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Ganglionated Plexi Modulate
Extrinsic Cardiac Autonomic Nerve Input
Effects on Sinus Rate, Atrioventricular Conduction,
Refractoriness, and Inducibility of Atrial Fibrillation

Yinglong Hou, MD,* Benjamin J. Scherlag, PHD,† Jiaxiong Lin, MD,† Ying Zhang, MD, PHD,‡
Zhibing Lu, MD,† Kim Truong, DO,† Eugene Patterson, PHD,† Ralph Lazzara, MD,†
Warren M. Jackman, MD,† Sunny S. Po, MD, PHD†

Shandong, China; and Oklahoma City, Oklahoma

Objectives This study sought to systematically investigate the interactions between the extrinsic and intrinsic cardiac auto-
nomic nervous system (ANS) in modulating electrophysiological properties and atrial fibrillation (AF) initiation.

Background Systematic ganglionated plexi (GP) ablation to evaluate the extrinsic and intrinsic cardiac ANS relationship has
not been detailed.

Methods The following GP were exposed in 28 dogs: anterior right GP (ARGP) near the sinoatrial node, inferior right gan-
glionated plexi (IRGP) at the junction of the inferior vena cava and atria, and superior left ganglionated plexi
(SLGP) near the junction of left superior pulmonary vein and left pulmonary artery. With unilateral vagosympa-
thetic trunk stimulation (0.6 to 8.0 V, 20 Hz, 0.1 ms in duration), sinus rate (SR), and ventricular rate (VR) during
AF were compared before and after sequential ablation of SLGP, ARGP, and IRGP.

Results The SLGP ablation significantly attenuated the SR and VR slowing responses with right or left vagosympathetic trunk
stimulation. Subsequent ARGP ablation produced additional effects on SR slowing but not VR slowing. After SLGP �

ARGP ablation, IRGP ablation eliminated VR slowing but did not further attenuate SR slowing with vagosympathetic
trunk stimulation. Unilateral right and left vagosympathetic trunk stimulation shortened the effective refractory period
and increased AF inducibility of atrium and pulmonary vein near the ARGP and SLGP, respectively. The ARGP ablation
eliminated ERP shortening and AF inducibility with right vagosympathetic trunk stimulation, whereas SLGP ablation
eliminated ERP shortening but not AF inducibility with left vagosympathetic trunk stimulation.

Conclusions The GP function as the “integration centers” that modulate the autonomic interactions between the extrinsic and
intrinsic cardiac ANS. This interaction is substantially more intricate than previously thought. (J Am Coll Cardiol
2007;50:61–8) © 2007 by the American College of Cardiology Foundation

ublished by Elsevier Inc. doi:10.1016/j.jacc.2007.02.066
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utonomic innervation of the heart involves both the
xtrinsic and the intrinsic cardiac autonomic nervous system
ANS). The former collectively includes the ganglia in the
rain or along the spinal cord and their axons (e.g., the
agosympathetic trunk) en route to the heart; the latter
onsists of the autonomic ganglia and axons located on the
eart itself or along the great vessels in the thorax (1).
mple structural and functional evidence indicates that the
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ntrinsic cardiac ANS forms a complex neural network
omposed of ganglionated plexi (GP) concentrated within
picardial fat pads and the interconnecting ganglia and
xons (2–5).

Basic and clinical studies on atrial fibrillation (AF) resulting
rom changes in the ANS have underscored the contributions
rom the extrinsic cardiac ANS, mainly by stimulating the
agosympathetic trunk in animals (5,6) or by observing the
attern of AF initiation in patients (7). Recently, stimulation of
he intrinsic cardiac ANS by applying high-frequency electrical
timulation to the GP (8) or by injecting parasympathomimet-
cs into the GP (9) has drawn attention to the critical role of
he intrinsic cardiac ANS in the dynamics of AF initiation and
aintenance. How the extrinsic and intrinsic cardiac ANS

perate cooperatively in regard to these aspects has not been

etailed. The purpose of this study was to systemically
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investigate the interactions be-
tween the extrinsic and intrinsic
cardiac ANS in the context of
modulating sinus and atrioventric-
ular (AV) nodal function and fa-
cilitating AF inducibility.

