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Abstract

Background

Modulation of the autonomic nervous system (ANS) has already been demonstrated to dis-

play antiarrhythmic effects in patients and animals with MI. In this study, we investigated

whether local cardiac denervation has any beneficial effects on ventricular electrical stability

and cardiac function in the chronic phase of MI.

Methods

Twenty-one anesthetized dogs were randomly assigned into the sham-operated, MI and

MI-ablation groups, respectively. Four weeks after local cardiac denervation, LSG stimula-

tion was used to induce VPCs and VAs. The ventricular fibrillation threshold (VFT) and the

incidence of inducible VPCs were measured with electrophysiological protocol. Cardiac

innervation was determined with immunohistochemical staining of growth associated pro-

tein-43 (GAP43) and tyrosine hydroxylase (TH). The global cardiac and regional ventricular

function was evaluated with doppler echocardiography in this study.

Results

Four weeks after operation, the incidence of inducible VPC and VF in MI-ablation group

were significantly reduced compared to the MI dogs (p<0.05). Moreover, local cardiac

denervation significantly improved VFT in the infarcted border zone (p<0.05). The densities

of GAP43 and TH-positive nerve fibers in the infarcted border zone in the MI-ablation group

were lower than those in the MI group (p<0.05). However, the local cardiac denervation did

not significantly improve cardiac function in the chronic phase of MI, determined by the left

ventricle diameter (LV), left atrial diameter (LA), ejection fraction (EF).
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Conclusions

Summarily, in the chronic phase of MI, local cardiac denervation reduces the ventricular

electrical instability, and attenuates spatial heterogeneity of sympathetic nerve reconstruc-

tion. Our study suggests that this methodology might decrease malignant ventricular

arrhythmia in chronic MI, and has a great potential for clinical application.

Introduction

Modulation of the sympathetic nervous system is an effective method to reduce cardiac

arrhythmia in patients and animals suffering from myocardial infarction (MI). Many proce-

dures, such as beta-blocker application[1–3], cardiac sympathetic denervation, thoracic epi-

dural anesthesia and renal sympathetic denervation etc[4–7], can reduce the activity of the

sympathetic nervous system. However, these regimens block sympathetic nerve fibers enter-

ing not only cardiac tissue but also other organs, causing the dysfunction of other organs

and unwanted complications. To avoid these potential side effects, we developed the local

cardiac denervation, in which the coronary sinus (CS) and great cardiac vein (GCV) periph-

eral nerves are ablated in situ. The local cardiac denervation reduces ventricular arrhyth-

mias (VA) in a canine acute MI model[8], suggesting it may be a novel methodology to

prevent VA complicating acute MI.

Neural remodeling and ventricular electrical instability contribute to fatal arrhythmia, espe-

cially in the chronic phase of MI [9]. Whether the local cardiac denevation has any beneficial

effects on ventricular electrical stability and cardiac function in the chronic phase of MI are

largely unknown. In this study, with the canine MI model, we demonstrated that the local abla-

tion of CS and GCV peripheral nerves reduced the induction rate of VA at the chronic phase

of MI, inhibited cardiac nerve sprouting and improved ventricular electrophysiology. This reg-

imen did not display obvious side effects in terms of heart rate, systemic arterial pressure,

infarct size and cardiac function.

Materials and methods

Experimental animals

Mongrel dogs of both sexes were specifically bred by the experimental animal center at the

First Affiliated Hospital, Harbin Medical University, China. All experimental procedures

involving animals were conducted as per the Institutional Animal Care guidelines and were

ethically approved by the Administration Committee for Experimental Animals Heilongjiang

Province China. The experimental animals were under light and dark cycles of 12 hours, room

temperature ranging from 20–25 uC, and water and chow ad libitum. Every two dogs were

kept in 4 m2 in the kennel. Twenty-one dogs, weighing between 15 and 25 kg, were anesthe-

tized with sodium pentobarbital (25 mg/kg induction; 1.0 mg/kg/h with intermittent boluses,

as needed), and then intubated and mechanically ventilated (Electrical Animal Ventilator,

Medical Equipment Factory, Shanghai, China) to maintain the arterial pCO2 between 35 and

40 mm Hg. Fluid resuscitation was established with 0.9 N NaCl at 10 ml/kg/h. The systemic

arterial pressure was monitored during the experiment with a computer-based Lab System

(GY-6328, Huanan Inc., China). The core body temperature of the animals was maintained at

36.5 ± 1.5˚C with heating pads.
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Generation of myocardial infarction and local ablation of cardiac

sympathetic nerves

Twenty one animals were randomly assigned into the groups of sham-operated (n = 5), myo-

cardial infarction (MI, n = 8) and myocardial infarction followed by nerve ablation (MI-abla-

tion, n = 8). To establish MI in both the MI and the MI-ablation groups, the left anterior

descending coronary artery (LAD) was permanently ligated just below the first diagonal

branch by the one-stage procedure in the open-chest and anesthetized dogs. The animals in

the sham-operated group also underwent thoracotomy and pericardiotomy, but not coronary

artery ligation[10].

