
Stellate ganglion stimulation causes spatiotemporal changes of 
ventricular repolarization in pig

Veronique M.F. Meijborg, PhD#,1,2, Bastiaan J.D. Boukens, PhD#,3, Michiel J. Janse, MD, 
PhD1, Siamak Salavatian, MD4, Michael Dacey, MD4, Koji Yoshie, MD4, Tobias Opthof, PhD1, 
Mohammad Amer Swid, MD4, Jonathan D. Hoang, MD4, Peter Hanna, MD4, Jeffrey Ardell, 
PhD4, Kalyanam Shivkumar, MD, PhD4, Ruben Coronel, MD, PhD1,5

1Amsterdam UMC, University of Amsterdam, Heart Center; department of Clinical and 
Experimental Cardiology, Amsterdam Cardiovascular Sciences, Meibergdreef 9, Amsterdam, The 
Netherlands 2Netherlands Heart Institute, Holland Heart House, Utrecht, The Netherlands 
3Amsterdam UMC, University of Amsterdam; department of Medical Biology, Meibergdreef 9, 
Amsterdam, The Netherlands 4UCLA Cardiac Arrhythmia Center, Los Angeles, CA, USA 
5L’Institut de RYthmologie et de modélisation Cardiaque (LIRYC), Université Bordeaux, 
Bordeaux, France

Abstract

Background—Dispersion in ventricular repolarization is relevant for arrhythmogenesis.

Objective—To determine the spatiotemporal effects of sympathetic stimulation on ventricular 

repolarization.

Methods—In five anesthetized female open chested pigs ventricular repolarization was measured 

from the anterior, lateral and posterior wall of the left (LV) and right ventricle (RV) using up to 40 

transmural plunge needles (4 electrodes each), before and after left and right stellate stimulation 

(LSGS and RSGS). In addition, LSGS was performed in 3 pigs (2 male, 1 female) before and after 

verapamil (5–10 mg/hr) administration.

Results—LSGS yielded a biphasic response in repolarization in the lateral and posterior wall of 

the LV, with prolongation at ~5 seconds (+10±1.5 ms) and a shortening at 20–30 seconds of 

stimulation (–28.9±4.4 ms) during a monotonic pressure increase. While the initial prolongation 

was abolished by verapamil, the late shortening was augmented. Sequential transections of the 

vagal nerve and stellate ganglia augmented repolarization dispersion responses to LSGS in 2 out 

of 5 hearts. An equal pressure increase by aortic occlusion resulted in a homogeneous shortening 

of repolarization in the LV and the effects were smaller than during LSGS. RSGS shortened 

repolarization mainly in the anterior LV wall, but the effects were smaller than those of LSGS.
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Conclusion—LSGS first prolongs (through the L-type calcium current) and then shortens 

repolarization. The effect of LSGS was prominent in the posterior and lateral, not the anterior, LV 

wall.
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Introduction

Life-threatening ventricular arrhythmias are commonly initiated by autonomic triggers like 

exercise or emotional arousal 1–3. Antiarrhythmic therapy targeting the autonomic nervous 

system (ANS) is effective but the exact role of ANS in arrhythmogenesis is unclear 4–6.

Sympathetic stimulation shortens ventricular action potential duration, activation-recovery 

intervals, or refractory periods 7–12, although a lengthening has been observed as well 12–14. 

These changes may be time-dependent, or dependent on distribution of the autonomic nerves 
12. Histological data point to a transmural distribution in innervation 15, but whether this 

dispersion in innervation leads to transmural dispersion in repolarization is unknown. The 

heterogeneity in cardiac innervation and the time dependence of its effects may lead to 

dispersion in repolarization and thus promote reentrant arrhythmias.12,16 In this study we 

aim to document the spatiotemporal ventricular repolarization changes following stellate 

stimulation.

In view of the complex feedback system that constitutes the autonomic nervous system we 

reasoned that the loss of neural connections to the central neural system would enhance the 

response of the heart to sympathetic stimulation 17, and increase the dispersion in 

repolarization. We therefore compared the ventricular repolarization changes before and 

after the removal of the afferent connections from the heart to the brain.

Methods

Animal handling and care were according to the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals and the University of California, Los Angeles, 

Institutional Animal Care and Use Committees. Animal protocols were approved by the 

Chancellor’s Animal Research Committee, University of California, Los Angeles.

