
Abstract. – OBJECTIVE: To observe the ef-
fects of local radiofrequency denervation on
ventricular effective refractory periods, electrical
alternans and ventricular arrhythmia susceptibil-
ity post myocardial infarction.

MATERIALS AND METHODS: Thirty-four
mongrel dogs were randomly divided into the
normal heart group (n = 16, 8 in sham and 8 in
local sympathetic denervation – LSD) and the
acute myocardial ischemia (AMI) group (n = 18,
9 in control and 9 in LSD). The left cardiac sym-
pathetic nerve was denervated with irrigated
catheter radiofrequency ablation. Left ventricu-
lar effective refractory periods (ERP),
monophasic action potential duration at 90%
(APD90) and APD alternans were measured at
baseline and 2 hours after LSD in the normal
heart group. AMI was induced by ligating the
left anterior descending coronary artery 2
hours after LSD was performed. Then APD90,
the occurrence of ventricular arrhythmias
(VAs) were measured.

RESULTS: Compared with baseline, LSD sig-
nificantly prolonged ventricular ERP and APD90

at all sites (p < 0.05 for all) in the LSD group,
whereas no significant change was shown in the
sham group. But their spatial dispersions did not
change in both groups. APD alternans occurred
at shorter pacing cycle length at each site after
LAD→→LSD when compared to the sham group (p
< 0.05 for all). After AMI, the occurrence of VAs
was significantly lower in the LSD group than in
the control group (p < 0.05).

CONCLUSIONS: LSD may have a beneficial
impact on ventricular arrhythmias induced by
AMI through modulation of autonomic tone.

Key Words:
Radiofrequency ablation, Sympathetic nerve, My-

ocardial infarction, Arrhythmia.
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Introduction

There is a high prevalence of ventricular ar-
rhythmia and sudden cardiac death (SCD) in
patients with myocardial ischemia. Evidence
from histological studies and direct nerve activ-
ity recordings have suggested that increased
sympathetic nerve density and activity con-
tribute to the generation of ventricular arrhyth-
mia and SCD1. 
For the prevention of ventricular arrhythmia

and SCD, pharmacological therapy is still the
first line intervention. Multiple randomized con-
trol trials have proven that beta-blocker therapy
could significantly reduce the incidence of SCD
after myocardial infarction (MI)2,3. Some studies
suggest left cardiac sympathetic denervation
(LSCD) might be a treatment for primary inherit-
ed arrhythmia syndromes, such as long-QT syn-
drome (LQTS) and catecholaminergic polymor-
phic ventricular tachycardia (CPVT)4,5. Renal
sympathetic denervation (RSDN) has provided a
protection against ventricular arrhythmias and
SCD in both animal models and human patients6.
Therefore, the inhibition of general and localized
sympathetic nerves is likely to have a positive ef-
fect on the cardiac electrophysiological stability
and the recovery of cardiac function in myocar-
dial infarction patients.
It is known that all mammals’ hearts are richly

innervated. Cardiac autonomic nerves include
sympathetic and parasympathetic systems. Sym-
pathetic nerve fibers originate from the hypothal-
amus and project out of the spinal cord at the lev-
el of T1-T5 segments, where they synapse with
neurons in the cardiothoracic ganglion and the
stellate ganglion, producing sympathetic post-
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myocardium. The irrigated radiofrequency
catheter tip was placed on the left ventricular
side, which was only 2 mm away from LAD
artery. Up to six ablations (each at 8W for 2 min)
were performed. Current was delivered from the
LAD artery bifurcation to the apex. Catheter tip
impedance and temperature were constantly
monitored. ECG was also monitored to evaluate
the potential for myocardial ischemia caused by
inadvertent LAD injury. 

Electrophysiological Measurements

Effective Refractory Periods (ERP) 
Two multi-electrode catheters with 1 cm inter-

electrode distance were sutured to evaluate ef-
fective refractory periods (ERP) at six epicardial
sites from the apex to the base of the left ventric-
ular free walls. The ventricular ERP in each site
was determined by programmed pacing that con-
sisted of eight drive stimuli (S1) followed by an
extra-stimulus (S2) at twice threshold pacing
current with a 2 ms pulse duration. The S1S2 in-
terval was progressively decreased until refrac-
toriness was achieved. The ERP was defined as
the longest S1S2 interval that failed to capture
the ventricles as described previously9. ERPs
were measured at the baseline and after local
denervation.�ERP dispersion was defined as the
coefficient of variation (CV) of the ERP at all
six sites.