After successfully creating MI, we gave the animals a 90-minute interval to recover. The dogs

in the MI-ablation group then further underwent cardiac nerves ablation. The ablation sites

were determined by the anatomical distribution of autonomic nerves along the CS (the distal

CS, proximal 2 cm from the coronary sinus ostium) and the GCV (upper third anterior inter-

ventricular groove) (Fig 1). To avoid a potential damage of the proximal LAD and left circum-

flex (LCX) arteries, which distribute in the target area, the ablation sites were also chosen 0.5cm

away from these arteries. The radiofrequency (RF) energy of a cardiac ablation generator (IBI—

1500T8, Irvine Biomedical Inc., USA) was set 20 W with a cut-off temperature at 60˚C, and a

saline irrigation catheter (7-F, 4.0-mm tip electrode, Irvine Biomedical Inc. USA) was applied to

ablate the nerves for 2 min at both sides of the CS and GCV, respectively. The ablation was per-

formed in the epicardium of the MI-ablation group. An open irrigation system was set to con-

tinuously irrigate the ablation catheter at 40–60 mL/min during radiofrequency delivery.

After surgery, the thorax was closed, and pleural air was aspirated. The dogs were allowed

to recover, and received analgesia and antibiotic therapy by Tramadol (0.02 ml/kg induction

Fig 1. A sketch of the anterior (A) and posterior (B) of a dog heart, in which the ablation targets, the multi-electrodes, the infarct area, the coronary

artery and Coronary Sinus and its tributaries are shown. AT, ablation target; IZ, infarction area; LAD, left anterior descending coronary artery; LCX, left

circumflex coronary artery; CS, coronary sinus; GCV, great cardiac vein; MCV, middle cardiac vein; SCV, small cardiac vein; LASV, left atrium slanting veins;

VPVSC, venae posterior ventriculi sinistri cordis.

https://doi.org/10.1371/journal.pone.0181322.g001
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as needed). Dressing and drainage in the first 4 days. Daily observation of the general state,

monitoring of vital signs. No extra exercises was provided to the dogs. Four weeks later, two

dog in MI group was dead, other survived animals were returned to the laboratory for further

experimental study.

Evaluation of cardiac function

Four weeks after ablation or the generation of MI, the cardiac function of all survival dogs was

evaluated. The left ventricle diameter (LV), left atrial diameter (LA) and ejection fraction (EF)

were determined with doppler echocardiography. Briefly, the left atrial anteroposterior dimen-

sion was measured during LV end-systole immediately before mitral valve opening from the

parasternal long-axis view. LV end-diastolic dimension, inter-ventricular septal thickness, and

posterior wall thickness were measured during LV end-diastole immediately before aortic

valve opening from the parasternal long-axis view. The LV ejection fraction (LVEF), the index

of global LV systolic function, was computed from apical two-and four-chamber views. LVEF

was measured using the biplane modified Simpson method to assess LV global function.

Electrophysiological study

After the evaluation of cardiac function, dogs were anesthetized with sodium pentobarbital

again and other experimental conditions as 4 weeks before. The left stellate ganglion was dis-

sected and isolated from surrounding connective tissue at the first and second intercostal space

of left thoracic. Then central connections were cut at junction of ansae subclaviae and stellate

ganglion, and a shielded platinum stimulating electrode was placed firmly around proximal

end. Stellate stimulation consisted of repeated square wave pulses (5- min duration and 10-min

interval) delivered at 10 to15 Hz with stimulus amplitude of 10 V. Stimulation was effective

when stimulated to increase mean arterial pressure by more than 20 mm Hg. The continuous

ECG was recorded in all dogs for 1h during stellate stimulation to determine the incidence and

duration of VA, including ventricular premature contraction (VPC), paroxysmal ventricular

tachycardia (PVT) and spontaneous VF[11–12]. If a sustained VF was induced, the stellate stim-

ulation was termination and a cardiac electric defibrillator was used to shock the heart back to

normal rhythm.