Methods

All animal studies were reviewed
and approved by the Institutional
Animal Care and Use Commit-
tee of the University of Okla-
homa Health Sciences Center.
Twenty-eight adult mongrel dogs
weighing 20 to 25 kg were anes-
thetized with sodium pentobarbi-
tal, 50 mg/kg, and ventilated with
room air by a positive pressure
respirator. Standard electrocar-
diographic leads II and aVR were
continuously monitored. Core
body temperature was main-

ained at 36.5°C � 1.5°C. All recordings were displayed on
Bard Computerized Electrophysiology system (Bard, Bil-

erica, Massachusetts).
utonomic stimulation. Both cervical vagosympathetic

runks were exposed by dissections. A pair of Teflon-coated
ilver wires (0.1-mm diameter) was inserted into the cervical
agosympathetic trunks for stimulation. Vagosympathetic
timulation was performed by applying high-frequency elec-
rical stimulation (20 Hz, 0.1 ms duration, square waves, 0.6
o 8.0 V) to each of the vagosympathetic trunk via a
timulator (Grass-S88, Astro-Med; West Warwick, Rhode
sland). A right thoracotomy at the 4th intercostal space was
erformed to expose the fat pad containing the anterior
ight GP (ARGP) situated between the caudal end of the
inoatrial (SA) node and the right superior pulmonary vein
RSPV)–atrial junction (10) (Fig. 1A). The inferior right
P (IRGP) located at the junction of the inferior vena cava

nd both atria was visualized by gently reflecting the inferior
ena cava. A left thoracotomy at the 4th intercostal space
as used to expose the superior left GP (SLGP) located

djacent to the left superior pulmonary vein (LSPV)–atrial
unction between the left atrial appendage and left pulmo-
ary artery (10) (Fig. 1B).
The GP were identified by applying high-frequency

timulation using a bipolar electrode probe (AtriCure, West
hester, Ohio) through a Grass stimulator as described

bove. The effects of vagosympathetic stimulation at various
oltage levels on the sinus rate (SR) were determined as well
s the averaged ventricular rate (VR) during induced AF.
he average SR at each stimulation level was determined by

veraging the last 10 sinus cycle lengths. The AF was
nduced and maintained by rapid atrial pacing (600 to 800

Abbreviations
and Acronyms

AF � atrial fibrillation

ANS � autonomic nervous
system

ARGP � anterior right
ganglionated plexi

ERP � effective refractory
period

GP � ganglionated plexi

IRGP � inferior right
ganglionated plexi

LSPV � left superior
pulmonary vein

RSPV � right superior
pulmonary vein

SA � sinoatrial

SLGP � superior left
ganglionated plexi

SR � sinus rate

VR � ventricular rate
eats/min). During induced AF, the average VR was
Figure 1 Schematic and Photographic Representation
of the Right and Left Thoracotomy Approach

Schematic and photographic representation of the right (A, C) and left (B, D) atria
and associated ganglionated plexi (GP). The labels RA, RSPV, LA, and LSPV indi-
cate cardiac structures or multielectrode catheters positioned on the epicardial
surface of the right atrium, right superior pulmonary veins, left atrium, and left
superior pulmonary vein, respectively. For all catheters, the distal electrode pair
(D,2) was positioned adjacent to the GP (hatched area) near the pulmonary vein–
atrial junction. ARGP � anterior right ganglionated plexi; CS � coronary sinus;
IRGP � inferior right ganglionated plexi; IVC � inferior vena cava; LAA � left atrial
appendage; LIPV � left inferior plumonary vein; LOM � ligament of Marshall; LPA
� left pulmonary artery; RAA � right atrial appendage; RIPV � right inferior pulmo-
nary vein; SLGP � superior left ganglionated plexi; SVC � superior vena cava.



d
2

i
a
(
W
w
C
t
m
a
v
w
a
P
m
M
c
0
m
L
i
w
a
i
T
e
R
s
1
i
T
w
v
a
S
T
l
b
v
u

u
t
c
v
a
I

R

E
R
l
(
(
w
t
r
m
b
T
a
(
d
v
d
b
A
a
I
a
v
l
a
S
S
¡
a
a
s
(
E
v

E(

*

f
a

63JACC Vol. 50, No. 1, 2007 Hou et al.
July 3, 2007:61–8 Extrinsic–Intrinsic Cardiac Autonomic Innervation
etermined from the ventricular cycle lengths over the last
0 beats at each stimulation level.
To determine the interactions between extrinsic and

