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Abstract
Carotid baroreceptor stimulation (CBS) has been shown to improve cardiac dysfunction and pathological structure remodel-
ling. This study aimed to investigate the effects of CBS on the ventricular electrophysiological properties in canines with 
chronic heart failure (CHF). Thirty-eight beagles were randomized into control (CON), CHF, low-level CBS (LL-CBS), 
and moderate-level CBS (ML-CBS) groups. The CHF model was established with 6 weeks of rapid right ventricular pac-
ing (RVP), and concomitant LL-CBS and ML-CBS were applied in the LL-CBS and ML-CBS groups, respectively. After 
6 weeks of RVP, ventricular electrophysiological parameters and left stellate ganglion (LSG) neural activity and function 
were measured. Autonomic neural remodelling in the LSG and left ventricle (LV) and ionic remodelling in the LV were 
detected. Compared with the CHF group, both LL-CBS and ML-CBS decreased spatial dispersion of action potential dura-
tion (APD), suppressed APD alternans, reduced ventricular fibrillation (VF) inducibility, and inhibited enhanced LSG neural 
discharge and function. Only ML-CBS significantly inhibited ventricular repolarization prolongation and increased the VF 
threshold. Moreover, ML-CBS inhibited the increase in growth-associated protein-43 and tyrosine hydroxylase-positive nerve 
fibre densities in LV, increased acetylcholinesterase protein expression in LSG, and decreased nerve growth factor protein 
expression in LSG and LV. Chronic RVP resulted in a remarkable reduction in protein expression encoding both potassium 
and L-type calcium currents; these changes were partly amended by ML-CBS and LL-CBS. In conclusion, CBS suppresses 
VF in CHF canines, potentially by modulating autonomic nerve and ion channels. In addition, the effects of ML-CBS on 
ventricular electrophysiological properties, autonomic remodelling, and ionic remodelling were superior to those of LL-CBS.

Keywords  Carotid baroreceptor stimulation · Ventricular arrhythmias · Left stellate ganglion · Autonomic remodelling · 
Ionic remodelling

Introduction

Malignant ventricular arrhythmias (VAs) are common 
conditions that confer a substantial risk of mortality and 
morbidity in patients with chronic heart failure (CHF) 
[23]. A variety of pathological changes, such as structural 
remodelling in the form of fibrosis and changes in ion-
channel expression, contribute to VA generation in the 
setting of CHF [10, 27]. In addition, in both clinical and 
experimental studies, the autonomic nervous system was 
demonstrated to play a significant role in the genesis and 
maintenance of VAs [7, 16, 26], powerfully modulating the 
above pathological changes [1, 18, 39, 41]. Sympathetic 
nervous system activation by left stellate ganglion (LSG) 
electrical stimulation or nerve growth factor (NGF) infu-
sion markedly increased VA susceptibility [36]. Blockade 

Jing Wang and Mingyan Dai attribute equally to this study.

 *	 Mingwei Bao 
	 mbao@whu.edu.cn

1	 Department of Cardiology, Renmin Hospital of Wuhan 
University, 238 Jiefang Road, Wuhan 430060, Hubei, 
People’s Republic of China

2	 Cardiovascular Research Institute, Wuhan University, 
Wuhan 430060, People’s Republic of China

3	 Hubei Key Laboratory of Cardiology, Wuhan 430060, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00395-019-0750-1&domain=pdf


	 Basic Research in Cardiology          (2019) 114:41 

1 3

   41   Page 2 of 13

of the sympathetic nervous system, whether through medi-
cations or neuraxial modulation, has shown potential to 
prevent VAs [2, 16, 26].

Carotid baroreceptor stimulation (CBS) modulates the 
autonomic nervous system through sympathetic suppression 
as well as vagal enhancement [17]. Within a certain range, 
the intensity of CBS has a linear relationship with a reduc-
tion in blood pressure (BP) [24]. Our previous study found 
that long-term, moderate-level CBS (ML-CBS), which 
decreased BP, improved cardiac dysfunction, reduced car-
diac fibrosis and apoptosis, and suppressed the myocardial 
intracellular PKA-signalling pathway in CHF canines [43]. 
In addition, we found that low-level CBS (LL-CBS) without 
BP reduction exhibited anti-atrial arrhythmic potential by 
inhibiting left stellate ganglion (LSG) activity in 6-h rapid 
atrial pacing (RAP) canines [9]. In this study, we further 
investigated the effects of LL-CBS and ML-CBS on ventric-
ular electrophysiological properties and ventricular vulner-
ability to fibrillation in CHF canines and the corresponding 
underlying mechanisms.

Methods

Study protocol and animal preparation

Thirty-eight male beagles (aged 12  months; weight 
10–12 kg) were randomized into control (CON, n = 8), CHF 
(n = 10), LL-CBS (n = 10), and ML-CBS (n = 10) groups. 
A CHF model was established by 6-week rapid ventricular 
pacing (RVP) in the CHF, LL-CBS, and ML-CBS groups, 
whereas the CON group underwent a sham operation of car-
diac pacemaker implantation. LL-CBS and ML-CBS were 
delivered together with RVP in the LL-CBS and ML-CBS 
groups, respectively, whereas the CON and CHF groups 
underwent a sham operation of CBS device implantation.