The VFT, the minimum voltage to induce sustained VF, was determined in the all survival

dogs. Thirty minutes after left stellate ganglion stimulation, VF was induced at the same heart

rate (200 beats/min) among animals. Followed by a 20-beat drive train with a pacing cycle

length of 300ms, 100ms S1–S1 stimuli were repeatedly applied to the right ventricular apex

with an increase of stimuli intensity by 2V each time until VF was induced. Each stimulus

lasted for 10 second and followed by a 30-second rest period before the next round of stimula-

tion. Once a sustained VF was induced, a cardiac electric defibrillator was used to shock the

heart back to normal rhythm. After a 5-minute break, the stimulation protocol was repeated to

measure the second VFT. The measurements of both times were averaged as mean VFT. At

the end of experiment, all dogs died of sustained VF. Animal deaths were confirmed by obser-

vation of dog respiratory and cardiac arrest.

Histology immunohistochemistry

At the end of the experiment, the hearts were quickly collected from all dogs in each group.

(S1 Fig) These sites were equally split into three groups which distributed respectively in the

infarcted border zone (IBZ between infarcted zone and the noninfarcted left ventricle free

wall, within 3mm in the pale marginal area of infarcted zone), the noninfarcted left ventricle

free wall (LVFW, beyond 2cm in the pale marginal area of infarcted zone) and cardiac base
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(CB, the ablation sites of around GCV). The size of about 0.6 × 0.8 cm. 4 μm transmural sec-

tions were cut perpendicularly to the epicardium and mounted onto slides. Immunohistologi-

cal staining of growth associated protein-43 (GAP43) and tyrosine hydroxylase (TH) was

carried out according to standard procedures. The density of TH-positive sympathetic nerve

fibers was quantified using Motic Images Advanced 3.2 software and expressed as the nerve

area divided by the total area examined (μm2/mm2). The nerve density of each slide was deter-

mined by the average of 3 areas with the highest nerve density.

Measurement of infarct size

Triphenyl tetrazolium chloride (TTC) was used to distinguish infarct area from noninfarcted

tissue according to dye-exclusion method described previously [13]. The unstained infarct tis-

sue was mechanically separated from the brick red-stained noninfarcted left ventricular wall.

The mass of the infarct tissue was weighed and normalized with the left ventricular tissue

mass.

Statistical analysis

The measurement data were expressed as mean ± standard deviation (± s). The Student-New-

man- Keuls Q test which was used to compare, ventricular fibrillation threshold, TH, GAP43,

heart rate, and blood pressure across groups; the Kruskal-Wallis H rank-sum test was used

between the three groups of non-normal distributions, the Nemenyi test And duration);

Between group differences in myocardial infarction size were compared using the Student t-

test. The software SPSS 17.0 (SPSS, Chicago, IL, USA) was used in the statistical analysis. Com-

parisons among continuous data were performed using a one-way analysis of variance

(ANOVA); whereas categorical data were analyzed with the χ2-test. Values of p< 0.05 were

considered statistically significant.

Results

General results

Sixteen MI animals were generated by ligating the left anterior descending coronary artery.

After ligation, the ECG immediately displayed ST-segment elevation, and the lesional epicar-

dium gradually became pale. Eight ligated dogs further underwent the radiofrequency ablation

of the cardiac sympathetic nerves along the CS and GCV. The ablation sites, shown in Fig 1A

and 1B, were 0.5 cm away from LAD and LCX. During surgery, 3 out of 16 ligated dogs dis-

played VPC and PVT. Two MI and one MI-ablation animals showed sustained VT. A cardiac

electric defibrillator was applied to these animals to recover normal heart rhythm. Although all

animals survived surgery, two MI dogs died respectively at the fifth and fourteenth day after

surgery unexpectedly. We did open chest autopsy. The former was shown to die of severe

chest infection. The latter thoracic cavity and pericardial effusion was obvious and without

other obvious signs. We analyzed that death was due to heart failure.

Electrophysiological study

The local cardiac denervation prevents ventricular arrhythmias (VA) complicating acute MI

[8], and thus it could also decrease the probability of VA in the chronic phase of MI. To test

this hypothesis, we stimulated the left stellate ganglion to induce artificial VA in all experimen-

tal animals, and determined whether the local ablation of cardiac nerves affects VA occur-

rence. After stimulating the left stellate ganglion, no VF was observed among three groups, but

one MI dogs displayed sustained VT. In the MI animals, the stimulation of the left stellate
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ganglion significantly increased the number of ventricular premature complexes (VPCs), and

elevated the episodes and duration of polymorphous ventricular tachycardia (PVT), suggestion

ventricullar arrhythmias is very easily induced in chronic MI. However, the local cardiac

denervation dramatically decreased VPCs occurrence at the chronic phase of MI after ganglion

stimulation (Table 1). Although there is no significant difference, the episodes and durations

of PVT were showed a decreased trend in the MI-ablation animals as compared with MI dogs.