ntrinsic cardiac ANS, the SLGP, ARGP, and IRGP were
blated sequentially using the stimulation/ablation device
radiofrequency current at 460 kHz; �32.5 W; AtriCure,

est Chester, Ohio). The voltages reported in this study
ere the delivered voltages across the catheter electrode.
ompleteness of GP ablation was verified by eliminating

he responses (slowing of SR and VR) induced by applying
aximal voltage to the GP so that positive responses were

ttained at much lower voltages before ablation. Identical
agosympathetic stimulation protocols as described above
ere applied to each vagosympathetic trunk before and after

blation of each GP.
rogrammed stimulation. Programmed stimulation of
yocardium was performed using a stimulator (model 5328,
edtronic, Minneapolis, Minnesota). Atrial pacing at a

ycle length of 330 ms (2� diastolic threshold; threshold �
.6 to 1.5 mA) was performed at each electrode pair of the
ultielectrode catheters on RA, RSPV (Fig. 1A), LA, or
SPV (Fig. 1B). Programmed electrical stimulation (start-

ng at S1–S2 � 150 ms) was applied to each electrode pair
ith or without concurrent vagosympathetic stimulation (at
voltage level that reduced SR by 50%) until AF was

nduced or no AF was induced at maximal voltage (8.0 V).
he effective refractory period (ERP) was determined at

ach electrode pair along the catheters positioned at RA,
SPV, LA, or LSPV before and during vagosympathetic

timulation. As the S1–S2 intervals were decreased from
50 ms to refractoriness, the longest and shortest S1–S2
nterval (in ms) at which AF was induced was determined.
he difference between the two was designated as the
indow of vulnerability (10). Thus, the mean window of
ulnerability at each bipolar pair with and without served as
quantitative measure of AF inducibility.
tatistical analysis. All data are expressed as mean � SD.
he mean values of the parameters acquired during different

evels of vagosympathetic stimulation were compared to the
aseline state, i.e., no stimulation, using 2-way analysis of
ariance with time (before and after vagosympathetic stim-
lation) as repeated measures. The mean values of individ-
ffects of Right Vagosympathetic Trunk Stimulation on Sinus Ratebeats/min) Before and After SLGP, ARGP, and IRGP Were Sequen

Table 1 Effects of Right Vagosympathetic Trunk Stimulation on
(beats/min) Before and After SLGP, ARGP, and IRGP W

Baseline 0.3 V 0.6 V

Control, n � 10 147 � 16 146 � 17 113 � 5

SLGP ablation, n � 10 154 � 15 154 � 16 137 � 2

P1 NS NS NS

SLGP � ARGP ablation, n � 10 158 � 19 158 � 8 148 � 2

P2 NS NS NS

SLGP � ARGP � IRGP ablation, n � 8 149 � 17 149 � 16 147 � 1

P3 NS NS NS

p � 0.05; †p � 0.01 (compared with baseline).
ARGP � anterior right ganglionated plexi; baseline � no vagosympathetic stimulation; control �
or comparison at each voltage level before and after SLGP ablation; P2 � p value for comparison at eac
t each voltage level between SLGP � ARGP � IRGP ablation and SLGP � ARGP ablation; SLGP � supe
al parameters acquired at individual level of vagosympa-
hetic stimulation before and after GP ablation also were
ompared using the same statistical method. Probability
alues �0.05 were considered statistically significant. All
nalyses were conducted using SAS version 8.1 (SAS
nstitute Inc., Cary, North Carolina).

esults

ffects of right vagosympathetic stimulation on SR.
ight vagosympathetic stimulation suppressed SR at voltage

evels �0.6 V with a maximal effect of 90% reduction in SR
147 � 16 beats/min baseline vs. 15 � 19 beats/min, 8.0 V)
Table 1). We elected to ablate the SLGP first to investigate
hether GP at a distance from the SA node also modulate

he SR. After SLGP ablation, SR still could be slowed by
ight vagosympathetic stimulation (�1.5 V) but the maxi-
al effect was significantly attenuated to 59% (154 � 15

eats/min baseline vs. 63 � 35 beats/min, 8.0 V) (Table 1).
he difference of SR slowing before and after SLGP

blation was statistically significant at voltage levels �1.5 V
P1, Table 1). After SLGP ablation, ARGP ablation pro-
uced further attenuation of SR slowing induced by right
agosympathetic stimulation. The maximal effect was re-
uced to 20% (158 � 19 beats/min baseline vs. 126 � 16
eats/min, 8.0 V) and the differences before and after
RGP ablation also reached statistical significance at volt-

ge levels �1.5 V (P2, Table 1). Subsequent ablation of the
RGP after SLGP � ARGP ablation did not further
ttenuate the SR slowing effect (P3, Table 1). Right
agosympathetic stimulation still slowed SR at voltage
evels �1.5 V. To further examine the direction of
utonomic innervation from right vagosympathetic trunk to
A node (right vagosympathetic trunk ¡ ARGP ¡ SLGP ¡
A node vs. right vagosympathetic trunk ¡ SLGP ¡ ARGP

