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Aims Previous studies showed that autonomic activation by high-frequency electrical stimulation (HFS)
during myocardial refractoriness evokes rapid firing from pulmonary vein (PV) and atria, both in vitro
and in vivo. This study sought to investigate the autonomic mechanism underlying the rapid firings at
various sites by systematic ablation of multiple ganglionated plexi (GP).
Methods and results In 43 mongrel dogs, rapid firing-mediated atrial fibrillation (AF) was induced by
local HFS (200 Hz, impulse duration 0.1 ms, train duration 40 ms) to the PVs and atria during myocardial
refractoriness. The main GP in the atrial fat pads or the ganglia along the ligament of Marshall (LOM)
were then ablated. Ablation of the anterior right GP and inferior right GP significantly increased the
AF threshold by HFS at the right atrium and PVs. The AF threshold at left atrium and PVs was significantly
increased by ablation of the superior left GP and inferior left GP, and was further increased by ablation
of the LOM. Ablation of left- or right-sided GP on the atria had a significant effect on contralateral PVs
and atrium. Administration of esmolol (1 mg/kg) or atropine (1 mg) significantly increased AF threshold
at all sites.
Conclusion HFS applied to local atrial and PV sites initiated rapid firing via activation of the interactive
autonomic network in the heart. GP in either left side or right side contributes to the rapid firings and AF
originating from ipsolateral and contralateral PVs and atrium. Autonomic denervation suppresses or
eliminates those rapid firings.

KEYWORDS
Atrial fibrillation;

Ganglionated plexus;

Autonomic nervous system

1. Introduction

It has been shown that most of the paroxysmal atrial fibrilla-
tion (AF) is because of rapid firings originating from pulmon-
ary veins (PVs) and non-PV sites.1,2 Previous investigations
have focused on specific histological and electrophysiologi-
cal properties of PVs. However, the results of numerous in
vivo and in vitro studies on this subject have not conclus-
ively defined a mechanism. Our prior studies3–8 suggested
that some of the rapid PV firings can be induced and elimi-
nated by stimulation and interruption of the intrinsic
cardiac autonomic nervous system (ICANS). Clinical evi-
dence also demonstrated that ablation of the main ganglio-
nated plexi (GP) on the atria increases the success of the
standard PV isolation by catheter ablation for AF.9 These

studies underscore the important role of the ICANS in the
formation of rapid firings coming from PV or non-PV sites.

Multiple anatomic studies10,11 have shown that the ICANS
forms an interconnected neural network composed of mul-
tiple GP and the ligament of Marshall (LOM) with their
associated axonal fields on the heart. Several GP within epi-
cardial fat pads on the atria of mammalian hearts include:
(i) the anterior right GP (ARGP) located at the right superior
PV (RSPV)–atrial junction; (ii) the inferior right GP (IRGP)
situated at the junction of inferior vein cava and both
atria; (iii) the superior left GP (SLGP) located near the left
superior PV (LSPV)–atrial junction and left pulmonary
artery, and (iv) inferior left GP (ILGP) at the left inferior
PV (LIPV)–atrial junction. Furthermore, recent studies12–15

demonstrated a cluster of autonomic ganglia along LOM. In
a previous animal study,16 rapid firings from PV or non-PV
sites were produced by local high-frequency electrical
stimulation (HFS) of the neural elements during myocardial* Corresponding author. Tel: þ1 405 271 9696; fax: þ1 405 271 7455.
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refractoriness, resembling findings in patients with focal AF.
We hypothesized that rapid firing can be eliminated by abla-
tion of the atrial GP. Using a similar model, we systemati-
cally investigated the neural mechanism underlying the
rapid firing by ablation of the adjacent or distant GP.