Animal preparation

Female Yorkshire pigs (Group 1, n=5, weighing 60–64 kg) were premedicated with 

intramuscular telazol (8–10 mg/kg), intubated and ventilated. A midsternal thoracotomy was 

performed and the stellate ganglia were prepared free (as published previously, see 

Supplementary Methods) 16. Left ventricular (LV) pressures were assessed by using a 5-F 

pigtail pressure catheter connected to a MPVS Ultra processor (Millar Instruments, Inc, 

Houston, TX) placed in the LV via a carotid artery. Umbilical tape (1/2”) was loosely placed 

around the descending aorta. Pulling the umbilical tape through tubing resulted in 

constriction of the aorta and a temporary increase in aortic and left ventricular pressure.
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Transmural plunge needles (diameter 0.5 mm; n=40) with 4 electrodes each (4mm 

interelectrode distance) were inserted into the heart according to the diagram in Figure 1A: 

within the LV in the anterior part (8 needles), lateral part (8 needles) and posterior part (8 

needles), and within the right ventricle in the posterior part (8 needles), and anterior part (8 

needles) (Figure 1A). The reference electrode was positioned subcutaneously at the thoracic 

incision site. A bipolar stimulation electrode was attached to the right atrium. In 3 additional 

experiments (Group 2, 2 male, 1 female) LSGS was performed before and after verapamil 

(continuous IV infusion 5–10 mg/hr).

Stellate Ganglion Stimulation (SGS)—Right (RSG) or left (LSG) stellate ganglia were 

electrically stimulated through a bipolar platinum electrode connected to a Grass stimulator 

(S88; Grass Technologies, West Warwick, RI) via SIU6 constant current stimulus isolation 

units as published previously (see Supplementary Methods) 16. Figure 1B schematically 

shows the protocol. For LSGS a pressure increase by 30% and for RSGS a cycle length 

decrease to reach a cycle length of 450 ms was targeted.

Aortic constriction—During Aortic constriction we aimed at reaching the same LV 

pressure increase as obtained during LSGS.

After each of these interventions at least 5 minutes were allowed for normalization of the 

arterial pressure and heart rate to baseline values. The autonomic manipulations were 

performed before and after bilateral vagotomy (i.e. cut vagal nerves cranial to pacing site) 

and following bilateral decentralization of the stellate ganglia (i.e. cut stellate ganglion 

caudal to stimulation site). These procedures interrupt vagal and sympathetic afferent 

cardiac input to the central neural system, respectively.

Electrophysiological recordings

Recordings were made from a total of 160 electrode terminals (Group 1, 40 needles with 4 

terminals each) and from 128 epicardial electrodes in Group 2. Unipolar electrograms were 

recorded via a 256-channel acquisition system (24 bit dynamic range, 122.07 nV LSB, total 

noise 0.5 microV [BioSemi], sampling frequency 2048 Hz (bandwidth [−3dB] DC-400 Hz)). 

Surface electrocardiograms (lead I, II and III) were recorded. Recordings were made during 

atrial pacing (cycle length 450 ms) before and during stellate ganglion stimulation and 

before and after aortic constriction prior to and following vagotomy and stellate 

decentralization.

Electrical signal analysis was performed offline using custom-made data analysis software 

based on MATLAB2016a (Mathworks Inc., Natick, Ma, USA) as published previously 18. 

Repolarization times (RT) were defined as the interval between the beginning of the QRS 

complex and the maximum positive slope of the T wave in the local electrograms.

Statistics

Data are presented as mean±SEM. A linear mixed model for repeated measurements was 

used to test the effect LSGS and RSGS on the repolarization and to explore interactions with 

spatial and temporal factors (see Supplementary Methods).
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Results

LSGS: Biphasic changes in repolarization

Figure 2 shows an example of the pressure and T-wave changes during LSGS. Pressure 

increased monotonically following the onset of LSGS, while the T-wave initially became 

increasingly more negative (EARLY phase of LSGS) and subsequently became positive 

(LATE phase of LSGS). This was reflected by the T-wave in the ECG (Figure 2B). The 

biphasic response was present in both male and female pigs (Supplemental Figure 1).

Figures 2C and 2D show three superimposed electrograms (pre: blue, early: red, late: green) 

recorded at 4 electrode terminals on each of two needles, one in the left lateral (Figure 2C), 

the other in the left anterior wall (Figure 2D). T-wave changes occur at both needle 

positions, but local repolarization time (indicated by dots) changes in the left lateral but not 

in the left anterior sites. At all sites, the T-wave morphology changed in a biphasic pattern. 

Only at the lateral site (Figure 2C) prolongation of the repolarization time was followed by 

marked shortening of the repolarization time. More pronounced changes occurred at the LV 

subepicardium than in the LV subendocardium (Figure 2C).