The study was reviewed and approved by the ethics com-
mittee of Wuhan University and conformed to the guidelines 
outlined by the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. The animals 
were anaesthetized with intravenous sodium pentoparbital 
(3%, 30 mg/kg) and ventilated with room air by a positive 
pressure respirator (MAO01746, Harvard Apparatus, Hol-
liston, Massachusetts). Standard surface electrocardiograms 
and femoral arterial BP were monitored continuously using a 
computer-based electrophysiology system (LEAD 7000, Jin-
jiang, Inc., Chengdu, China). The depth of anaesthesia was 
monitored by checking heart rates, toe pinch responses, and 
corneal reflexes. Normal saline was infused at 50–100 mL/h 
to compensate for body fluid losses during the operation. A 
heating pad was used to maintain the core body temperature 
at 36.5 °C ± 1.5 °C.

Cardiac pacemaker and CBS device implantation

As described previously [43], the tip of a pacing elec-
trode (REF 4457, Boston Scientific, Boston, USA) was 
inserted fluoroscopically into the right ventricular (RV) 
apex (RVA) through the right jugular vein and connected 
to a pacemaker (HSC-20D, Harbin University of Science 
and Technology, Harbin, China) implanted in the right tho-
racic wall. The pacemaker was set at a fixed pacing rate of 
250 beats/min. Ventricular pacing was verified weekly by 
cardiac auscultation.

A bipolar platinum–iridium circular electrode was 
implanted circumferentially around the right common 
carotid artery adjacent to the carotid sinus [9, 43]. The 
end of the electrode was connected to a stimulator (custom 
designed and made, Ensense Biomedical Technologies Co., 
Ltd. Shanghai, China) (frequency 20 Hz; stimulus duration 
2 ms; duty cycle 9 min ON/1 min OFF), which was placed 
subcutaneously in the left thoracic wall. The threshold volt-
age for CBS was defined as the voltage required to cause sys-
tolic BP reduction. The intensity of LL-CBS was set to 80% 
of the threshold voltage, and the intensity of ML-CBS was 
set to the voltage that elicited a 10% decrease in systolic BP. 
After 6 weeks of RVP, the threshold voltage in the LL-CBS 
and ML-CBS canines was measured again. CBS was turned 
off during the measurement of ventricular electrophysiologi-
cal parameters and LSG neural activity and function.

Measurement of LSG neural discharges and function

LSG neural discharges were recorded after 6 weeks of 
RVP. The LSG was exposed and dissected free from sur-
rounding fat tissue [9]. A pair of silver bipolar microe-
lectrodes was inserted into the LSG, and a ground wire 
was connected to the chest wall to reduce noise. Signals 
were recorded with a PowerLab data acquisition system 
(4/35, ADInstruments, Australia) and amplified (bandpass 
50–1000 Hz) with a gain of 1 k with a preamplifier (DP-
311, Warner Instruments, USA). Neural discharges were 
defined as deflections with a signal-to-noise ratio greater 
than 3:1. Neural activity was determined by the amplitude 
and frequency of the 1st min of discharges recorded.

LSG function was assessed by the maximal systolic BP 
increases in response to direct, high-frequency (HF) elec-
trical stimulation of the LSG (frequency: 20 Hz; pulse 
duration: 0.1 ms, voltage: 10 V, 20 V, 30 V, and 40 V). A 
Grass-S88 stimulator (Astro-Med, West Warwick, Rhode 
Island) was used to deliver HF stimulation. Each HF stim-
ulation lasted 30 s. To eliminate the residual effect of HF 
stimulation, the next stimulation was initiated after the BP 
was restored to baseline.
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Measurement of effective refractory period

A bilateral thoracotomy was performed in the fifth inter-
costal space to expose the heart. The ventricular effective 
refractory period (ERP) was measured at the following six 
epicardial sites: the LV apex (LVA), LV base (LVB), median 
area between LVA and LVB (LVM), RVA, right ventricu-
lar base (RVB), and median area between RVA and RVB 
(RVM). Programmed stimulation at the above 6 sites was 
performed using a Lead7000 programmable multichannel 
stimulator. The ERP was measured with eight consecutive 
stimuli (S1–S1, cycle length: 300 ms, pulse duration: 0.5 ms, 
voltage: 8 V) followed by a premature stimulus (S2). The 
coupling interval (S1–S2) started at 300 ms and shortened 
in 10 ms steps until S2 was unable to capture the ventri-
cle. Then, the S1–S2 interval was increased in 2 ms steps, 
and ERP was determined as the longest S1–S2 interval that 
failed to capture the ventricle.

Monophasic action potential recording

Monophasic action potentials (MAPs) were recorded by a 
bipolar custom-made Ag–AgCl catheter at the six epicardial 
sites mentioned above. LVA and RVA pacing at a twofold 
diastolic threshold were used for MAP recording of the LV 
and RV, respectively. A dynamic steady-state pacing pro-
tocol (S1–S1) was performed to determine action potential 
duration (APD) alternans. The initial pacing cycle length 
(PCL) was slightly shorter than the sinus cycle length and 
shortened in 20 ms steps until APD alternans appeared. 
Each PCL was recorded for at least 30 s to reach a steady 
state and interrupted for 1 min to minimize pacing memory 
before the next stimulus delivered. APD90 was defined as 
the 90% repolarization duration, and APD90 for five-to-six 
consecutive beats were measured and averaged. An APD 
alternan was defined as a change in APD90 > 10 ms for > 5 
consecutive beats. The difference between the longest and 
shortest APD90 and the dispersion equation [28] were used 
to represent the spatial dispersion of APD90:

where APD
i
 is the APD90 at an individual site; APD90 is 

the mean APD90 for the whole ventricle; and n is the total 
number of sites.