2. Methods

2.1 Animal preparation

All animal studies were reviewed and approved by the institutional
Animal Care and Use Committee of the University of Oklahoma
Health Sciences Center. The investigation conforms with the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised
1996). A total of 43 adult mongrel dogs weighing 20–25 kg were
anaesthetized with Na-pentobarbital 50 mg/kg, and followed by
additional dose of 2 mg/kg at the end of each hour. All dogs were
ventilated with room air by a positive pressure respirator. Core
body temperature was maintained at 36.5+1.58C. At the end of
each study, animals were euthanized with a large dose of pentopar-
bital, followed by ventricular fibrillation induced by DC current.
Standard ECG and blood pressure were continuously recorded, fil-
tered at 0.1–250 Hz. All tracings from the electrode catheters
were amplified and digitally recorded using a computer-based
Bard Lab System (CR Bard Inc., Billerica, MA, USA), filtered at 30–
500 Hz.

The chest was entered via a left or right thoracotomy at the
fourth intercostal space.5–8 Multi-electrode catheters were
sutured to multiple sites to allow recording and stimulation at the
left atrial appendage (LAA), left atrium (LA), left superior PV
(LSPV), and left inferior PV (LIPV) (Figure 1A). Similar electrode
catheters were attached to right atrial appendage (RAA), right
atrium (RA), right superior PV (RSPV), and right inferior PV (RIPV)
(Figure 1B). Both cervical vagosympathetic trunks were dissected
and a pair of Teflon-coated silver wires (0.1 mm diameter) was
inserted into each of the vagosympathetic trunks for electrical
stimulation.

2.2 Local high-frequency stimulation

HFS15,16 consisted of trains of high-frequency electrical stimuli
(200 Hz, 0.1 ms in duration of each impulse, train duration 40 ms,
0.6–12 V) (S-88 Grass stimulator; Astro-Med, West Warwick, RI,
USA). The voltages reported in this study are those delivered at

the tip of the catheter, not the readings on the Grass stimulator.
The local site where HFS was delivered was paced at 2� threshold
(TH) at a rate of 182/min (330 ms). The trains of HFS were delivered
at 2 ms after each pacing stimulus. The coupling interval (2 ms) was
fixed so that the high-frequency train was delivered immediately
after the onset of the paced local tissue excitation (within its
refractory period) to ensure that the HFS only stimulated local
neural elements, not the myocardium15,16 (Figure 2). The HFS was
immediately discontinued if rapid activation was observed
(Figure 3). According to a previous report,8 AF was defined as irre-
gular atrial rates faster than 500 b.p.m. associated with irregular AV
conduction lasting .5 s without HFS (Figure 3). The lowest HFS
voltage at which AF was induced, i.e. AF threshold, was determined
at the tip pair of electrode catheter positioned at each site before
and after GP ablation. In rare cases, only focal firing could be
induced at certain voltages but could not convert into AF after
HFS stopped. The HFS was then kept for 5 s. If the focal firing
could still not sustain, the voltages would be increased until AF
was induced.

2.3 GP ablation

The ARGP located in the fat pad at the RSPV–atrial junction was
identified by applying HFS (20 Hz, 0.1 ms duration, 0.6–4.5 V) with
a bipolar stimulation/ablation probe electrode (AtriCure, West
Chester, OH, USA).5–8 In this voltage range, progressive slowing of
the heart rate (HR) was observed directly related to the voltage
applied. The same device was later used to deliver radiofrequency
current (460 kHz, �32.5 W) in order to ablate the ARGP. The IRGP,
SLGP, ILGP, and autonomic ganglia along the LOM (Figure 1) were
also identified and subsequently ablated using the same device.5–8

In all cases, radiofrequency current was delivered to the epicardial
surface of the LOM and each GP. Complete ablation of each GP or
autonomic ganglia along the LOM was verified by applying
maximal strength of stimulation (12 V) that failed to slow the
sinus rate or inhibit AV conduction.

2.4 Protocols

Group 1: Effects of ablation of ARGPþIRGP on AF threshold at ipso-
lateral and contralateral PVs and atrial sites. Ipsilateral sites
included the RSPV, RIPV, RA, and RAA sites, whereas contralateral
sites include LSPV, LIPV, LA, and LAA sites.