Figure 3 shows three-dimensional repolarization maps before, and at the maximum early and 

late response of LSGS in the same heart. As a result of LSGS, spatial dispersion in 

repolarization increased during the early phase (lateral posterior prolongation), but 

especially during the late phase of LSGS (lateral posterior shortening). Figure 4 summarizes 

the results of all group 1 experiments. LSGS had effect in the LV lateral and posterior 

regions (p=0.006 and p=0.003, respectively), but not in the LV anterior region (p>0.05). In 

the posterior LV wall, the LSGS effect was larger in the subepicardium than 

subendocardium (p=0.043), with a significant biphasic response in epicardial as well as 

endocardial sites. In the lateral wall the response to LSGS in the subepicardium and 

subendocardium was almost significantly different (p=0.056). In 3 out of 5 pigs the 

repolarization gradient reversed (PRE: RT LV anterior < RT lateral/posterior, LATE: RT LV 

posterior < RT LV anterior). In the other 2 pigs the direction of the gradient was unchanged. 

On average the total RT dispersion (defined as 95th-5th percentile) increased from 40±5 to 

52±8 ms (pre vs late), although this reached no statistical significance.

To the test the hypothesis that enhanced L-type calcium current explained the LSGS-induced 

prolongation of repolarization we administered verapamil (Figure 5A). Overall, Verapamil 

abolished the initial prolongation (+17.4±8.2 vs −11.8±5.3, p=0.047) and tended to increase 

the late shortening in repolarization (−18.0±8.8 vs −41.8±19.4, p=0.165).

RSGS shortens repolarization in the anterior LV

The effects of RSGS were smaller than those of LSGS (Figure 6, Supplemental Table 1). In 

the entire LV the repolarization changes were −4±2 and −12±1 ms (early and late phase 

respectively, compared to +10±1.5 ms and–28.9±4.4 ms with LSGS). The effect was larger 

in the LV anterior wall than in the LV lateral and LV posterior wall (p=0.03). We only 

detected a biphasic response in 2 pigs (Supplemental Figure 2). Transmural differences in 

repolarization were absent.
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LSGS: effects following Vagotomy and Stellate Decentralization

In 2 out of 5 pigs the late phase shortening was markedly enhanced after vagotomy and 

decentralization. In these two animals the current required to reach the target increase in left 

ventricular pressure was much higher than in the other animals (see Methods). Figure 7 

shows the superimposition of all electrograms recorded in one of these pigs before LSGS 

(blue) and during late LSGS (green) at baseline, after vagotomy and after subsequent 

decentralization. The bars above the electrograms show dispersion (5th to 95th percentile) of 

repolarization during late LSGS. After vagotomy the shortening was larger and the 

dispersion of repolarization was increased. Following subsequent decentralization this effect 

was even more pronounced. In these 2 pigs, maximal shortening of repolarization in the late 

phase of LSGS was 48 and 49 ms at baseline, 63 and 59 ms after vagotomy, and 71 and 62 

ms after decentralization.

Premature beats and left ventricular pressure increase

LV pressure increased monotonically during LSGS by 29 ± 6 % (n=5) and was not related to 

the occurrence of premature ventricular beats (VPB, Figure 2A). In 3 experiments none or a 

single VPB occurred while in the 2 other experiments VPBs occurred both in the periods of 

repolarization prolongation and shortening. However, the increase in LV pressure during 

LSGS could explain part of the changes in repolarization via mechanoelectrical feedback 

alone. Therefore, we applied transient aortic banding to generate a LV pressure change, after 

full decentralization. Left ventricular pressure increased by 41±9%, equivalent to that during 

late phase LSGS. Figure 8 shows typical examples of electrograms from 3 needles in the 

anterior, lateral and posterior wall of the left ventricle in one pig after decentralization. The 

pressure increase resulted in a global shortening of the repolarization times in the LV wall 

(269±7 ms to 255±7ms, before vs during pressure increase, n=5, p= 0.023), without a 

regional effect (RT changes were −14±1,−14±1 and −13±1 for LV anterior, lateral or 

posterior wall, respectively).

Discussion

Our data show that 1) LSGS causes a biphasic response in repolarization in the LV posterior 

and lateral wall with prolongation followed by shortening in repolarization, 2) the effect of 

LSGS on repolarization is more pronounced in the sub-epicardium than in the sub-

endocardium but only in the posterior LV wall, 3) the overall response to LSGS on 

repolarization did not change after decentralization but the late phase shortening was more 

pronounced in 2 out of 5 pigs, 4) shortening of repolarization can partly be explained by the 

increase in LV pressure and 5) right stellate ganglion stimulation shortens repolarization 

mainly in the anterior LV wall, but the effects are smaller than those of LSGS.