VF inducibility and VF threshold

VF inducibility was measured with RVA and LVA pacing 
using burst electrical stimuli (S1-S1, cycle length: 100 ms 

APD90dispersion =

n∑

i=1

|||
APD

i
− APD90

|||

n × APD90

× 100,

and 50 ms, pulse duration: 0.5 ms) at a twofold diastolic 
threshold. LVA and RVA underwent 10 repetitions of burst 
stimuli with PCLs of 100 ms and 50 ms, respectively. Each 
burst stimulus lasted 5 s and was interrupted for 1 min before 
the next stimulus was delivered if no VF was induced; oth-
erwise, a cardiac electric defibrillator was used to recover 
the sinus rhythm, and stimulus presentation was interrupted 
for 5 min.

The VF threshold was obtained with RVA pacing using 
burst electrical stimuli (S1-S1, cycle length: 100 ms, pulse 
duration: 0.5 ms) followed by a 20-beat drive train with 
a PCL of 300 ms. The pacing voltage started at 2 V and 
gradually increased in 2 V steps. Each burst stimulus lasted 
10 s and was interrupted for 1 min before the next stimulus 
was delivered. VFT was defined as the minimum voltage 
required to produce VF. If no VF was induced with stimulus 
voltages up to 50 V, VFT was determined as 50 V.

Immunohistochemical study

LV tissue was immediately fixed in 4% paraformaldehyde 
solution, dehydrated in alcohol, embedded in paraffin, and 
sliced serially into 5-µm sections. Immunohistochemical 
staining was performed with antibodies against tyrosine 
hydroxylase (TH, 1:100, Abcam, Cambridge, Massachu-
setts) to label the sympathetic nerve and with antibodies 
against growth-associated protein-43 (GAP43, 1:300, Life 
Technologies, Grand Island, New York) to label nerve 
sprouting. Three fields with the highest nerve density in 
each slide were selected using a 20 × objective microscope. 
Nerve density was quantitatively expressed as the total area 
of positive staining per square millimetre. The average of the 
three fields was used as the nerve density for that slide. The 
histological images were analysed using Image-Pro Plus 6.0 
software (Media Cybernetics, Inc., Rockville, MD, USA).

Western blotting

LSG and LV tissues were excised, quickly frozen in dry ice, 
and immediately stored at − 80 °C. The protein concentra-
tions of LSG and LV tissue homogenates were measured by 
a Pierce BCA Protein Assay Kit (23225, Thermo Scientific, 
MIT, USA) according to the manufacturer’s instructions. 
The proteins were separated by SDS-polyacrylamide gel 
electrophoresis followed by western blotting. The primary 
antibodies used in the study included polyclonal antibodies 
for TH (1:200) and Cav1.2 (1:2000) (Abcam, Cambridge, 
Massachusetts); acetylcholinesterase (ACHE, 1:1000, Absin, 
Shanghai, China); NGF (1:200), Kir2.1 (1:1000), potas-
sium voltage-gated channel KQT-like subfamily member 
1 (KCNQ1, 1:1000), potassium voltage-gated channel sub-
family E member 1 (KCNE1, 1:1000), Kv4.3 (1:1000), and 
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potassium voltage-gated channel subfamily H member 2 
(KCNH2, 1:1000) (Bioss, Beijing, China).

Statistical analysis

Quantitative data were expressed as the mean ± standard 
error of the mean (SEM). Differences in BP and heart rate 
(HR) within a group between different timepoints were 
assessed with paired t test. VF inducibility among the four 
groups was compared by Fisher’s exact test. Other param-
eters among the four groups were compared by one-way 
ANOVA followed by Tukey’s or Tamhane’s T2 posthoc test. 

P < 0.05 was considered statistically significant. SPSS 22.0 
was used for analysis.

Results

A representative example of BP and HR in response to CBS 
is shown in Fig. 1a. The average CBS threshold that induced 
a BP reduction in the LL-CBS and ML-CBS groups was 
4.0 ± 0.3 V (n = 10) and 3.8 ± 0.2 V (n = 10), respectively. 
The intensity of LL-CBS, which was 80% of the threshold, 
was 3.2 ± 0.2 V, and the intensity of ML-CBS, that induced 
a 10% systolic BP reduction, was 4.9 ± 0.2 V. The mean 

Fig. 1   Effects of CBS on ventricular electrical remodelling. Repre-
sentative example of CBS stimulation (a). ERP at the LVA, LVM, 
and LVB sites was remarkably prolonged in the CHF group, and ML-
CBS significantly prevented ERP prolongation at the LVA, LVM, 
LVB, and RVB sites (b). The results of APD90 measurement at a PCL 
of 380 ms at 6 epicardial sites showed that 6 weeks of RVP resulted 
in significant prolongation of APD90 at the LVA, LVM, LVB, RVA, 
and RVB sites in the CHF groups. ML-CBS significantly inhibited 
the prolongation of APD90 at the LVA, LVM, RVA, and RVB sites 
(c). Both LL-CBS and ML-CBS significantly prevented the increase 