Group 2: Effects of ablation of SLGPþILGPþLOM on AF threshold
at ipsolateral and contralateral PVs and atrial sites. Contralateral

Figure 1 Schematic representation and catheter position. (A) Posterior–anterior view; (B) right anterior oblique view. Multi-electrode catheters were sutured
to the left superior pulmonary vein (LSPV), left inferior PV (LIPV), left atrium (LA), left atria appendage (LAA), right superior PV (RSPV), right inferior PV (RIPV),
right atrium (RA), and right atrial appendage (RAA). ARGP, anterior right ganglionated plexi located adjacent to the RSPV–atrial junction; IRGP: inferior right GP,
located at the junction of the inferior vena cava (IVC) and both atria; SLGP: superior left GP, located adjacent to the LSPV and atrial junction; ILGP: inferior left
GP located near the junction of LIPV and LA. LOM: ligament of Marshall; LV: left ventricle; RV: right ventricle.
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sites included the RSPV, RIPV, RA, and RAA sites, whereas ipsilateral
sites include LSPV, LIPV, LA, and LAA sites.

Group 3: Effects of a beta-blocker (esmolol, 1 mg/kg) or a
muscarinic receptor blocker (atropine, 1 mg) intravenously, on AF
threshold at the PVs and atrial sites.

Group 4: Effects of the extrinsic cardiac autonomic nervous
system on AF threshold by HFS (200 Hz, 0.01 ms in the duration of
each impulse, train duration 40 ms) at multiple PV and atrial sites.
The AF threshold of HFS was measured with and without ipsilateral
ceral vagosysmpathetic trunk stimulation (VTS) before and after GP
ablation. The strength of VTS was set at the voltage required for
slowing the HR by 50% or inducing 2:1 AV block. After GP (ARGP þ
IRGP þ SLGP þ ILGP þ LOM) ablation, the measurements of AF
threshold at the same VTS voltage as prior to ablation were
repeated.

2.5 Statistical analysis

The median of AF thresholds (in volts) are presented along with the
first quartile and the third quartile (Tables 1–4, within parentheses).
The threshold level for AF inducibility before and after GP ablation
or autonomic blockades administration or VTS at any given site were
compared by non-parametric Wilcoxon-signed ranks test. Statistical
significance was defined as P , 0.05.

3. Results

3.1 AF inducibility before GP ablation

The threshold for atrial pacing was 0.2+0.05 V and was not
altered by ablation. When HFS was applied to the neural
elements during myocardial refractoriness at each site, pro-
longation of the A–H interval or slowing of the ventricular
rate during AF was frequently observed, especially when
HFS was delivered at the PVs. As shown in Figure 2, pro-
longation of A–H interval or 2:1 AV conduction block was
induced by HFS (1.5 V) at the LSPV (Figure 2A). Significant
slowing or block of AV conduction was also induced by HFS
(2.4 V) at LIPV during AF (Figure 2B). In this example, AV
block was observed just before initiation of AF. AF initiated
by rapid firing was reliably induced by applying HFS during
myocardial refractoriness at each atrial/PV site in all
cases. As shown in Figures 2B (arrows) and 3 (LAA), rapid
firing originated from where HFS was applied. The average
cycle length of the first 10 beats of the rapid firing was
55+15 ms. The average duration of AF was 8+5 s.

3.2 AF inducibility after GP ablation

3.2.1 Group 1
After ablation of ARGP and IRGP, AF threshold by HFS was
significantly increased at RA, RAA, RSPV, and RIPV, ipsilateral
to the ARGP and IRGP. AF could not be induced by HFS at
maximal voltage (12 V) in 9 of 14 dogs at RSPV and 10 of
14 dogs at RIPV, and could still be induced in 13 of 14 dogs
at the RAA and 10 of 10 dogs at the RA, but the increase
in AF threshold was significant. The AF threshold at the con-
tralateral sites (LAA, LA, LSPV, and LIPV) was also signifi-
cantly elevated by ablation of ARGP and IRGP (Table 1).

3.2.2 Group 2
Ablation of SLGP and ILGP significantly increased the AF
threshold at both ipsolateral (LAA, LA, LSPV, and LIPV) and
contralateral sides (RAA, RA, and RSPV except RIPV)
(Table 2). Subsequently, ablation of the autonomic ganglia
along the LOM further increased the AF threshold at all
left sites (Table 3). Of note, in six dogs after ablation of
all major GP on the atria (ARGP þ IRGP þ SLGP þ ILGP þ
LOM), AF could not be induced at any PV site at maximal
voltage in all the six dogs and still could be induced at
either atrium or atrial appendage in four of six dogs, but
AF thresholds were significantly increased (Figure 4).