SA node), only the ARGP was ablated in another 7
nimals. After ARGP ablation, the magnitude of SR slowing
t 8.0 V was diminished to 17% (data not shown in Tables),
imilar to the effects after ablation of both SLGP and ARGP
20%) (Table 1).
ffects of left vagosympathetic stimulation on SR. Left

agosympathetic stimulation produced similar but smaller
Ablated

s Rate
Sequentially Ablated

1.5 V 2.4 V 3.2 V 4.5 V 8.0 V

37 � 38† 25 � 30† 20 � 21† 15 � 20† 15 � 19†

92 � 39† 81 � 39† 71 � 41† 71 � 40† 63 � 35†

�0.001 �0.001 �0.001 �0.001 �0.01

131 � 17† 127 � 16† 127 � 17† 126 � 16† 126 � 16†

�0.01 �0.001 �0.001 �0.001 �0.01

135 � 14* 133 � 12* 133 � 11* 133 � 11* 133 � 12*

NS NS NS NS NS

ablation; IRGP � inferior right ganglionated plexi; NS � not statistically significant; P1 � p value
tially

Sinu
ere

4*

6

2

7

before

h voltage level between SLGP � ARGP ablation and SLGP ablation; P3 � p value for comparison
rior left ganglionated plexi.
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ffects on SR slowing compared with right vagosympathetic
timulation, with a maximal effect of 57% reduction of SR
145 � 18 beats/min baseline vs. 63 � 36 beats/min, 8.0 V)
Table 2). After SLGP ablation, stimulation levels �2.4 V
till slowed SR but the maximal effect was reduced to 22%
156 � 16 beats/min baseline vs. 122 � 29 beats/min, 8.0
) (Table 2). It required �2.4 V to slow the SR, and the
ifferences before and after SLGP ablation were statistically
ignificant at voltage levels �0.3 V (P1, Table 2). After
LGP ablation, subsequent ablation of ARGP diminished
he maximal effect to 9% (153 � 16 beats/min baseline vs.
39 � 11 beats/min, 8.0 V) (Table 2). However, the
ifferences before and after ARGP ablation failed to achieve
tatistical significance at all voltage levels (P2, Table 2). No
dditional effect on SR suppression was observed after
ubsequent ablation of IRGP. To further investigate the
irection of innervation (e.g., left vagosympathetic trunk ¡
LGP ¡ ARGP ¡ SA node vs. left vagosympathetic trunk

ARGP ¡ SLGP ¡ SA node), only ARGP was ablated
n 7 animals, which diminished the maximal effect of left
agosympathetic stimulation on SR to 8% (data not shown
n Tables). The residual effect (8%) was similar to that after
blation of SLGP and ARGP (9%) (Table 2).
ffects of right vagosympathetic stimulation on VR
uring AF. Right vagosympathetic stimulation signifi-
antly slowed the VR during AF at voltages �1.5 V with a
aximal effect of 69% (243 � 27 beats/min baseline vs.

5 � 86 beats/min, 8.0 V) (Table 3). The SLGP ablation
ttenuated the maximal effect to 23% (236 � 28 beats/min
aseline vs. 182 � 59 beats/min, 8.0 V) (Table 3). The

ffects of Left Vagosympathetic Trunk Stimulation on Sinusate (beats/min) Before and After SLGP, ARGP, and IRGP Were Se

Table 2 Effects of Left Vagosympathetic Trunk Stimulation on
Rate (beats/min) Before and After SLGP, ARGP, and I

Baseline 0.3 V 0.6

Control, n � 10 145 � 18 137 � 23 118

SLGP ablation, n � 10 156 � 16 155 � 16 149

P1 NS �0.05 �0

SLGP � ARGP ablation, n � 10 153 � 16 153 � 9 149

P2 NS NS N

SLGP � ARGP � IRGP ablation, n � 8 157 � 17 157 � 4 156

P3 NS NS N

p � 0.05; †p � 0.01 (compared with baseline).
Abbreviations as in Table 1.