in APD90 dispersion (d). Typical examples of MAP recording at the 
LVA site at a PCL of 380 ms (e). LVA left ventricular apex, LVB left 
ventricular base, LVM median area between LVA and LVB, RVA 
right ventricular apex, RVB right ventricular base, RVM median area 
between RVA and RVB, ERP effective refractory period, APD90 
action potential duration at 90% repolarization, PCL pacing cycle 
length. #P < 0.05 compared with CON group, ##P < 0.01 compared 
with CON group, ###P < 0.001 compared with CON group; *P < 0.05 
compared with CHF group, **P < 0.01 compared with CHF group, 
***P < 0.001 compared with CHF group
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arterial pressure and HR in Con, CHF and ML-CBS groups 
at baseline and after 6 weeks of RVP have been published in 
our previous study [43]. As shown in Table 1, the baseline 
systolic BP, diastolic BP, and HR in the ML-CBS group 
(141 ± 2 mmHg, 93 ± 3 mmHg, 140 ± 2 beats/min, respec-
tively) significantly decreased during CBS (126 ± 2 mmHg, 
P < 0.001; 84 ± 2 mmHg, P < 0.001; 135 ± 2 beats/min, 
P < 0.01, respectively); the baseline systolic BP, diastolic BP, 
and HR in the LL-CBS group had no significant change dur-
ing CBS (P > 0.05 for all). After 6 weeks of RVP, after CBS 
turned off, the systolic BP, diastolic BP, and HR in the ML-
CBS group (134 ± 2 mmHg, 92 ± 4 mmHg, 140 ± 2 beats/
min, respectively) increased significantly (142 ± 2 mmHg, 
P < 0.001; 97 ± 3 mmHg, P < 0.001; 143 ± 2 beats/min, 
P < 0.01, respectively), the systolic BP, diastolic BP, and HR 
in the LL-CBS group had no significant change (P > 0.05 for 
all). The CBS threshold for LL-CBS and ML-CBS groups 
was 4.2 ± 0.3 V and 4.0 ± 0.2 V after 6 weeks of RVP.

In the CHF group, the beagles gradually developed 
clinical symptoms (tachypnoea, poor appetite, and reduced 
physical activity). In addition, two beagles suffered mod-
erate ascites, and one beagle experienced sudden death on 
the 36th day of RVP. The aforementioned symptoms were 
milder in the LL-CBS and ML-CBS groups; no beagle expe-
rienced ascites and sudden death.

Effects of CBS on ventricular ERP, APD90, APD90 
dispersion, and APD alternans

After 6 weeks of RVP, the ERP at the LVA, LVM, and LVB 
sites was remarkably prolonged in the CHF group; the ERP 
at the RVA, RVM, and RVB sites showed a tendency of 
prolongation, but this prolongation was not statistically 
significant. Treatment with LL-CBS had no significant 
effect on ERP, whereas treatment with ML-CBS prevented 

ERP prolongation at the LVA, LVM, LVB, and RVB sites 
(Fig. 1b).

Figure 1e shows typical examples of MAP recording at 
the LVA site in the four groups. After 6 weeks of RVP, the 
APD90 at a PCL of 380 ms at LVA, LVM, LVB, RVA, and 
RVB sites was remarkably prolonged in the CHF group; the 
APD90 at RVM site showed a tendency of prolongation, but 
this prolongation was not statistically significant. ML-CBS 
significantly inhibited the prolongation of APD90 at LVA, 
LVM, RVA, and RVB sites. There was no significant dif-
ference in APD90 between the CHF and LL-CBS groups 
(Fig. 1c). Chronic RVP also resulted in a significant increase 
in the spatial dispersion of APD90 at a PCL of 380 ms. Both 
LL-CBS and ML-CBS significantly prevented the increase 
in APD90 difference and APD90 dispersion % (Fig. 1d).

Representative examples of APD alternans at the LVA 
site in the four groups are shown in Fig. 2a. Six weeks of 
RVP significantly increased the maximum PCL of the APD 
alternans at all ventricular sites. Both LL-CBS and ML-CBS 
remarkably shortened the maximum PCL-inducing APD 
alternans in CHF canines (Fig. 2b).

Effects of CBS on ventricular vulnerability 
to fibrillation

Figure 3a shows examples of VF induced and not induced 
by burst electrical stimulation. VF susceptibility in the CHF 
group was markedly increased, as evidenced by a significant 
increase in VF inducibility and a decrease in the VF thresh-
old (Fig. 3b–c). CBS significantly suppressed ventricular 
vulnerability to fibrillation in CHF canines, as reflected by 
a significant increase in the VF threshold in the ML-CBS 
group and a significant decrease in VF inducibility in both 
the LL-CBS and ML-CBS groups (Fig. 3b–c).