3.2.3 Group 3
Administration of autonomic blockers, esmolol (1 mg/kg)
significantly increased the AF threshold at all sites and atro-
pine (1 mg) eliminated AF inducibility at all sites in each dog
(Table 4).

3.3 Effects of extrinsic cardiac nervous system
on AF inducibility

3.3.1 Group 4
Stimulation of vagosympathetic trunks at the voltage
required for slowing the HR by 50% or inducing 2:1 AV
block significantly decreased the AF threshold at all sites
before GP (ARGP þ IRGP þ SLGP þ ILGP þ LOM) ablation.
However, VTS at the same voltage as prior to GP ablation
did not alter the AF threshold after GP ablation (Figure 5).

Figure 2 An example of prolongation of A–H interval and slowing of the AV
conduction during high-frequency stimulation (HFS). (A) Prolongation of A–H
interval and 2:1 AV conduction block were induced by HFS (1.5 V) at the LSPV.
(B) Significant slowing of AV conduction was induced by HFS (2.4 V) at LIPV
during atrial fibrillation (AF). AV block was observed just before initiation
of AF. HFS was intentionally not discontinued to show the slowing of AV con-
duction in the second half as shown in (B). Abbreviations as in Figure 1.
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4. Discussion

4.1 Main findings

The present study showed that ablation of either left- or
right-sided GP on the atria significantly increased the AF
threshold by HFS at both the ipsolateral and contralateral
PVs and atrium (Tables 1 and 2). Ablation of the neural
elements in the LOM further elevated the AF threshold at
the left sites (Table 3). Administration of autonomic block-
ers, esmolol, or atropine, significantly increased AF
thresholds at all sites (Table 4). GP ablation prevented the
decrease of AF threshold induced by stimulation of vagosym-
pathetic trunks (Figure 5). These findings underscore the
presumptive mechanism that the interconnected atrial
autonomic network formed by the ICANS contributes to
the formation of rapid firing from PV sites or non-PV sites
in structurally normal hearts.

4.2 Autonomic mechanism for rapid
firing-mediated AF

The mechanism operative in rapid PV firing that initiates AF
is not well understood. Both triggered activity and reentry
have been shown to generate rapid firing.3,4,17,18 However,
reentry occurring clinically must be initiated by spontaneous
premature beats. Notably, for the vast majority of the AF
induced by rapid firing, the initial premature beat and fol-
lowing rapid discharges all appear to arise from the same
site, implying that a common mechanism may be responsible
for providing the premature beat and the following rapid
discharges; the latter can be either triggered activity or
reentry. This common mechanism is indeed the main focus
of this study.

By delivery of HFS during atrial refractoriness to a super-
fused canine PV-atrial preparation, Patterson et al.3 demon-
strated that rapid triggered firing could be induced. This
response was inhibited by tetrodotoxin, atropine, or

atenolol, indicating that both parasympathetic and sym-
pathetic neural elements are involved in such triggered
firing. The authors hypothesized that activation of the
ICANS leads to local release of both cholinergic and adrener-
gic neurotransmitters.3 The former causes shortening of
refractoriness, whereas the latter induces a rise in intra-
cellular Ca2þ, leading to early after-depolarizations and
rapid focal discharges. Another study by Patterson et al.4

induced similar rapid firings by administering acetylcholine
and norepinephrine. The first beat, showing a centrifugal
conduction pattern by optical mapping, was found to be
caused by triggered activity. The rest of the rapid firing
was caused by either triggering or reentry. Multi-electrode
mapping with 56 electrodes in the PV in patients with AF
defined a focus as a site with maximal dimension � 1 cm
that initiates centrifugal, concentric activation,19 corrobor-
ating the findings from the in vitro studies. In the present
study, we hypothesized that the focal firing was initiated
by an autonomic mechanism that involves the activation of
the ICANS and our results support this hypothesis. While
the muscarinic receptor, KACh channel and b-receptor are
all known to be critical elements in modulating the cellular
responses to autonomic stimulation, the contribution from
other membrane or subcellular proteins or hormones
remains to be understood.