At the end of the electrophysiological study, we determined ventricular fibrillation thresh-

old (VFT) by purposely inducing VF in all live animals. Comparing with the MI group, the

local denervation significantly increased the VFT in MI-ablation dogs. Furthermore, the

increased VFT in the MI-ablation group had no significant difference from that in the sham-

operated group (Table 2).

Summarily, above result demonstrated that the local cardiac denervation inhibits VA

occurrence in the chronic phase of MI.

Nerve sprouting and sympathetic hyperinnervation

The cardiac nerve sprouting and sympathetic hyperinnervation[14] are critical determinants

for VA occurrence in the MI[13]. To determine effects of the local cardiac denervation on car-

diac nerve sprouting and sympathetic hyperinnervation, we performed immunohistological

staining of cardiac tissue (IBZ, LVFW and CB) with antibodies against GAP-43, a marker of

nerve sprouting, and TH, a marker of sympathetic nerve. During the recovery from myocar-

dial infarction, cardiac nerve sprouting and sympathetic hyperinnervation significantly

enhanced in the infarcted area, manifested with the increased numbers of both GAP-43 and

TH positive nerves in the CB, IBZ and LVFW of the MI animals. The radiofrequency ablation

of cardiac nerves drastically reversed this anomaly, especially in the areas of CB and IBZ (Fig

2). Quantitative data also showed that the densities of either GAP43- or TH positive nerves in

the IBZ and CB were significantly lower (p<0.05) in the MI-ablation group than that in the MI

group (Fig 3). These results suggest that local cardiac denervation inhibits cardiac nerve

sprouting and sympathetic hyperinnervation at the chronic pahse of MI.

Table 1. The incidence and duration of ventricular arrhythmias among three groups during one hour

of left stellate ganglion stimulation discontinuously(x±s).

sham-operated group (n = 5) MI group (n = 6) MI-ablation Group (n = 8)

VPC 63.0±16.5 249.8±72.6* 102.8±22.1#*

PVT 0 2.0±1.8* 0.4±0.5

durations of PVT (s) 0 3.2±1.7* 0.8±1.1

Note

* p < 0.05 vs. sham-operated group

# p < 0.05 vs. MI group.

https://doi.org/10.1371/journal.pone.0181322.t001

Table 2. The ventricular fibrillation threshold among three groups(x±s).

sham-operated group (n = 5) MI group (n = 6) MI-ablation group (n = 8)

Ventricular fibrillation threshold (V) 19.2±4.1 10.7±2.2* 15.8±2.6#

Note

* p < 0.05 vs. sham-operated group

# p < 0.05 vs. MI group.

https://doi.org/10.1371/journal.pone.0181322.t002
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Cardiac function, vital signs and infract size

To observe whether the local cardiac devervation has any beneficial effect on the recovery of

cardiac function in the chronic phase of MI. Four weeks after surgery, the cardiac function of

all survival dogs was determined with doppler echocardiography. As shown in Table 3, the

local cardiac denervation did not significantly improved the cardiac function, determined by

the left ventricle diameter (LV), left atrial diameter (LA), ejection fraction (EF) and fractional
shortening (FS).

The alteration of sympathetic nervous system is usually associated with the changes of heart

rate and blood pressure[15–16]. However, the local ablation of cardiac sympathetic nerves did

Fig 2. The TH and GAP43-positive sympathetic nerve fibers in the infarcted border zone (×200) in the sham-

operated group (A, D), the MI group (B, E) and MI-ablation group (C, F). Positive nerve fibers were shown in brown

color and located between myofibrils. The TH and GAP43-positive sympathetic nerve fibers in MI-ablation group were

decreased when compared with MI group.

https://doi.org/10.1371/journal.pone.0181322.g002

Fig 3. The density of TH (A) and GAP43 (B) positive nerve fibers around the CB, IBZ andnon-infarcted

LVFW in the sham-operated, MI and MI-ablation group. MI, myocardial infarction; TH, tyrosine hydroxyls;

GAP43, growth associated protein 43; CB, LV anterior/ventral base; IBZ, infarction border zone; LVFW, left

ventricle free wall. Note: * p < 0.05 vs. sham-operated group; # p < 0.05 vs. MI group.

https://doi.org/10.1371/journal.pone.0181322.g003
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not alter these indices when compared with MI and sham-operated animals (Table 4), suggest-

ing this regimen does not cause the systemic side effects and potential damages to other

organs.