Table 1   Response of blood 
pressure and heart rate to CBS

Values are mean ± SEM. n = 9 for the CON group at endpoint
HR heart rate, BP blood pressure
# P < 0.05 vs. CON, ##P < 0.01 vs. CON, &P < 0.05 vs. baseline, **P < 0.01 vs. CHF, ††P < 0.01 vs. CBS 
(OFF), †††P < 0.001 vs. CBS (OFF)

CON CHF LL-CBS ML-CBS

CBS (OFF) CBS (ON) CBS (OFF) CBS (ON)

Systolic BP (mmHg)
 Baseline 144 ± 3 141 ± 3 137 ± 2 137 ± 2 141 ± 2 126 ± 2†††

 Endpoint 146 ± 2 131 ± 4#,& 139 ± 8 138 ± 8 142 ± 2 134 ± 2†††

Diastolic BP (mmHg)
 Baseline 100 ± 4 99 ± 4 92 ± 5 92 ± 5 93 ± 3 84 ± 2†††

 Endpoint 105 ± 4 88 ± 3## 91 ± 6 90 ± 6 97 ± 3 92 ± 4†††

HR (beats/min)
 Baseline 141 ± 2 138 ± 5 138 ± 4 138 ± 4 140 ± 2 135 ± 2††

 Endpoint 138 ± 2 149 ± 3##,& 141 ± 5 141 ± 5 143 ± 2 140 ± 2††,**
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Effects of CBS on extracardiac autonomic neural 
remodelling

Typical examples of LSG neural discharge recordings after 
6 weeks of RVP in the four groups are shown in Fig. 4a. 
Quantitative analysis revealed that both the frequency and 
the amplitude of LSG neural discharges increased signifi-
cantly in the CHF group. Compared with the CHF group, 
ML-CBS inhibited both the frequency and the amplitude 
increase, and LL-CBS induced a significant decrease in the 
frequency (Fig. 4b).

The increases of maximal systolic BP induced by LSG 
stimulation at different voltage levels were increased mark-
edly in the CHF group after 6 weeks of RVP, maximal sys-
tolic BP elevation was attenuated during a stimulation volt-
age of 30 V in the LL-CBS group, and maximal systolic BP 
elevation was attenuated during stimulation voltages of 20 V, 
30 V, and 40 V in the ML-CBS group (Fig. 4c).

As shown in the representative immunoblots (Fig. 4d), 
after 6 weeks of RVP, NGF protein expression increased, 
and ACHE protein expression decreased markedly in the 
LSG tissue of the CHF group. ML-CBS significantly 
inhibited the increase in NGF protein expression and the 
decrease in ACHE protein expression. LL-CBS had no sig-
nificant effect on the protein expressions of NGF and ACHE 
(Fig. 4e). There was no significant difference in the protein 
expression of TH among the four groups (Fig. 4e).

Effects of CBS on ventricular autonomic neural 
remodelling

Typical examples of TH and GAP43 staining in LV tissue 
are shown in Fig. 5a, b, respectively. The positive nerve den-
sities of both TH and GAP43 in the LV myocardium were 
increased significantly in the CHF group compared with the 
CON group, were remarkably attenuated in the ML-CBS 

Fig. 2   Effects of CBS on APD alternans. Representative examples of 
APD alternans at the LVA site in the four groups (a) and the results 
of the maximum PCL-inducing APD alternans at 6 epicardial sites 
(b) showed that both LL-CBS and ML-CBS remarkably shortened 
the maximum PCL of APD alternans in CHF canines. PCL pacing 

cycle length, APD action potential duration, APD90 action potential 
duration at 90% repolarization. #P < 0.05 compared with CON group, 
##P < 0.01 compared with CON group; *P < 0.05 compared with 
CHF group, **P < 0.01 compared with CHF group
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group, and showed no significant reduction in the LL-CBS 
group (Fig. 5a–b).

As shown in the representative immunoblots (Fig. 5c), 
after 6 weeks of RVP, the protein expressions of NGF and 
TH in LV tissue increased markedly, and the protein expres-
sion of ACHE decreased markedly in the CHF group. Com-
pared with the CHF group, ML-CBS significantly inhibited 
the increase in NGF and TH protein expression, whereas 
there was no significant improvement in ACHE protein 
expression (Fig. 5d). There was no significant difference in 
the expressions of the above proteins in LV tissue between 
the LL-CBS group and the CHF group (Fig. 5d).

Effects of CBS on the protein expressions of ion 
channels

Representative immunoblots and western blotting data 
showed that the protein levels of Kv4.3, KCNE1, KCNQ1, 
KCNH2, Kir2.1, and Cav1.2 were significantly decreased in 
the CHF group after 6 weeks of RVP (Fig. 6a–f), whereas 
LL-CBS significantly inhibited the decrease in the protein 

expression of Kv4.3, and ML-CBS significantly inhibited 
the decrease in the protein expressions of Kv4.3, KCNQ1, 
and Cav1.2 (Fig. 6a–f).

Discussion

Major findings

In the present study, we observed that both LL-CBS 
and ML-CBS exerted anti-VF effects in pacing-induced 
CHF canines, and the underlying mechanisms might be 
the modulation of autonomic nerve and ion channels. In 
addition, the effects of ML-CBS on ventricular electro-
physiological characteristics, autonomic remodelling, 
and ion-channel remodelling were superior to those of 
LL-CBS. First, both LL-CBS and ML-CBS prevented an 
increase in the spatial dispersion of APD, suppressed APD 
alternans, and reduced ventricular vulnerability to fibril-
lation, whereas only ML-CBS inhibited the prolongation 