4.3 Interactive GP in the ICANS

Previous studies have demonstrated that the atrial GP form
an interconnected autonomic network to regulate the sinoa-
trial nodal and atrioventricular nodal function.20,21 In this
study, ablation of either the left-sided GP (SLGP, ILGP and
LOM) or right-sided GP (ARGP and IRGP) on the atria signifi-
cantly increased the AF threshold induced by HFS at a
distant site (Tables 1–3; Figure 4). These observations
underscore the critical role of the interconnected auto-
nomic network formed by the ICANS. Other studies22 also

Figure 3 An example of electrograms during AF initiated by HFS at the LAA. AF was defined as irregular atrial rates faster than 500 b.p.m. associated with
irregular AV conduction lasting .5 s without HFS. Rapid firing and AF was induced by HFS at the LAA. Of note, left PVs replaced the LAA as the rapid firing
site maintaining AF at the last part of the tracings, indicating that the autonomic nervous network was activated by HFS to the LAA. After ablation of the
main atrial GP on both sides, AF could not be induced at the same site (LAA) at maximal voltage (12 V).
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Table 1 Effects of ablation of ARGP and IRGP on the voltage threshold (volts) for AF inducibility at PVs and atria

Ipsolateral Contralateral

RAA (n ¼ 14) RA (n ¼ 10) RSPV (n ¼ 14) RIPV (n ¼ 14) LAA (n ¼ 7) LA (n ¼ 7) LSPV (n ¼ 7) LIPV (n ¼ 7)

Before ARGP þ IRGP ablation 1.5 (1.5; 2.4) 1.5 (1.5; 4.5) 2.4 (2.2; 6.5) 3.2 (2.2; 7.5) 1.5 (1.5; 2.4) 1.5 (1.5; 3.2) 3.2 (3.2; 7) 2.4 (1.5; 6)
After ARGP þ IRGP ablation 2.4 (2.2; 5.8) 2.8 (2.2; 6.5) .12a (9.6; .12 V) .12 (11.3; .12) 3.2 (1.5; .12) 4.5 (1.5; .12) 9.5 (4.5; .12) 11.2 (3.2; .12)
P-value ,0.01 ,0.05 ,0.01 ,0.01 ,0.05 ,0.05 ,0.05 ,0.05

Non-parametric Wilcoxon-signed ranks test was used for this analysis. The median of the AF thresholds was expressed as median (first quartile; third quartile). ARGP ¼ anterior right ganglionated plexi; IRGP ¼ inferior
right ganglionated plexi; AF, atrial fibrillation; PV, pulmonary vein; RAA, right atrial appendage; RA, right atrium; RSPV, right superior PV; RIPV, right inferior PV; LAA, left atrial appendage; LA, left atrium; LSPV, left
superior PV; LIPV, left inferior PV.

a.12 Indicates that AF could not be induced by maximal voltage (12 V).

Table 2 Effects of ablation of SLGP and ILGP on the voltage threshold (volts) for AF inducibility at PVs and atria

Ipsolateral Contralateral

LAA (n ¼ 10) LA (n ¼ 6) LSPV (n ¼ 10) LIPV (n ¼ 10) RAA (n ¼ 10) RA (n ¼ 8) RSPV (n ¼ 10) RIPV (n ¼ 10)

Before SLGPþILGP ablation 1.5 (1.5; 3.3) 2.8 (2.2; 4.5) 2.4 (2.2; 2.6) 2.8 (2.2; 4.8) 1.5 (1.5; 1.8) 1.5 (1.4; 1.5) 2.8 (1.5; 9) 3.8 (2.2; 9)
After SLGP þ ILGP ablation 3.8 (2.2; 8) 8.5 (4.5; 9.5) 8 (3.2; 11.2) 9.5 (3.2; .12) 2.8 (1.9; 3.2) 2.4 (1.8; 4.8) 6.5 (4.5; 9.8) 7 (4.5; 9.2)
P-value ,0.01 ,0.05 ,0.01 ,0.01 ,0.05 ,0.05 ,0.01 0.2