ffects of Right Vagosympathetic Trunk Stimulation on Ventricularbeats/min) During Induced AF Before and After SLGP, ARGP, and

Table 3 Effects of Right Vagosympathetic Trunk Stimulation on
(beats/min) During Induced AF Before and After SLGP

Baseline 0.3 V 0.6

Control, n � 10 243 � 27 242 � 27 214 �

SLGP ablation, n � 10 236 � 28 236 � 28 233 �

P1 NS NS NS

SLGP � ARGP ablation, n � 10 244 � 26 240 � 25 240 �

P2 NS NS NS

SLGP � ARGP � IRGP ablation, n � 8 239 � 33 239 � 4 238 �

P3 NS NS NS
p � 0.05; †p � 0.01 (compared with baseline).
Abbreviations as in Table 1.
ifferences before and after ablation were statistically signif-
cant at voltages �1.5 V (P1, Table 3). Subsequent ablation
f the ARGP induced nonsignificant changes (P2, Table 3),
hereas ablation of IRGP eliminated the VR slowing effects,

uggesting that the neural pathways followed a direction such
s right vagosympathetic trunk ¡ SLGP ¡ ARGP ¡ IRGP
r right vagosympathetic trunk ¡ ARGP ¡ SLGP ¡ IRGP.
o differentiate which of the 2 pathways was involved, only the
RGP was ablated in 7 other animals. The maximal response
as reduced from 67% (264 � 31 beats/min baseline vs. 87 �
5 beats/min, 8.0 V) to 26% (249 � 27 beats/min baseline vs.
85 � 66 beats/min, 8.0 V) (data not shown in tables), similar
o the magnitude of attenuation after SLGP � ARGP
blation (23%) (Table 3). Subsequent ablation of the IRGP
lso completely eliminated the VR slowing response.
ffects of left vagosympathetic stimulation on ventricular

ate during AF. Left vagosympathetic stimulation signifi-
antly reduced VR at voltage �1.5 V, and VR was reduced
y 70% at 8.0 V (235 � 25 beats/min baseline vs. 66 � 80
eats/min, 8.0 V) (Table 4). The SLGP ablation attenuated
he response, and the maximal effect was only 27% (229 �
5 beats/min baseline vs. 163 � 84 beats/min, 8.0 V) (Table
). Ablation of the ARGP after SLGP ablation produced
o additional effect, whereas subsequent ablation of IRGP
ompletely abolished the effects of left vagosympathetic
timulation. To examine the direction of innervation (e.g.,
eft vagosympathetic trunk ¡ SLGP ¡ ARGP ¡ IRGP
s. left vagosympathetic trunk ¡ ARGP ¡ SLGP ¡
RGP), only ARGP was ablated in 7 other animals, which
oderately reduced the maximal effect of VR slowing from

tially Ablated

Were Sequentially Ablated

1.5 V 2.4 V 3.2 V 4.5 V 8.0 V

78 � 33† 71 � 37† 66 � 39† 65 � 37† 63 � 36†

138 � 26 131 � 25* 128 � 26† 126 � 27† 122 � 29†

�0.001 �0.001 �0.001 �0.001 �0.001

145 � 14 143 � 14 142 � 13 141 � 12 139 � 11*

NS NS NS NS NS

152 � 18 151 � 17 149 � 17 148 � 17 146 � 16

NS NS NS NS NS

Were Sequentially Ablated

tricular Rate
P, and IRGP Were Sequentially Ablated

1.5 V 2.4 V 3.2 V 4.5 V 8.0 V

98 � 77† 81 � 86† 78 � 85† 81 � 84† 75 � 86†

200 � 66 198 � 60 200 � 60 188 � 61* 182 � 59*

�0.01 �0.001 �0.001 �0.001 �0.001

212 � 65 213 � 63 203 � 70 202 � 62 195 � 64*

NS NS NS NS NS

233 � 31 224 � 39 221 � 33 225 � 31 224 � 28

NS NS NS NS NS
quen

Sinus
RGP
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2% (260 � 27 beats/min baseline vs. 73 � 54 beats/min,
.0 V, before ARGP ablation) to 39% (239 � 22 beats/min
aseline vs. 146 � 82 beats/min, 8.0 V, after ARGP
blation) (data not shown in Tables). Subsequent ablation
f the IRGP in these 7 animals further attenuated but did
ot eliminate the VR response elicited by left vagosympa-
hetic stimulation (16% reduction in VR at 8.0 V, data not
hown in Tables). This residual effect (16%) was larger than
hat of SLGP � ARGP � IRGP ablation (5% reduction in
R at 8.0 V) (Table 4).
ight and left vagosympathetic stimulation on ERP and
F inducibility. Unilateral right and left vagosympathetic