Discussion

In the present study, we found that the local cardiac denervation decreased VPC burden and

increased VF threshold at the chronic phase of MI. The local blockade of cardiac sympathetic

nerves led to the amelioration of the ventricular, as well as the reduction of cardiac nerve

sprouting and sympathetic hyperinnervation. Furthermore, there was no obvious changes of

cardiac function, heart rate, systolic pressure, diastolic pressure and infarct size after local car-

diac denervation.

Neural remodelling after myocardial infarction, characterized by heterogeneous cardiac

nerve sprouting and sympathetic hyperinnervation in infarcted myocardium, may predispose

to spontaneous VF[17–19]. Hyperinnervation in infarcted tissues results into the spatially het-

erogeneity in sympathetic nerve density and the various levels of sympathetic neurotransmit-

ters, consequently leading to spatial heterogeneous electrical remodeling of cardiomyocytes

[20]. These electroanatomic remodeling after MI increases ICa.L density and decreases K+ cur-

rent densities, resulting in action potential prolongation in hyperinnervated regions. The

action potential prolongation and augmented Ca2+ influx through L-type Ca2+ channels syner-

gistically increase the susceptibility to EAD- and/or DAD-triggered activity in hyperinnervated

regions, further increasing vulnerability to VA [21]. The importance of neural remodelling in

VA is stressed by the efficacy of β-blocker and angiotensinconverting enzyme inhibitor

(ACEI) therapy, which dramatically reduce the sudden death after MI[22–25]. Therefore,

intervention of neural remodelling after MI may provide a novel opportunity for VA

treatment.

The local cardiac dernervation efficiently prevents VT complicating AMI through improv-

ing cardiac electrical stability[8]. Our present study further demonstrated that local cardiac

denervation also benefits chronic MI by decreasing VPC burden and increased VF threshold.

Table 3. The cardiac function among three groups (x±s).

LA(mm) LV(mm) EF(%) FS(%)

sham-operated group (n = 5) 35±2.1 40±3.1 68±2.3 34±6.1

MI group (n = 6) 39±3.3* 46±4.4* 43±5.5* 22±3.7*

MI-ablation group (n = 8) 38±3.4 49±2.4 40±7.3 26±5.4

Note

* p < 0.05 vs. sham-operated group

https://doi.org/10.1371/journal.pone.0181322.t003

Table 4. The change of vital signs and infarct size among three different groups (x±s).

sham-operated group (n = 5) MI group (n = 6) MI-ablation group (n = 8)

heart rate (beat/min) 117.6±14.3 147.7±13.7* 139.5±15.7*

Systolic pressure (mmHg) 121.0±8.1 110.7±10.8 106.6±11.5

diastolic pressure (mmHg) 58.0±8.6 53.0±6.5 50.5±7.8

infracts size (%) —— 33.9±3.0 31.7±1.9

Note

* p < 0.05 vs. sham-operated group

https://doi.org/10.1371/journal.pone.0181322.t004
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The local ablation of cardiac sympathetic nerves significantly reduces cardiac nerve sprouting

and hyperinnervation in the infarcted area at the chronic phase of MI, leading to stabilization

of ventricular electrical activity and reduction of VA occurrence. Since the mechanistic rela-

tionship between the sympathetic nervous system and VA are very complicated, the other

mechanisms may also contribute the beneficiary effects of the ablation of cardiac sympathetic

nerve in the chronic phase of MI.

Our previous and present studies proposed a new possibility that the local cardiac denerva-

tion may be promising in clinical practice. Percutaneous coronary intervention (PCI) revascu-

larization procedure combined with local cardiac denervation will not only re-establishes the

blood transportation system, but also prevent the VA occurrence at both the acute and chronic

phases of MI. This combination therapy may be a feasible way to prevent VA and sudden

death in MI patients with high risk of VA, and would dramatically improve the outcomes of

these patients. Our previous and present studies also demonstrate the safety of the local cardiac

denervation. Other popular methodologies of cardiac denervation at sites far from the heart,

including the removal of unilateral stellate ganglion, thoracic epidural anesthesia, renal sympa-

thetic denervation, etc[4–7], blocks sympathetic nerve fibers entering not only cardinal tissue

but also other organs, causing the dysfunction of other organs and unwanted complications.

Compared with these regimens, the local cardiac denervation does not cause the systemic side

effects, and have more bright perspective in clinical application.

