation of sympathetic nerve activity [22]. Here, we 
provide direct evidence that CSAD by epicardial treatment of 
RTX attenuates cardiac sympathetic nerve during AMI in ca-
nines: First, in the CSAD group, LF (nu) and LF/HF at 30 min-
utes after RTX application were remarkably reduced relative 
to the sham group, and the AMI-induced increases of LF (nu) 
and LF/HF were markedly suppressed by RTX. Second, LSG neu-
ral activity and function were significantly attenuated by RTX. 
Third, RTX significantly attenuated AMI-induced increase of se-
rum NE level. These findings indicate a vital role of the CSAR 
to the augmented cardiac sympathetic activity during AMI.

Previous studies have demonstrated that cardiac electrophys-
iological properties are influenced by cardiac autonomic ner-
vous system. Additionally, it has been shown that sympathetic 
stimulation shortens ventricular APD, ERP and increases disper-
sion of repolarization, while sympathetic denervation protects 
them [23–25]. Here, we found that both ventricular ERP and 
APD were significantly prolonged by CSAD treatment. CSAD 
treatment also decreased the dispersion of ERP and APD in-
duced by AMI. The APD restitution hypothesis indicates that 
the steep restitution slope is relevant with unstable dynamics, 
easier to cause wave break-ups and conduction blocks that 
promote initiation and maintenance of VF, while the flattened 
restitution curve suggests a cardioprotective effect [26]. The 
occurrence of APD alternan, an indicator of malignant VAs, 
is higher with the steeply sloped restitution curves [27]. A de-
layed APD alternan is correlated with a low risk of malignant 
VAs. Our study showed that CSAD shortens APD alternan cy-
cle length. Lability of repolarization, providing valuable infor-
mation to assess the susceptibility to proarrhythmia, can be 

Figure 5.  Effect of CSAD on c-fos and nerve growth factor (NGF) protein expression. (A) Representative western blot images, and 
(B ,C) quantitative analyses of the expressions of c-fos and NGF in LSG in both groups. # P<0.05 versus sham group. 
Other abbreviations as in Figure 1.
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used as a predictive parameter for lethal VAs [16]. The occur-
rence of malignant VAs was associated with the increase in 
BVR of MAPs. The increase of BVR after AMI can be inhibited 
by CSAD in this study. Therefore, the CSAD-mediated arrhyth-
mic effect is potentially through increasing ventricular elec-
trophysiological stability.

The sympathetic dynamic change is associated with altered 
neuropeptides and neurotransmitters. In this study, we mea-
sured the protein expression of NGF and c-fos to provide mech-
anistic explanation. NGF is known to be expressed in the heart 
and other sympathetic targets, and determines the density of 
innervation by the sympathetic nervous system [28]. Prior ex-
periments have suggested that NGF facilitates LSG remodeling 
and is thought to contribute to the increased ischemia-related 
VAs [29,30]. In this study, we detected protein expression of 
NGF from the LSG after AMI, and found that CSAD attenuated 
the NGF expression levels. C-fos, a third messenger, is often 
expressed rapidly in neurons after stimulation, and used as 
an important biomarker for fast neuronal activation [31]. Our 
study showed that c-fos expression was significantly downreg-
ulated by CSAD. Therefore, it is possible that CSAD inhibits the 
LSG neural activity and function by regulating the concentra-
tion of neurotransmitters and/or neuropeptides. However, the 
precise mechanism underlying the regulation of neurotrans-
mitters and/or neuromodulators by CSAD is unclear. A pre-
vious study suggested that the increased pro-inflammatory 
cytokines in spontaneously hypertensive rats mediated an in-
crease in cardiac sympathetic afferent reflex and sympathetic 
outflow [32]. The Wang et al. study showed that increased in-
flammation promoted the expression of neuromodulators and 
regulated the remodeling of LSG [30]. Therefore, it is more likely 
that RTX impacts afferent drive to the LSG through the central 
nervous system to mitigate sympathetic output.

Nevertheless, the following issues need to be considered in 
this study. First, the use of pentobarbital for anesthetization 
may affect the autonomic nervous system. But this effect may 
have had little influence since pentobarbital was given con-
tinuously throughout the entire operation and implemented 
using similar protocols in all study animals. Second, we only 
observed the effect of CSAD in an AMI model, the long-term 
effect of CSAD on cardiac electrophysiology was not examined. 
Third, cardiac function is an important factor for ischemia-in-
duced ventricular arrhythmias. However, we didn’t measure 
the left ventricle pressure directly. However, the change of 
blood pressure reflects the function of left ventricle to some 
extent. Fourth, the assessment of APDA occurrence by a fixed 
percentage might be inaccurate and might pick up non-alter-
nans variability. However, this could have been mitigated due 
to the familiar method that was implemented in both groups. 
Finally, the data of this study suggests that epicardial adminis-
tration of RTX affects cardiac electrophysiology by modulating 
cardiac autonomic nervous system. However, we didn’t com-
pletely exclude the possibility that RTX might directly affect 
cardiac electrophysiology.

Conclusions

In the present study, we provided evidence that CSAD improved 
the cardiac electrophysiology stability and protected the heart 
against AMI-induced Vas in an animal model. The decreased 
LSG activity and function, in part due to the reduced c-fos and 
NGF levels in the LSG, contributed to the protective function of 
CSAD against AMI-induced VAs. CSAD might be a novel strat-
egy to prevent AMI-induced VAs.
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