Monophasic Action Potential
Monophasic action potentials (MAP) were

recorded using a custom-made Ag-AgCl catheter
from the epicardial surface at the infarcted area
and infarcted remote area in all animals. MAP
signals were amplified and filtered at 1-1200 Hz
and were analyzed using the BL-420 (Taimeng
Biology Technology Company, Chengdu, China).
The MAPD90, was defined as monophasic action
potential duration (MAPD) at 90% repolariza-
tion. A dynamic steady state pacing protocol
(S1S1) was performed to determine APD alter-
nans. The pulse train was delivered at an initial
pacing CL slightly shorter than the sinus CL and
maintained for 30 s to achieve a steady state. The
pacing cycle length was progressively decreased
in an initial stepwise fashion by 20 or 30 ms until
APD alternans occurred, the pacing was inter-
rupted for 2 min before the next pacing train. The
cycle length at which APD alternans occurred
was recorded.

ganglionic fibers. These fibers then travel below
the epicardium to control cardiac function7. The
parasympathetic innervation originates predomi-
nantly in the nucleus ambiguous of the medulla
oblongata. The parasympathetic preganglionic
fibers are carried almost entirely within the vagus
nerve and are divided into superior, middle, and
inferior branches. Most of the vagal nerve fibers
converge at a distinct fat pad between the superi-
or vena cava and the aorta (known as the third fat
pad) en route to the sinus and atrioventricular
nodes8. In the present study, we explored the ef-
fects on ventricular electrophysiological charac-
teristics and induced ventricular arrhythmias by
the local ablation of nerve fibers associated with
the coronary arteries following myocardial in-
farction.

Materials and Methods

Animal handling was performed in accordance
with the Shanghai Directive for Animal Research
and the current Guidelines for the Care and Use
of Laboratory Animals published by the National
Institutes of Health (NIH publication no. 85-23,
revised 1996). The Ethics Committee at Second
Military Medical University approved the study
protocol.

Experimental Models
Thirty-four mongrel dogs were randomly di-

vided into the normal heart group (n=16, 8 in
sham and 8 in LSD) and the acute myocardial
ischemia (AMI) groups (n = 18, 9 in control and
9 in LSD). All of the dogs were anesthetized
with sodium pentobarbital (30 mg/kg, IV), intu-
bated, and ventilated with room air supplement-
ed with oxygen from a respirator (LTV-1000,
Pulmonetic Systems, USA). Additional mainte-
nance doses of 2 mg/kg sodium pentobarbital
were administrated at the end of each hour dur-
ing the procedure. Standard surface electrocar-
diogram (ECG) was continuously monitored us-
ing a computer-based Lab System (TOP 2001,
Hongtong Biology Technology Company,
Shanghai, China).

Local Sympathetic Denervation
by Radiofrequency
Radiofrequency was applied along the left an-

terior descending (LAD) artery in order to ablate
sympathetic nerves which travel along the LAD
and then spread through the epicardium to the

2674



Heart rate (bpm) Systolic BP (mmHg)

Baseline Ablation Baseline Ablation

LSD group 150 ± 11 148 ± 9 148 ± 18 146 ± 14 
Sham group 153 ± 14 149 ± 11 143 ± 14 141 ± 13

Table I. Heart rate and systolic BP at baseline and after ablation.

BP, blood pressure.

Acute Ischemia Protocol
After two hours local denervation or sham

treatment, the first diagonal artery was isolated in
the AMI group and the AMI+ LSD group, then
occluded by ligature (3-0 silk) for one hour until
the ischemic part turned dark red so as to make
sure that the ligation was successful. ECG was
recorded and analyzed continuously before and
after myocardial infarction. To achieve a stable
status, we gave the animals a 90 min-pause to
make sure the ECG would not change any further
before proceeding. 

Measurement of Ventricular Arrhythmias
Occurrences
Electrocardiogram was continuously moni-

tored for 1 hour to record the occurrences and
duration of ventricular arrhythmias including
ventricular premature contraction (VPC, identifi-
able premature QRS complexes), ventricular
tachycardia (VT, three or more consecutive VPCs
at a rate faster than the resting sinus rate) and
ventricular fibrillation (VF, unidentifiable and
low voltage QRS complexes). Especially, if VT
progresses within a few beats to VF (there are no
sinus beats between VT and VF), we classified
these VTs as VF.