Mechanism underlying the biphasic response in repolarization due to LSGS

While previous studies showed that LSGS can cause alternation of T wave morphologies 19 

and dynamic changes of QT times, 20 so far no studies have shown biphasic changes of local 

repolarization times at a constant heart rate during LSGS. Our experiments show that the 

initial prolongation following LSGS is caused by activation of the L-type calcium current. A 
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possible clinical implication is that Verapamil enhances dispersion in repolarization when 

the sympathetic system is activated and may be arrhythmogenic.

The most likely explanation for the subsequent shortening in repolarization during LSGS is 

that at low neurotransmitter concentrations, the calcium current is activated, which would 

prolong the action potential, while at high concentrations this would be overcome by 

activation of the IKs leading to shortening 21,22. Alternatively, a different time course of 

response per type of channel following exposure even at a constant concentration may lead 

to a biphasic response. Liu et al 23 described that the averaged time constant for ICa2+ in 

response to administration of isoprenaline is ~10 seconds (causing APD prolongation), and 

for IKs about 40 seconds (causing APD shortening). The late shortening in repolarization 

during LSGS could also result from the opening of stretch activated channels following the 

LV pressure increase 24,25. However, the last explanation is unlikely since repolarization 

shortens in the posterior and lateral wall but not in the anterior wall despite being exposed to 

similar increase in intraventricular pressure. In addition, the repolarization changes 

following aortic constriction in decentralized animals were immediate, not biphasic 

(shortening only) and were homogeneous throughout the LV 26. However, there is a 

possibility that cardiopulmonary baroreceptors responding to LV pressure may continue to 

mediate local cardio-cardiac responses via intrinsic cardiac autonomic nerves even after 

decentralization. Therefore, the results of aortic constriction are complex and the 

contribution of myocardial stretch receptors cannot be totally eliminated by vagosympathetic 

deafferentation.

Effect of LSGS on transmural heterogeneity in repolarization

We show that the effects of LSGS were larger on sub-epicardial than on the sub-endocardial 

myocardium, although the differences were small. The differences in effect in the transmural 

plane are consistent with histological observation that the sympathetic fibers insert at the 

epicardium15. An alternative – functional – explanation for the transmurally different effect 

of LSGS on repolarization is that the density of the ion channels carrying IKs is larger in the 

epicardium than in the endocardium 27. IKs is particularly sensitive to catecholamines. The 

observation that the shortening of repolarization follows an initial prolongation is less easy 

to explain with this mechanism.

The transmural gradients in repolarization times induced by LSGS are minor (i.e. about 13 

ms), especially compared to the regional gradients (i.e. anterior versus posterior about 52 

ms, figure 3). This is in line with our earlier observations 28. Therefore, we suggest that the 

T-wave changes observed during LSGS (figure 2) most likely represent the observed 

regional (anterior-posterior) rather than transmural changes in repolarization gradients. No 

midmural regions with prolonged repolarization were found before nor during LSGS.

Role of parasympathetic and sympathetic feedback loops

The overall response to LSGS on repolarization did not change after decentralization but the 

late phase shortening became more pronounced in 2 out of 5 pigs. In these 2 pigs the 

required amplitude of LSGS stimulation was higher than in the other pigs (5.8 and 10 mA 

respectively versus 1.6 – 2mA). In these hearts an increase in heart rate of about 50% was 
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also observed during LSGS in sinus rhythm, while this was absent in the other three pigs. 

We speculate that the more intense LSGS stimulation likely had activated both afferent and 

efferent projections leading to contralateral effects. Previous work has indicated that with an 

intact innervation, the response to efferent stimulation of the cardiac nervous system is 

dampened by afferent activation and resultant alterations in central autonomic drive 29,30. 

This idea is supported by our observations that the LSGS response showed a stepwise 

increase after vagotomy and decentralization (Figure 4).

Clinical relevance

There has been considerable controversy over the antiarrhythmic effects of left vs bilateral 

stellectomy 6,31. Left cardiac sympathetic denervation has been successful in patients with 

cardiac channelopathies 32. However, bilateral cardiac sympathetic denervation has been 

shown to be superior to left denervation alone in patients with structural heart disease 31,33. 

Our data confirm and extend the results of earlier studies showing that LSGS-effects are 

dominant in the posterior and lateral LV, and those of RSGS in the anterior LV but also that 

overlap exists 7,12,16,34–36.