Fig. 3   Effects of CBS on ventricular vulnerability to fibrillation. 
Examples of VFs induced and not induced by burst electrical stimu-
lation (a). CBS significantly suppressed ventricular vulnerability to 
fibrillation in CHF canines as reflected by a significant increase in 
the VF threshold in the ML-CBS group (b) and a significant decrease 
in VF inducibility in both the LL-CBS and ML-CBS groups (c). VF 
ventricular fibrillation, PCL pacing cycle length, LVA left ventricular 

apex, RVA right ventricular apex. n = 8, 9, 10, and 10 for the CON, 
CHF, LL-CBS, and ML-CBS groups, respectively. #P < 0.05 com-
pared with CON group, ##P < 0.01 compared with CON group, 
###P < 0.001 compared with CON group; *P < 0.05 compared with 
CHF group, **P < 0.01 compared with CHF group, ***P < 0.001 
compared with CHF group
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of repolarization (i.e., ERP, APD90). Second, LSG neu-
ral discharge recordings and LSG function measurements 
indicated that 6 weeks of RVP resulted in LSG sympa-
thetic overactivation, and both LL-CBS and ML-CBS 
partly inhibited these changes. Third, histological and 
molecular biological indicators of myocardial autonomic 
nerve remodelling revealed that sympathetic hyperinner-
vation and neural sprouting induced by chronic RVP were 
partially ameliorated by ML-CBS. Fourth, the results of 
protein expression of principal ion channels involved in 
repolarization indicated that 6 weeks of RVP resulted 
in a remarkable reduction in the protein expressions of 
both potassium and L-type calcium channels. LL-CBS 
partially inhibited the decrease in Kv4.3 protein expres-
sion, whereas ML-CBS inhibited the decrease in Kv4.3, 
KCNQ1, and Cav1.2 protein expressions.

Neuromodulation of ventricular arrhythmias

The autonomic nervous system is known to play a significant 
role in the generation and maintenance of VAs. Persistent 
sympathetic activation and regional sympathetic hyperin-
nervation have been demonstrated to cause repolarization 
prolongation, increase the heterogeneity of repolarization, 
and increase susceptibility to VAs [13]. In canine models, 
both NGF infusion into the LSG and chronic subthreshold 
electrical stimulation of the LSG caused markable nerve 
sprouting in the LSG and myocardium and increased the 
incidence of VAs and sudden cardiac death [36]. Conversely, 
bilateral or left cervicothoracic sympathectomy reduced the 
burden of VAs in patients with cardiomyopathy and refrac-
tory arrhythmias [2, 4].

Vagal withdrawal is a common manifestation of cardio-
vascular disease, and it increases the risk for life-threatening 

Fig. 4   Effects of CBS on extracardiac autonomic neural remodelling. 
Typical examples of LSG neural discharge recordings after 6 weeks 
of RVP in the four groups (a). Quantitative analysis revealed that 
ML-CBS inhibited both the frequency and the amplitude increases of 
the discharges and that LL-CBS induced a significant decrease in the 
frequency compared with the CHF group (b). The results of the maxi-
mal systolic BP increase induced by LSG stimulation showed that 
6 weeks of RVP induced a significant increase in the LSG function at 
different voltage levels, and maximal systolic BP elevation was partly 
attenuated by LL-CBS and ML-CBS (c). As shown in the representa-

tive immunoblots (d), ML-CBS significantly inhibited the increase in 
NGF protein expression and the decrease in ACHE protein expression 
in LSG. LL-CBS had no significant effect on NGF and ACHE protein 
expression. There was no significant difference in the expression of 
TH among the four groups (e). BP blood pressure, NGF nerve growth 
factor, TH tyrosine hydroxylase, ACHE acetylcholinesterase. n = 4, 5, 
5, and 5 for the CON, CHF, LL-CBS, and ML-CBS groups, respec-
tively. #P < 0.05 compared with CON group, ##P < 0.01 compared 
with CON group, ###P < 0.001 compared with CON group; *P < 0.05 
compared with CHF group, **P < 0.01 compared with CHF group
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arrhythmias and sudden cardiac death [20]. Vagal nerve acti-
vation has been shown to reduce the incidence of lethal VAs 
and increase the VF threshold in various animal models [37, 
42, 47]. Yu et al. demonstrated that low-level vagal nerve 
stimulation (VNS) at the tragus suppressed the incidence of 
reperfusion-related VAs during the first 24 h in patients with 
ST-segment elevation myocardial infarction [45]. However, 
the causal relationship between the observed benefits in this 
study is still unknown [15]. In addition, under certain condi-
tions, VNS can also be proarrhythmic [46]. High-intensity 
vagal activation was shown to promote bradycardia-induced 
ventricular tachyarrhythmias in dogs with acute and chronic 
myocardial infarction [31]. Furthermore, a case report 
reported that VNS exacerbated electrical storm (repeated 
VAs) in an ischaemic cardiomyopathy patient [32].

CBS suppressed ventricular vulnerability 
to fibrillation in CHF

CBS is a novel interventional strategy of autonomic neuro-
modulation that was first invented for the treatment of refrac-
tory hypertension [11]. By electrical stimulation of carotid 

sinus baroreceptors, sympathetic outflow can be suppressed, 
and vagal tone can be enhanced. Based on the linear rela-
tionship between the intensity of CBS and the reduction in 
BP within a certain range [24], we define LL-CBS as sub-
threshold stimulation with which systolic BP is not affected 
and ML-CBS as suprathreshold stimulation that elicits a 
10% decrease in systolic BP.