timulation at a voltage level that slowed the SR by 50% in
ndividual animal was selected and applied to the left or
ight vagosympathetic trunk before and after GP ablation.
ight vagosympathetic stimulation shortened the ERP

ecorded from the right atrium (RA-D,2: 110 � 24 ms
aseline vs. 82 � 27 ms stimulation; RA-3,4: 112 � 20 ms
aseline vs. 78 � 32 ms stimulation) (Table 5, top left). The
RPs along the RSPV recording sites also were shortened
y right vagosympathetic stimulation (RSPV-D,2: 113 �
7 ms baseline vs. 80 � 31 ms stimulation) (Table 5, top
eft). The window of vulnerability on the right atrium was
idened by right vagosympathetic stimulation (RA-D,2:
� 20 ms baseline vs. 38 � 31 ms stimulation, RA-3,4:
� 20 ms baseline vs. 46 � 35 ms stimulation) (Table 5,

op right), so did the window of vulnerability on RSPV-D,2
5 � 16 baseline vs. 32 � 36 stimulation) (Table 5, top right).
oth ERP shortening and window of vulnerability widening of

he right atrium and RSPV were eliminated by ARGP
blation. Left vagosympathetic stimulation elicited ERP short-
ning of the left atrium and LSPV (Table 5, bottom left),
hich was eliminated by SLGP ablation. Left vagosympa-

hetic stimulation failed to widen the window of vulnerability
f the LA and LSPV sites (Table 5, bottom right).

iscussion

n the present study, a stepwise approach was used to
ystematically investigate the interactions between vagosym-
athetic trunk (extrinsic cardiac ANS) and GP (intrinsic
ardiac ANS). We found that GP function as “integration

ffects of Left Vagosympathetic Trunk Stimulation on Ventricular Ruring Induced AF Before and After SLGP, ARGP, and IRGP Were S

Table 4 Effects of Left Vagosympathetic Trunk Stimulation on
During Induced AF Before and After SLGP, ARGP, and

Baseline 0.3 V 0.6

Control, n � 10 235 � 25 218 � 55 174

SLGP ablation, n � 10 229 � 25 229 � 24 223

P1 NS NS �0

SLGP � ARGP ablation, n � 10 235 � 28 231 � 20 216

P2 NS NS N

SLGP � ARGP � IRGP ablation, n � 8 240 � 33 238 � 20 237

P3 NS NS N

p � 0.05; †p � 0.01 (compared with baseline).
Abbreviations as in Table 1.
enters” (1) that integrate the autonomic innervation be- t
ween extrinsic and intrinsic cardiac ANS because they
ffect atrial electrophysiology and pathophysiology as indi-
ated by AF inducibility. For instance, IRGP seems to be
he integration center for the extrinsic ANS to innervate the
V node as ablation of IRGP completely eliminated the VR

lowing response induced by vagosympathetic stimulation.
ther investigators have shown that the ARGP and IRGP

lay a selective role in regulating SA and AV nodal
unction, respectively (11–14). Our findings do not support
hese observations, possibly because we implemented a more
ystematic approach (e.g., multiple stimulation voltages at
ultiple GP) to explore the autonomic neural network.
oreover, we found that the integration between the

xtrinsic and intrinsic cardiac ANS is substantially more
omplicated than previously thought (15). For instance,
agal innervation often travels through multiple GP before
eaching the SA and AV node and GP also modulate the
ontralateral vagosympathetic inputs.