SLGP, superior left ganglionated plexi; ILGP, inferior left ganglionated plexi. Other abbreviations as in Table 1.
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showed that stimulating the GP in patients induced fractio-
nated electrograms in contralateral PVs 4–5 cm away. Injec-
tion of acetylcholine into ARGP induced rapid firings at
contralateral LSPV.23 These observations along with the
present study suggest that these GP on the atria, acting as
‘integration centers’ in the ICANS, are extensively interac-
tive in modulating pathophysiological functions of the PVs
and atria. Stimulation or inhibition of GP on one side can
enhance or suppress AF inducibility at a distant site
through the ICANS.

4.4 Extrinsic and intrinsic autonomic
nervous system

It is known that stimulation of the vagosympathetic trunks
markedly suppresses the sinus and AV nodal function and
enhance the initiation and maintenance of AF. In the
present study, VTS significantly increased the AF inducibility
by HFS delivered at multiple atrial and PV sites. We hypoth-
esized that the extrinsic autonomic nervous system may con-
tribute to the initiation of focal firing via activation of
intrinsic ANS. This is supported by the observation that
VTS did not reduce the AF threshold after GP ablation
(Figure 5).

4.5 Ligament of Marshall

Histological and functional studies12–15 showed that both
sympathetic and parasympathetic elements are present
along the LOM. The present study showed the AF threshold
at left PVs and atrium was increased by ablation of the
SLGP and ILGP (Table 2), and was further increased by abla-
tion of the neural elements in the LOM (Table 3). These
results are consistent with the observations by Doshi
et al.14 and Lin et al.15 that autonomic neural elements in
the LOM play an important role in the formation of rapid
firing in dogs.

4.6 Clinical implications

Clinical studies1,2 showed that a subgroup of AF patients
with rapid firings coming from PV and non-PV sites. The
mechanism(s) operative in such rapid firing in patients
with paroxysmal AF but without structural heart diseases
remains poorly understood. Previous reports3–8 showed
that some of the rapid PV firings are autonomically mediated
and can be attenuated or eliminated by interruption of the
ICANS. In the present study, AF was also easily inducible by
HFS in normal dogs and AF became non-inducible or very dif-
ficult to induce after autonomic denervation, suggesting
that the ICANS may have an essential causative role in con-
junction with other mechanisms responsible for rapid firing.
Since standard PV isolation for the treatment of paroxysmal
AF involves inadvertent partial ablation of the ARGP, SLGP,

Table 3 Effects of ablation of autonomic ganglia along the LOM on the voltage threshold (volts) for AF inducibility at left PVand atrial sites

LAA (n ¼ 9) LA (n ¼ 6) LSPV (n ¼ 9) LIPV (n ¼ 9)

After, SLGP þ ILGP ablation 3.2 (2; 9.3) 8.5 (4.5; 9.5) 8 (3.2; 9.6) 9.6 (5.2; .12)
After SLGP þ ILGP þ LOM ablation 8 (4; 11.6) .12 (6.7; .12) .12 (8; .12) .12 (11; .12)
P-value ,0.05 ,0.05 ,0.05 ,0.05

LOM, ligament of Marshall.

Figure 4 An example of HFS at the RSPV before and after GP ablation. (A)
Rapid firing-mediated AF was initiated by HFS (1.5 V) from RSPV; (B) after
ablation of ipsolateral (right-sided) GP (ARGP þ IRGP), the AF threshold at
RSPV was increased to 9.3 V; (C) AF could not be induced at maximal
voltage (12 V) after further ablation of contralateral (left-sided) GP
(SLGP þ ILGP þ LOM).
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LOM and many autonomic nerves, autonomic denervation
may contribute to the success of PV isolation in the treat-
ment of paroxysmal AF. The data presented in this study
support this hypothesis.