Immunohistochemistry
At the end of the experiment, the hearts were

quickly collected from 2 dogs in each group.
Samples from the ablation area were harvested
for immunostaining. Sections (5 µm thick) were
mounted on charged slides. A modified im-
munohistochemical ABC method was used for
immunostaining for TH (tyrosine hydroxylase, a
marker of sympathetic nerves). Integrated opti-
cal density (IOD) was used to assess TH+ nerve
fibers10. In each section, 4 fields evenly distrib-
uted throughout the areas of interest were ana-
lyzed. The IOD of TH+ fibers were calculated
by Image-Pro Plus (IPP) 6.0 image analysis
software. 

Statistical Analysis
Data is expressed as mean ± SD, the mean

ERP, MAPD90 and sympathetic density acquired
before and after local denervation were com-
pared using student’s paired t-test. The indepen-
dent sample t-test was used to compare the num-
ber of PVC and VT/VF between the two groups.
Data was analyzed using SPSS21.0 software
(IBM Corp, Armonk, NY, USA). Statistical sig-
nificance was defined as p < 0.05.

Results

Effect of LSD on Hemodynamics
As shown in Table I, no significant changes

were seen in heart rate or SBP at 2 hours after
LSD or sham operation. Systolic BP decreased
significantly during AMI, but there were no signif-
icant differences between the LSD and the control
group. Heart rate, however, did not change during
AMI and was not affected by LSD.

Effect of LSD on Ventricular ERP in
the Normal Heart
Figure 1 summarizes ventricular ERP at 6 epi-

cardial sites in the LSD group and Sham group.
As a result of LSD, left ventricular ERP were
significantly prolonged when compared to base-
line. (LVA1, 163.6 ± 12.7 ms vs. 175 ± 13 ms;
LVA2, 164.1 ± 11.8 ms vs. 171.6 ± 12 ms; LVA3,
163.3 ± 7 ms vs. 171.7 ± 9.1 ms; LVB1, 162.8 ±
11.7 ms vs. 173.8 ± 12.3 ms; LVB2, 161.6 ± 11.2
ms vs. 171.2 ± 12.1 ms; LVB3, 162.7 ± 11.7 ms
vs. 171.7 ± 13 ms, p < 0.05 for all). However, left
ventricular ERP in the sham group did not
change significantly. Furthermore, LSD did not
increase the ERP dispersion as measured by CV-
ERP (Figure 2).

Effect of LSD on MAPD90

In comparison with baseline, MAPD90 from
the anticipated infarcted area and non-infarcted
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area were significantly prolonged after LSD in
the LSD group, whereas no significant change
was shown in the control group (Figure 3). Af-
ter AMI, a significant decrease in MAPD90

from the infarcted zone was shown in the AMI
group but no change in the LSD+AMI group
(Figure 3a). The MAPD90 from the non-infarct-
ed area, however, was not changed during AMI
in both groups (p > 0.05) and kept at a level
which was more or less similar to that of pre-
AMI (Figure 3b). 

Effect of LSD on APD Alternans in
the Normal Heart
Figure 4 shows the pacing cycle length at

which APD alternans occurred in the normal
heart. Compared with the baseline state, APD al-
ternans occurred at significantly shorter cycle
lengths after LSD at each recording site. 
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Figure 1. Effect of LSD on ERP at baseline and 2 hours after LSD or sham LSD in different sites of left ventricle. LSD sig-
nificantly prolonged ventricular ERP, whereas no significant change in sham Group. *p < 0.05 compare to the baseline.

Figure 2. Effect of LSD on CV-ERP in left ventricle, *p
> 0.05.

Figure 3. A, B, Effect of LSD on MAPD90 in infarcted and non-infarcted sites on left ventricle, *p <0.05  compared with
baseline, #p < 0.05 compared with AMI group after LSD.
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Effect of LSD on the Sympathetic Density 
We performed the TH (a marker of sympathet-

ic nerve) immunohistochemistry staining in the
ablation areas around the coronary arteries to
evaluate the effects of LSD. The IOD of TH-pos-
itive nerve fibers decreased significantly in LSD
group as compared to sham group (Figure 5). 

Effect of LSD on VAs Occurrence
Figure 6 shows that the episodes of PVCs, the

episodes of VT as well as the mean duration of
VT in LSD group was significantly lower when
compared to the control group after coronary
artery ligation. 1 of 9 (11.1%) animals in the
LSD group had spontaneous VF compared to 3
of 9 (33.3%) in the control group (p < 0.05). 