Pacing-induced CHF in large animal is a well-established 
CHF model, which exhibits malignant VAs and sudden 
cardiac death, prolonged, and heterogeneous repolariza-
tion [28, 40]. Prolongation of repolarization is a prominent 
feature of the ventricular myocardium in patients and ani-
mal models with CHF, which may trigger VAs through the 
frequent development of arrhythmogenic early after depo-
larizations. In addition, repolarization heterogeneity due to 
spatially variable repolarization prolongation and slowed 
conduction caused by severe cardiac fibrosis together yield 
a milieu favourable to VAs by increasing the likelihood 
of re-entry [27]. A previous study by Sabbah et al. found 
that chronic CBS (at an intensity-reducing BP) markedly 
reduced the induction rate of lethal VAs and increased the 
threshold needed to elicit lethal VAs in dogs with coronary 

Fig. 5   Effects of CBS on ventricular autonomic neural remodelling. 
Typical examples of TH and GAP43 staining in the LV myocardium 
(a, b). Quantitative analysis revealed that positive nerve densities 
of both TH and GAP43 increased significantly in the CHF group, 
which were remarkably attenuated by ML-CBS (a, b). As shown in 
the representative immunoblots (c), ML-CBS significantly inhibited 
the increase in NGF and TH protein expression (d). The arrows in 

a and b denote nerve fibres with GAP43 and TH-positive staining, 
respectively. Scale bar = 50 µm. GAP43 growth-associated protein-43, 
TH tyrosine hydroxylase, NGF nerve growth factor, ACHE acetyl-
cholinesterase. n = 5 for each group. #P < 0.05 compared with CON 
group, ##P < 0.01 compared with CON group, *P < 0.05 compared 
with CHF group
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microembolization-induced CHF [30, 44]. In the present 
study, we further found that both LL-CBS and ML-CBS 
prevented the increase in spatial dispersion of APD, sup-
pressed APD alternans, and reduced VF inducibility in pac-
ing-induced CHF canines. In addition, ML-CBS inhibited 
ventricular repolarization prolongation and increased the VF 
threshold. In view of the facts that clinical trials recently 
questioned the efficacy of implantable cardioverter–defibril-
lator (ICD) in patients with non-ischemic CHF [19], CBS 
might serve as a potential therapeutic strategy for VAs and 
sudden cardiac death both in ischemic and non-ischemic 
CHF.

CBS attenuated autonomic neural remodelling 
in CHF

Global disruption of the autonomic nervous system, includ-
ing sympathetic overdrive and parasympathetic withdrawal, 

occurs in CHF. The activation of the sympathetic nervous 
system may initially adapt to maintain body homeostasis; 
however, sympathetic neurons undergo structural and func-
tional alterations in response to chronic injury [13]. NGF 
is a critical neural chemoattractant that stimulates axonal 
extension or sprouting of sympathetic nerve endings and 
results in heterogeneous cardiac innervations [14]. Cardiac 
NGF is elevated under sustained mechanical stretching in 
CHF [29]. The intrinsic cardiac autonomic nervous system 
(ICANS) and extrinsic cardiac autonomic nervous system 
(ECANS) tightly interact with each other. Enhanced activa-
tion of ganglionic neurons in the LSG increases sympathetic 
neurotransmitter transport in the heart [3]. NGF is retro-
grade axonal transported into the LSG, likely contributes to 
increased neuronal size and synaptic density, and may also 
increase neuronal function and firing properties [25].

In the present study, remarkable autonomic remodelling 
occurred in both the ICANS and ECANS after 6 weeks of 

Fig. 6   Effects of CBS on ionic remodelling. Western blotting data 
and representative immunoblots showed that the protein levels of 
Kv4.3 (a), KCNE1(c), KCNQ1(d), KCNH2 (e), Kir2.1 (f), and 
Cav1.2 (b) all decreased significantly in the CHF group. LL-CBS sig-
nificantly inhibited the decrease in the protein expression of Kv4.3, 

and ML-CBS significantly inhibited the decrease in the protein 
expression of Kv4.3, KCNQ1 and Cav1.2. n = 5, 6, 6, and 6 for the 
CON, CHF, LL-CBS, and ML-CBS groups, respectively. #P < 0.05 
compared with CON group, ##P < 0.01 compared with CON group; 
*P < 0.05 compared with CHF group
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RVP, as evidenced by enhanced LSG neural discharge and 
LSG function, significant nerve sprouting and sympathetic 
hyperinnervation in the LV, and decreased ACHE pro-
tein expression in the LSG and LV, which coincided with 
increased NGF protein expression in the LSG and LV. These 
changes were accompanied by significant cardiac electro-
physiological remodelling and increased VA vulnerability. 
Similarly, Cao et al. found that abnormally enlarged car-
diac sympathetic nerves were found in some patients with 
severe heart failure and might be in part responsible for the 
occurrence of VAs and sudden death [5]. However, our find-
ings are somewhat different from those of Cha et al., who 
observed profound sympathetic denervation after 5 weeks 
of RVP in some, but not all, failing ventricles; however, 
one of the CHF dogs with hyperinnervation died sud-
denly [6]. Combined with these findings, it is possible that 
both humans and dogs have considerable heterogeneous 
responses to CHF in terms of neural remodelling, and those 
with hyperinnervation may be at greater risk of VAs.

Our previous studies have indicated that 3-h LL-CBS 
inhibited LSG activity, decreased plasma norepinephrine 
and angiotensin II concentrations, and reversed the decrease 
in HF components and increases in low-frequency (LF) com-
ponents and the LF/HF ratio in 6-h RAP models [9]. Fur-
thermore, we found that long-term ML-CBS significantly 
inhibited the decrease in the HF component and the increase 
in the LF/HF ratio induced by 6 weeks of RVP [43]. In the 
present study, we found that both LL-CBS and ML-CBS 
partially inhibited the enhanced LSG neural discharge and 
LSG function. In addition, ML-CBS markedly ameliorated 
sympathetic hyperinnervation and neural sprouting in LV, 
partially inhibiting the decrease in ACHE protein expres-
sion in the LSG and inhibited the increase in NGF protein 
expression in the LSG and LV. These results suggest that the 
modulation of autonomic remodelling might be the potential 
mechanism underlying the suppression of VF by CBS.