Although our studies indicate that the local cardiac denervation may prevent acute and

chronic MI-related VA, further studies will be needed to address: (a) the molecular and cellular

mechanism of the beneficiary effect of the local cardiac denervation; (b) non-invasive assess-

ment of successful denervation in vivo; (c) the difference of experimental infarction in our

study versus coronary clinical infarction. (d) Patients with chronic myocardial infarction often

suffer from recurrent monomorphic ventricular tachycardias. However, the incidence of

recurrent monomorphic ventricular tachycardias in the experiment is low. We have not been

able to fully simulate clinical patients by giving a stimulating approach. So we take the stimulus

method to increase the monomorphic ventricular tachycardia and ventricular premature fre-

quency. (e) The durability of this regimen is still unclear. This methodology could be tempo-

rary as the cell bodies of these fibers remain intact in the stellate and other thoracic ganglia.

All the primary data were shown in S1–S7 Tables.

Supporting information

S1 Fig. The MI seen in epicardium after second thoracotomy.

(JPG)

S1 Table. The primary data of GAP43 positive nerves.

(XLS)

S2 Table. The primary data of TH positive nerves.

(XLS)

S3 Table. The threshold of ventricular fibrillation.

(XLS)

S4 Table. The occurrence of ventricular arrhythmia.

(XLS)

S5 Table. The area of ischemic myocardium.

(XLS)
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S6 Table. The heart function of each dog.

(XLS)

S7 Table. The heart rate and blood pressure of each dog.

(XLS)

Author Contributions

Conceptualization: Jingjie Li.

Data curation: Xudong Liu, Lin Sun, Jugang Chen.

Methodology: Xudong Liu, Lin Sun, Zhongnan Xia.

Software: Xudong Liu, Yingying Jin, Zhongnan Xia.

Validation: Xudong Liu, Jugang Chen, Yingying Jin, Qing Liu, Liang Wang.

Visualization: Xudong Liu, Yingying Jin, Qing Liu, Liang Wang.

Writing – original draft: Xudong Liu.

Writing – review & editing: Jingjie Li.

References
1. Steinbeck G, Andresen D, Bach P, Haberl R, Oeff M, Hoffmann E, et al. A comparison of electrophysio-

logically guided antiarrhythmic drug therapy with beta-blocker therapy in patients with symptomatic,

sustained ventricular tachyarrhythmias. N Engl J Med. 1992; 327(14):987–92. https://doi.org/10.1056/

NEJM199210013271404 PMID: 1355595

2. Antz M, Cappato R, Kuck KH. Metoprolol versus sotalol in the treatment of sustained ventricular tachy-

cardia. J Cardiovasc Pharmacol. 1995; 26(4):627–35. PMID: 8569226

3. Zipes DP, Camm AJ, Borggrefe M, Buxton AE, Chaitman B, Fromer M, et al. ACC/AHA/ESC 2006

Guidelines for Management of Patients With Ventricular Arrhythmias and the Prevention of Sudden

Cardiac Death: a report of the American College of Cardiology/American Heart Association Task Force

and the European Society of Cardiology Committee for Practice Guidelines (writing committee to

develop Guidelines for Management of Patients With Ventricular Arrhythmias and the Prevention of

Sudden Cardiac Death): developed in collaboration with the European Heart Rhythm Association and

the Heart Rhythm Society. Circulation. 2006; 114(10):e385–484. https://doi.org/10.1161/

CIRCULATIONAHA.106.178233 PMID: 16935995

4. Vaseghi M, Gima J, Kanaan C, Ajijola OA, Marmureanu A, Mahajan A, et al. Cardiac sympathetic

denervation in patients with refractory ventricular arrhythmias or electrical storm: intermediate and long-

term follow-up. Heart Rhythm. 2014; 11(3):360–6. https://doi.org/10.1016/j.hrthm.2013.11.028 PMID:

24291775

5. Ukena C, Bauer A, Mahfoud F, Schreieck J, Neuberger HR, Eick C, et al. Renal sympathetic denerva-

tion for treatment of electrical storm: first-in-man experience. Clin Res Cardiol. 2012; 101(1):63–7.

https://doi.org/10.1007/s00392-011-0365-5 PMID: 21960416

6. Vanoli E, De Ferrari GM, Stramba-Badiale M, Hull SS Jr., Foreman RD, Schwartz PJ. Vagal stimulation

and prevention of sudden death in conscious dogs with a healed myocardial infarction. Circ Res. 1991;

68(5):1471–81. PMID: 2019002

7. Grimaldi R, de Luca A, Kornet L, Castagno D, Gaita F. Can spinal cord stimulation reduce ventricular

arrhythmias? Heart Rhythm. 2012; 9(11):1884–7. https://doi.org/10.1016/j.hrthm.2012.08.007 PMID:

22877745

8. Chen J, Li M, Yu Y, Wu X, Jiang R, Jin Y, et al. Prevention of ventricular arrhythmia complicating acute

myocardial infarction by local cardiac denervation. Int J Cardiol. 2015; 184:667–73. https://doi.org/10.