Discussion

In this study, we investigated the protective ef-
fects of left cardiac sympathetic denervation on
ventricular electrophysiological properties using

an acute myocardial infarction canine model. The
results indicated that LSD pre-conditioning ex-
hibited obvious effects on the ERP as well as
MAPD90 in animals with myocardial infarction.
These results suggest that LSD may exert a pro-
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Figure 4. The APD alternans pacing cycle lengths (PCL) in different sites of left ventricle free walls at baseline and after
LSD in the normal heart (n = 8). The APD alternans occurred at a significantly shorter pacing cycle length after LSD at
each site (*p < 0.05 versus baseline).

Figure 5. IOD of TH + fibres in the ablation areas around
the coronary arteries *p < 0.05 compared with the LSD
group.
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tective effect against ventricular arrhythmias. Our
study also demonstrated that sympathetic dener-
vation decreases VT/VF inducibility after AMI.
In the intrinsic cardiac nervous system, most ven-
tricular ganglionated plexi (GP) are primarily lo-
cated at the origins of several major cardiac
blood vessels: surrounding the aortic root, the
origins of the left and right coronary arteries, the
origin of the posterior descending artery, and the
origin of the left obtuse marginal coronary artery
11. Meanwhile, those sympathetic fibers have lit-
tle influence on the cardiac conduction system.
Our study focused on the local sympathetic
nerves, which can modulate the electrical charac-
teristics of the ventricles after myocardial infarc-
tion without affecting the function of the heart.
Just as seen in our study, the heart rate (HR) and
blood pressure (BP) had no obvious changes be-
fore and after the LSD.
Previously studies12,13 have demonstrated that

the sympathetic system plays important roles in
arrhythmogenesis and sudden cardiac death in
both human patients and animal models in the
setting of myocardial infarction14. Possible mech-
anisms are sympathetic nerve disorders, hyper-
innervation, and heterogeneous regeneration15,16.
In our study, we applied radiofrequency along

the LAD artery to achieve local sympathetic den-
ervation. LSD may markedly reduce the sympa-
thetic control of the heart, indirectly increasing
parasympathetic activity. We found that after
LSD, the values of ERP and MAPD90 were sig-
nificantly prolonged compared to the values in
the control group. 
We also found that the density of the sympa-

thetic fibers was much lower in the LSD group,
which showed that our denervation method was
effective on the local sympathetic nerve. Though
LSD may cause a decrease in sympathetic activity
of the heart, it may not be anti-arrhythmogenic in
the normal heart due to the lack of an appropriate
substrate for VA as shown in our study. However,
AMI could provide the necessary substrate and/or
trigger activity (VPCs) for a lethal VA. 
At present, the common measures we take in

the prevention of arrhythmias after myocardial in-
farction include beta-blocker therapy, ICD, and
other antiarrhythmic medications. Beta-blockers
have been proven to be effective in slowing heart
rate, decreasing myocardial contractility and low-
ering blood pressure. In recent years, studies have
shown renal sympathetic denervation to be effec-
tive in the treatment of electrical storm and im-
prove autonomic nervous function of the heart5.
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Figure 6.The occurrence of VAs episodes in both groups. *p < 0.05 compare to the Control group. PVC, Premature ventricu-
lar contraction; VT, ventricular tachycardia; VF, ventricular fibrillation.
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Surgery to resect the stellate ganglion, however,
requires thoracoscope use under general anaesthe-
sia, which has significant risk and limitations for
myocardial infarction patients. Surgical excision
of the stellate ganglion also possess the risk of
many complications including horner syndrome,
skin paresthesia, and chronic diaphoresis17. Our
study demonstrates a possible role for the use of
radiofrequency ablation to remove the coronary
blood vessels’ associated cardiac sympathetic
nerve fibers, which can selectively remove or
weaken the left ventricular sympathetic innerva-
tion, and prolong the ERP, APD, and decrease the
incidence of ventricular arrhythmia, thus improv-
ing ventricular electrophysiological properties af-
ter myocardial infarction.

Conclusions

Our work provides a novel, simple, safe and ef-
fective way to assist in the prevention of ventricu-
lar arrhythmia after myocardial infarction.

Study Limitations
There were several limitations in our study.

Firstly, although we investigated the effect of
LSD on ventricular electrophysiological proper-
ties in AMI hearts, further researches are re-
quired to confirm whether the current findings
can be applied to chronic myocardial infarction
hearts. Secondly, we investigated only the short-
term effects of LSD on ventricular electrophysi-
ology and VA occurrence; the long-term effects
were not determined. Third, we did not, directly,
record the cardiac sympathetic activity. 

––––––––––––––––––––
Acknowledgements
This study was supported by the National Natural Science
Foundation of China (Grant no. 81270244).