CBS modulated ion‑channel remodelling in CHF

Potassium currents and L-type calcium currents (ICaL) play 
a key role in shaping action potentials (APs). The transient 
outward potassium current (Ito) mediates the early repolari-
zation phase of the AP. The delayed rectifier potassium cur-
rents (IKr and IKs) play a prominent role in the late phase 
of repolarization. The inward rectifier potassium current 
(IK1) contributes to terminal repolarization and maintains 
the resting membrane potential. A balance between inward 
currents (ICaL) and outward potassium currents forms the 
plateau phase [27]. Reductions in potassium currents are 
the most consistent ionic current alterations in animal mod-
els and patients with CHF, which may predispose them to 
VAs either by directly prolonging APD or by reducing repo-
larization reserve and favouring re-entry formation [8, 27, 

28, 38, 40]. Sustained β-adrenergic activation leads to the 
inhibition of IK1, IKs, and Ito via the intracellular PKA-signal-
ling pathway [1, 18, 41]. Our previous study has indicated 
that chronic ML-CBS markedly inhibited the myocardial 
intracellular PKA-signalling pathway in CHF canines [43]. 
Thus, to further investigate the effects of ML-CBS and LL-
CBS on ionic remodelling, we detected the expressions of 
proteins encoding Ito (Kv4.3), IKr (KCNH2), IKs (KCNQ1, 
KCNE1), IK1 (Kir2.1), and ICaL (Cav1.2). As shown in our 
study, 6 weeks of RVP resulted in a marked decrease in 
Kv4.3, KCNH2, KCNE1, KCNQ1, Kir2.1, and Cav1.2 pro-
tein expressions, which was similar to the previous studies 
[21, 40]. LL-CBS partially inhibited the decrease in Kv4.3 
protein expression, whereas ML-CBS partially inhibited 
the decrease in KCNQ1 and Cav1.2 protein expressions and 
inhibited the decrease of Kv4.3 protein expression. These 
results are consistent with the suppression of ventricular 
electrical instability and ventricular vulnerability to fibril-
lation in the LL-CBS and ML-CBS groups, which suggests 
that the inhibition of ion-channel remodelling might be the 
concrete mechanism underlying the suppression of VF by 
CBS.

Cardiac structural remodelling is another important factor 
that affects the electrophysiological properties of myocardial 
tissue and promotes conditions for re-entrant VAs in CHF 
[12]. Fibrosis is the most common cause of functional and 
anatomical block resulting in slow conduction and re-entry 
[10]. Ventricular dilatation induced by ventricular remodel-
ling and cardiac insufficiency leads to a prolongation of the 
refractory period and repolarization [35]. Sympathetic over-
activation contributes to pathological cardiac remodelling 
and cardiac dysfunction [39]. Our previous study showed 
that ML-CBS improved cardiac contractile performance, 
reversed cardiac dilation, and ameliorated cardiac fibrosis 
[43], suggesting that the beneficial effects of ML-CBS on 
VAs mediated via autonomic modulation might be due in 
part to an improvement in cardiac structure remodelling.

Our present study provides striking evidence that both 
LL-CBS and ML-CBS suppress VF in CHF canines. ML-
CBS exerts more prominent effects on ventricular elec-
trophysiological properties, autonomic remodelling, and 
ion-channel remodelling than LL-CBS. CBS modulates 
autonomic balance not only by sympathetic inhibition, but 
also by vagal activation, finally resulting in reduced sympa-
thetic drive. Interestingly, recent studies indicate that CBS 
may be a double-edged sword for atrial arrhythmias. Linz 
et al. found that CBS at an intensity-reducing BP showed 
proarrhythmic effects. Increased vagal tone might be a 
potential mechanism that can shorten atrial ERP and result 
in the stabilization of re-entry circuits perpetuating AF [22]. 
However, our previous studies found that LL-CBS sup-
pressed atrial electrical remodelling and reduced AF induc-
ibility in 6-h RAP canines by inhibiting LSG activity [9]. 
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Similarly, vagal nerve stimulation at an intensity that slows 
HR markedly contributes to the creation and maintenance 
of atrial arrhythmias [46], but in RAP models, low-level 
VNS exhibits an anti-atrial arrhythmic effect by suppress-
ing LSG activity and reducing the density of TH-positive 
ganglion neurons [33, 34]. The different effects of CBS on 
atrial arrhythmias and VAs might be due to the difference 
in autonomic nerve distribution and ion-channel expression 
of atrial and ventricular myocytes.

Conclusion

CBS suppressed ventricular electrical instability and reduced 
ventricular vulnerability to fibrillation in pacing-induced 
CHF canines, and the modulation of autonomic nerve and 
ion channels might underlie these mechanisms. In addition, 
the effects of CBS on VAs were positively correlated with 
intensity in the present study. Our data suggest that ML-CBS 
might serve as a potential therapeutic strategy for VAs and 
sudden cardiac death in patients with CHF.
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