4.7 Methodology considerations

In the present study, HFS was applied during the myocardial
refractory period to activate autonomic nervous terminals.
It is arguable that by releasing neurotransmitters such as
acetylcholine, 40 ms of HFS may produce enough shortening
of the refractoriness to permit capturing and direct electri-
cal stimulation of the myocardium to initiate AF. However,
several observations did not support direct stimulation of
myocardium: (i) There is always a latency (30–200 ms)
between the end of HFS and the beginning of rapid firing.
If direct myocardial stimulation was the cause of rapid

firing, such firing should have started during the 40 ms HFS
or immediately after the end of HFS. (ii) If one of the
stimuli during the HFS did capture the myocardium, it
would initiate only a single captured beat, not runs of
rapid firing since all the rest of the stimuli during the
40 ms train would fall into the refractory period of the cap-
tured beat. (3) Both atropine and esmolol markedly
increased the voltage that was required to induce rapid
firing, which should not have changed if all the rapid firing
was induced by direct myocardial stimulation.

In this study, multiple GP in the epicardial fat pads were
ablated. It is possible that unintended destructions of the
myocardium at the atria or PV sleeves after ablation may
contribute to the increase of AF threshold. However, the his-
tological examination in a recent study8 showed that the
damage to the underlying myocardium by GP ablation was
minimal. Furthermore, the observation that the threshold

Table 4 Effects of autonomic blocker administration on the voltage threshold (volts) for AF inducibility at atria and PV

LAA LA LSPV LIPV RAA RA RSPV RIPV

Atropine (n ¼ 5)
Before 2.4 (1.5; 2.4) 1.5 (1.5; 4) 3.2 (1.5; 3.2) 2.4 (1.5; 2.4) 1.5 (1.5; 2.4) 1.5 (1.5; 2.6) 2.4 (2; 6.5) 4.5 (2.4; 9.3)
After .12 .12 .12 .12 .12 .12 .12 .12
P-value ,0.05 ,0.05 ,0.05 ,0.05 ,0.05 ,0.05 ,0.05 ,0.05

Esmolol (n ¼ 7)
Before 1.5 (1.5; 2.4) 1.5 (1.4; 2.4) 3.2 (1.5; 6) 3.2 (2.4; 4.5) 1.5 (1.5; 2.4) 2.4 (1.5; 4.5) 3.2 (2.4; 3.2) 3.2 (2.4; 8)
After 4.5 (3.2; 6) 4.5 (3.2; 6) 6 (4.5; 9) 8 (7; 10.4) 4.5 (2.4; 6) 6 (3.2; 7) 6 (3.2; 6) 6 (4.5; 9)
P-value ,0.05 ,0.05 ,0.05 ,0.05 ,0.05 ,0.05 ,0.05 ,0.05

Figure 5 Effects of ipsilateral ceral vagosysmpathetic trunk stimulation (VTS) on AF inducibility by HFS before and after GP ablation (n ¼ 7). Left VTS was
denoted as ‘ipsilateral’ to the left PVs, atrium and atrial appendage while right VTS was denoted as ‘ipsolateral’ to the right PVs, atrium and atrial appendage.
After GP (ARGP þ IRGP þ SLGP þ ILGP þ LOM) ablation, the measurements of AF threshold at the same VTS voltage as prior to ablation were repeated. The HFS
for measurements of AF threshold was set at 200 Hz, 0.01 ms in duration of each impulse, train duration 40 ms, and was delivered within the myocardial
refractoriness.
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for AF inducibility on atrium or PVs was increased after abla-
tion of the contralateral GP 4–5 cm away, further confirms
that the potential damage to the myocardium by ablation
is not an important factor. In animals without GP ablation
(Group 3), administration of autonomic blockers suppressed
or eliminated rapid AF at all sites, indicating that neural
elements are the predominant factor for the genesis of
rapid firing.

5. Conclusion

HFS applied to local atrial and PV sites initiated rapid firing
via activation of the interactive autonomic network formed
by the ICANS in the heart. Autonomic denervation sup-
presses or eliminates those rapid firings. Since standard PV
isolation for the treatment of paroxysmal AF involves inad-
vertent partial denervation, autonomic denervation may
contribute to the success of PV isolation in the treatment
of paroxysmal AF.
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