Limitations

We obtained very few reliable transmural data from the RV wall, because of its smaller 

thickness. Moreover, stimulation intensity of LSGS was chosen based on a LV pressure rise 

of about 30%, whereas the intensity for RSGS was based on the increase in heart rate (max 

450 ms interval). The latter may hamper direct comparisons between LSGS and RSGS. 

Finally, this study was performed on normal hearts and – therefore – the results may not be 

entirely valid for pathologic situations such as hearts with a myocardial infarction or heart 

failure.

Conclusion

LSGS results in lengthening, followed by shortening of repolarization. The lengthening is 

caused by activation of the L-type calcium current. The effects are most prominent in the 

posterior and lateral wall of the LV. Repolarization at the epicardium shortens more than at 

the endocardium. Removal of feedback loops enhances the response to LSGS in some 

hearts. RSGS also results in shortening of LV repolarization although the effect is smaller 

than that of left stellate stimulation and is most prominent in the anterior wall of the LV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Needle configuration. Three sets of 8 needles were inserted in the left ventricle (LV) in 

anterior, lateral and posterior wall. Two sets of 8 needles were inserted in the right ventricle 

(RV) in the anterior and posterior wall. B) Diagram of the autonomic manipulations: left 

stellate ganglion stimulation (LSGS), right stellate ganglion stimulation (RSGS), Aortic 

banding (AoBanding). Grey arrows indicate time points of analyses. LVP= left ventricular 

pressure, ΔP= change in pressure, SR= sinus rhythm, CL= cycle length, Apace= atrial 

pacing.
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Figure 2. 
A) Typical example of the changes in repolarization during LSGS. Superimposition of ECG 

lead I at the same time points as indicated in B and C. B) The changes in repolarization 

resulted in large T-wave changes in the ECG C+D) Superimposition of local electrograms 

recorded along a needle in the LV lateral (C) or LV anterior wall (D) before LSGS (PRE, 

blue), and during LSGS (EARLY, red; LATE, green). During the early phase of LSGS 

repolarization prolongs and during the late phase of LSGS repolarization shortens. The 

LSGS effects were largest in the left ventricular lateral and posterior wall. Note that in the 

left anterior wall the configuration of the local T-wave changes, but the moments of 

repolarization do not. The moments of repolarization are indicated by dots (maximum 

positive slope of the local T-wave).
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Figure 3. 
Examples of repolarization maps represented by 8 parallel transverse slices in the same heart 

before LSGS, early phase during LSGS, and late phase during LSGS. Especially in the 

lateral and posterior wall of the left ventricle repolarization prolongs during the early phase 

and shortens during the late phase. Note that the direction of the spatial repolarization 

gradient is inverted between early (RT anterior is shorter than RT posterior) and late during 

LSGS (RT posterior is shorter than RT anterior).
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Figure 4. 
Accumulated repolarization changes in the anterior, lateral and posterior left ventricular wall 

(columns), of subepicardial (blue) and subendocardial (red) recording sites during left 

stellate ganglion stimulation, at baseline and, after vagotomy and after decentralization 

(rows). Significance was tested using a 2-way ANOVA for each condition (Region and 

LSGS).
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Figure 5. 
The initial prolongation of repolarization after 7 s of LSGS is caused by L-type calcium 

current. A) typical examples of changes in repolarization during LSGS with (right) and 

without (left) Verapamil. B) The bar graphs illustrate the average (n=3) prolongation and 

shortening of local repolarization after 7 s and 30 s of LSGS, respectively. LSGS; Left 

Stellate Ganglion Stimulation.
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Figure 6. 
Repolarization maps represented by 8 parallel transverse slices, in the same heart as in 

Figure 5, before RSGS, early phase during RSGS, and late phase during RSGS. In contrast 

to LSGS, no prolongation of repolarization was present in the early phase during RSGS. 

However, in the anterior wall of the left ventricle and lateral wall of the right ventricle 

repolarization shortened during the late phase.
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Figure 7. 
Superimposition of all LV electrograms in one heart before LSGS (blue, pre) versus late 

phase during LSGS (green, late) at baseline (upper), after vagotomy (middle) and after 

decentralization (lower). Bars indicate the dispersion repolarization times (5th to 95th 

percentile). Note that the dispersion of the local T-waves increases more after vagotomy and 

decentralization.

Meijborg et al. Page 16

Heart Rhythm. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Local electrograms from the left anterior (upper), left lateral (middle) and left posterior 

(lower) ventricular wall before (blue) and during (red) transient aortic occlusion after 

decentralization. Note that the morphology of the local T-waves remains the same, indicating 

that the repolarization shortens similarly in all three areas (compare with figure 1).
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