1016/j.ijcard.2015.03.057 PMID: 25771236

9. Pouliopoulos J, Thiagalingam A, Eipper VE, Campbell C, Ross DL, Kovoor P. Transmural mapping of

myocardial refractoriness and endocardial dispersion of repolarization in an ovine model of chronic

myocardial infarction. Pacing Clin Electrophysiol. 2009; 32(7):851–61. https://doi.org/10.1111/j.1540-

8159.2009.02399.x PMID: 19572859

Local cardiac denervation and ventricular arrhythmia

PLOS ONE | https://doi.org/10.1371/journal.pone.0181322 July 21, 2017 10 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181322.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181322.s008
https://doi.org/10.1056/NEJM199210013271404
https://doi.org/10.1056/NEJM199210013271404
http://www.ncbi.nlm.nih.gov/pubmed/1355595
http://www.ncbi.nlm.nih.gov/pubmed/8569226
https://doi.org/10.1161/CIRCULATIONAHA.106.178233
https://doi.org/10.1161/CIRCULATIONAHA.106.178233
http://www.ncbi.nlm.nih.gov/pubmed/16935995
https://doi.org/10.1016/j.hrthm.2013.11.028
http://www.ncbi.nlm.nih.gov/pubmed/24291775
https://doi.org/10.1007/s00392-011-0365-5
http://www.ncbi.nlm.nih.gov/pubmed/21960416
http://www.ncbi.nlm.nih.gov/pubmed/2019002
https://doi.org/10.1016/j.hrthm.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/22877745
https://doi.org/10.1016/j.ijcard.2015.03.057
https://doi.org/10.1016/j.ijcard.2015.03.057
http://www.ncbi.nlm.nih.gov/pubmed/25771236
https://doi.org/10.1111/j.1540-8159.2009.02399.x
https://doi.org/10.1111/j.1540-8159.2009.02399.x
http://www.ncbi.nlm.nih.gov/pubmed/19572859
https://doi.org/10.1371/journal.pone.0181322


10. Bisteni A, Harris AS. Effectiveness of nupercaine hydrochloride and phenobarbital sodium in the sup-

pression of ventricular tachycardia associated with acute myocardial infarction. Circulation. 1953; 7

(4):523–32. PMID: 13033079

11. Linz D, Wirth K, Ukena C, Mahfoud F, Poss J, Linz B, et al. Renal denervation suppresses ventricular

arrhythmias during acute ventricular ischemia in pigs. Heart Rhythm. 2013; 10(10):1525–30. https://doi.

org/10.1016/j.hrthm.2013.07.015 PMID: 23851058

12. He B, Lu Z, He W, Wu L, Cui B, Hu X, et al. Effects of ganglionated plexi ablation on ventricular

electrophysiological properties in normal hearts and after acute myocardial ischemia. Int J Cardiol.

2013; 168(1):86–93. https://doi.org/10.1016/j.ijcard.2012.09.067 PMID: 23041007

13. Cao JM, Fishbein MC, Han JB, Lai WW, Lai AC, Wu TJ, et al. Relationship between regional cardiac

hyperinnervation and ventricular arrhythmia. Circulation. 2000; 101(16):1960–9. PMID: 10779463

14. Zhou S, Chen LS, Miyauchi Y, Miyauchi M, Kar S, Kangavari S, et al. Mechanisms of cardiac nerve

sprouting after myocardial infarction in dogs. Circ Res. 2004; 95(1):76–83. https://doi.org/10.1161/01.

RES.0000133678.22968.e3 PMID: 15166093

15. Issa ZF, Zhou X, Ujhelyi MR, Rosenberger J, Bhakta D, Groh WJ, et al. Thoracic spinal cord stimulation

reduces the risk of ischemic ventricular arrhythmias in a postinfarction heart failure canine model. Circu-

lation. 2005; 111(24):3217–20. https://doi.org/10.1161/CIRCULATIONAHA.104.507897 PMID:

15956128

16. Samaan A. The antagonistic cardiac nerves and heart rate. J Physiol. 1935; 83(3):332–40. PMID:

16994634

17. Han S, Kobayashi K, Joung B, Piccirillo G, Maruyama M, Vinters HV, et al. Electroanatomic remodeling

of the left stellate ganglion after myocardial infarction. J Am Coll Cardiol. 2012; 59(10):954–61. https://

doi.org/10.1016/j.jacc.2011.11.030 PMID: 22381432

18. Zhou S, Jung BC, Tan AY, Trang VQ, Gholmieh G, Han SW, et al. Spontaneous stellate ganglion nerve

activity and ventricular arrhythmia in a canine model of sudden death. Heart Rhythm. 2008; 5(1):131–9.

https://doi.org/10.1016/j.hrthm.2007.09.007 PMID: 18055272

19. Manousiouthakis E, Mendez M, Garner MC, Exertier P, Makita T. Venous endothelin guides sympa-

thetic innervation of the developing mouse heart. Nat Commun. 2014; 5:3918. https://doi.org/10.1038/

ncomms4918 PMID: 24875861

20. Tomaselli GF, Zipes DP. What causes sudden death in heart failure? Circ Res. 2004; 95(8):754–63.

https://doi.org/10.1161/01.RES.0000145047.14691.db PMID: 15486322

21. Coetzee WA, Opie LH. Effects of components of ischemia and metabolic inhibition on delayed afterde-

polarizations in guinea pig papillary muscle. Circ Res. 1987; 61(2):157–65. PMID: 3621482

22. Barber MJ, Mueller TM, Henry DP, Felten SY, Zipes DP. Transmural myocardial infarction in the dog

produces sympathectomy in noninfarcted myocardium. Circulation. 1983; 67(4):787–96. PMID:

6825234

23. Yan SH, Hu HS, Wang LX, Xing QC, Cheng WJ, Xue M. Effects of angiotensin converting enzyme inhi-

bition on cardiac innervation and ventricular arrhythmias after myocardial infarction. Clin Invest Med.

2008; 31(4):E198–205. PMID: 18682043

24. Olsson G, Rehnqvist N, Sjogren A, Erhardt L, Lundman T. Long-term treatment with metoprolol after

myocardial infarction: effect on 3 year mortality and morbidity. J Am Coll Cardiol. 1985; 5(6):1428–37.

PMID: 3889100.

25. Bangalore S, Messerli FH, Kostis JB, Pepine CJ. Cardiovascular protection using beta-blockers: a criti-

cal review of the evidence. J Am Coll Cardiol. 2007; 50(7):563–72. https://doi.org/10.1016/j.jacc.2007.

04.060 PMID: 17692739

Local cardiac denervation and ventricular arrhythmia

PLOS ONE | https://doi.org/10.1371/journal.pone.0181322 July 21, 2017 11 / 11

http://www.ncbi.nlm.nih.gov/pubmed/13033079
https://doi.org/10.1016/j.hrthm.2013.07.015
https://doi.org/10.1016/j.hrthm.2013.07.015
http://www.ncbi.nlm.nih.gov/pubmed/23851058
https://doi.org/10.1016/j.ijcard.2012.09.067
http://www.ncbi.nlm.nih.gov/pubmed/23041007
http://www.ncbi.nlm.nih.gov/pubmed/10779463
https://doi.org/10.1161/01.RES.0000133678.22968.e3
https://doi.org/10.1161/01.RES.0000133678.22968.e3
http://www.ncbi.nlm.nih.gov/pubmed/15166093
https://doi.org/10.1161/CIRCULATIONAHA.104.507897
http://www.ncbi.nlm.nih.gov/pubmed/15956128
http://www.ncbi.nlm.nih.gov/pubmed/16994634
https://doi.org/10.1016/j.jacc.2011.11.030
https://doi.org/10.1016/j.jacc.2011.11.030
http://www.ncbi.nlm.nih.gov/pubmed/22381432
https://doi.org/10.1016/j.hrthm.2007.09.007
http://www.ncbi.nlm.nih.gov/pubmed/18055272
https://doi.org/10.1038/ncomms4918
https://doi.org/10.1038/ncomms4918
http://www.ncbi.nlm.nih.gov/pubmed/24875861
https://doi.org/10.1161/01.RES.0000145047.14691.db
http://www.ncbi.nlm.nih.gov/pubmed/15486322
http://www.ncbi.nlm.nih.gov/pubmed/3621482
http://www.ncbi.nlm.nih.gov/pubmed/6825234
http://www.ncbi.nlm.nih.gov/pubmed/18682043
http://www.ncbi.nlm.nih.gov/pubmed/3889100
https://doi.org/10.1016/j.jacc.2007.04.060
https://doi.org/10.1016/j.jacc.2007.04.060
http://www.ncbi.nlm.nih.gov/pubmed/17692739
https://doi.org/10.1371/journal.pone.0181322