–––––––––––––––––-––––
Conflict of Interest
The Authors declare that there are no conflicts of interest.

References

1) LOWN B, VERRIER RL. Neural activity and ventricular
fibrillation. N Engl J Med 1976; 294: 1165-1170.

2) TEO KK, YUSUF S, FURBERG CD. Effects of prophylac-
tic antiarrhythmic drug therapy in acute myocar-
dial infarction. An overview of results from ran-
domized controlled trials. JAMA 1993; 270: 1589-
1595.

3) DARGIE HJ. Effect of carvedilol on outcome after
myocardial infarction in patients with left-ventricu-
lar dysfunction: the CAPRICORN randomised tri-
al. Lancet 2001; 357: 1385-1390.

4) NADEMANEE K, TAYLOR R, BAILEY WE, RIEDERS DE,
KOSAR EM. Treating electrical storm: sympathetic
blockade versus advanced cardiac life support-
guided therapy. Circulation 2000; 102: 742-747.

5) VAN DER WERF C, ZWINDERMAN AH, WILDE AA. Thera-
peutic approach for patients with catecholaminer-
gic polymorphic ventricular tachycardia: state of
the art and future developments. Europace 2012;
14: 175-183.

6) UKENA C, BAUER A, MAHFOUD F, SCHREIECK J, NEUBERG-
ER HR, EICK C, SOBOTKA PA, GAWAZ M, BÖHM M. Re-
nal sympathetic denervation for treatment of elec-
trical storm: first-in-man experience. Clin Res Car-
diol 2012; 101: 63-67.

7) JAMES TN. Combinatorial roles of the human in-
tertruncal plexus in mediating both afferent and
efferent autonomic neural traffic and in producing
a cardiogenic hypertensive chemoreflex. Prog
Cardiovasc Dis 2004; 46: 539-572.

8) SHEN MJ, ZIPES DP. Role of the autonomic nervous
system in modulating cardiac arrhythmias. Circ
Res 2014; 114: 1004-1021.

9) HE B, LU Z, HE W, WU L, CUI B, HU X, YU L, HUANG

C, JIANG H. Effects of ganglionated plexi ablation
on ventricular electrophysiological properties in
normal hearts and after acute myocardial is-
chemia. Int J Cardiol 2013; 168: 86-93.

10) ZHOU S, CHEN LS, MIYAUCHI Y, MIYAUCHI M, KAR S,
KANGAVARI S, FISHBEIN MC, SHARIFI B, CHEN PS. Mech-
anisms of cardiac nerve sprouting after myocar-
dial infarction in dogs. Circ Res 2004; 95: 76-83.

11) ARMOUR JA. Functional anatomy of intrathoracic
neurons innervating the atria and ventricles.
Heart Rhythm 2010; 7: 994-996.

12) CAO JM, CHEN LS, KENKNIGHT BH, OHARAT, LEE MH,
TSAI J, LAI WW, KARAGUEUZIAN HS, WOLF PL, FISHBEIN
MC, CHEN PS. Nerve sprouting and sudden car-
diac death. Circ Res 2000; 86: 816-821.

13) PODRID PJ, FUCHS T, CANDINAS R. Role of the sympa-
thetic nervous system in the genesis of ventricu-
lar arrhythmia. Circulation 1990; 82: I103-113.

14) CHEN LS, ZHOU S, FISHBEIN MC, CHEN PS. New per-
spectives on the role of autonomic nervous sys-
tem in the genesis of arrhythmias. J Cardiovasc
Electrophysiol 2007; 18: 123-127.

15) VERRIER RL, ANTZELEVITCH C. Autonomic aspects of
arrhythmogenesis: the enduring and the new. Curr
Opin Cardiol 2004; 19: 2-11.

16) NGUYEN BL, LI H, FISHBEIN MC, LIN SF, GAUDIO C,
CHEN PS, CHEN LS. Acute myocardial infarction in-
duces bilateral stellate ganglia neural remodeling
in rabbits. Cardiovasc Pathol 2012; 21: 143-148.

17) HAN S, KOBAYASHI K, JOUNG B, PICCIRILLO G, MARUYA-
MA M, VINTERS HV, MARCH K, LIN SF, SHEN C, FISHBEIN
MC, CHEN PS, CHEN LS. Electroanatomic remodel-
ing of the left stellate ganglion after myocardial in-
farction. J Am Coll Cardiol 2012; 59: 954-961.

2679

Local sympathetic denervation and ventricular arrhythmias