Figure 2A depicts the proposed interactions between
agosympathetic trunks and SA node. The neural pathway
right vagosympathetic trunk ¡ ARGP ¡ SA node) seems
o be the main connection between right vagosympathetic
runk and SA node because after SLGP ablation subsequent
blation of ARGP produced further attenuation of SR
lowing induced by right vagosympathetic stimulation
Table 1). Ablation of ARGP alone produced similar effect
s sequential ablation of SLGP and ARGP. These results
lso suggest the presence of another neural pathway (right
agosympathetic trunk ¡ SLGP ¡ ARGP ¡ SA node)
ith the ARGP being the convergent gate before proceed-

ng to the SA node. Similarly, left vagosympathetic trunk
odulates the SA nodal function through both SLGP and
RGP (Table 2). The main neural pathway between the

eft vagosympathetic trunk and the SA node traverses the
LGP and ARGP sequentially before proceeding to the SA
ode (left vagosympathetic trunk ¡ SLGP ¡ ARGP ¡
A node) because subsequent ablation of ARGP after
LGP ablation produced minimal additional effects (Table
) and ablating only the ARGP produced similar effects as
equential ablation of SLGP and ARGP. These data also
uggest that ARGP serves as the integration center for both

beats/min)ntially Ablated

icular Rate (beats/min)
Were Sequentially Ablated

1.5 V 2.4 V 3.2 V 4.5 V 8.0 V

95 � 88† 88 � 87† 83 � 74† 76 � 77† 66 � 80†

176 � 84 182 � 83 176 � 82 179 � 82 163 � 84*

�0.05 �0.05 �0.05 �0.01 �0.01

167 � 85 162 � 92* 161 � 94 163 � 91 158 � 96†

NS NS NS NS NS

233 � 28 235 � 29 229 � 28 228 � 29 229 � 28

NS NS �0.05 �0.05 �0.05
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R, and IRGP seems to play a trivial role in this process.
ecause SLGP � ARGP � IRGP ablation failed to
liminate the SR slowing response induced by right or left
agosympathetic stimulation, it indicates the presence of
ther neural pathways between the vagosympathetic trunk
nd the SA node that bypass these GP.

Figure 2B depicts the proposed interactions between

Figure 2 Interactions Among Vagosympathetic Trunks,
ARGP, IRGP, and SLGP on SAN and AVN Function

(A) Modulation of sinus rate by vagosympathetic stimulation. (B) Modulation of
ventricular rate during atrial fibrillation by vagosympathetic stimulation. Thick
lines and thin lines indicate strong and weak regulatory effects, respectively.
See text for details. AVN � atrioventricular node; LVG � left vagosympathetic
trunk; RVG � right vagosympathetic trunk; SAN � sinoatrial node; other abbre-
viations as in Figure 1.
vagosympathetic trunks and the AV node. Ablation ofT A S
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RGP after SLGP ablation produced minimal additional
ffects on VR slowing induced by left vagosympathetic
timulation, whereas ARGP ablation alone produced smaller
ffects than sequential ablation of SLGP and ARGP. Ablation
f IRGP produced the most dramatic response. These obser-
ations suggest the presence of a major neural pathway (left
agosympathetic trunk ¡ SLGP ¡ ARGP ¡ IRGP ¡ AV
ode) and another pathway (left vagosympathetic trunk ¡
LGP ¡ IRGP ¡ AV node), both converging at the IRGP
efore proceeding to the AV node. Moreover, ablation of
RGP followed by IRGP ablation produced more residual

ffects (16%) than SLGP � ARGP � IRGP ablation,
uggesting a neural pathway from SLGP to AV node bypass-
ng the IRGP. This pathway may in part account for the
bservation that ablating only the ARGP produced smaller
ffects than sequential ablation of the SLGP and ARGP. The
ain neural pathway between the right vagosympathetic trunk

nd the AV node traverses SLGP, ARGP, and IRGP sequen-
ially (right vagosympathetic trunk ¡ SLGP ¡ ARGP ¡
RGP ¡ AV node), as ablation of ARGP induced similar
ffects as sequential ablation of SLGP and ARGP. Moreover,
equential ablation of ARGP and IRGP completely eliminated
R slowing induced by right vagosympathetic stimulation

data not shown in Tables), suggesting the absence of a
athway directly connecting ARGP to the AV node. These
esults also indicate that both ARGP and IRGP are the
ntegration centers for both vagosympathetic trunks to inner-
ate the AV node and IRGP is the final converging point.

Because the main purpose of this study was to provide
unctional evidence for the interactions between the extrin-
ic and intrinsic cardiac ANS, we did not pursue the exact
ourses of the neural pathways within the extrinsic and
ntrinsic ANS, with the understanding that the neural
nteractions proposed in Figure 2 are by no means complete.

evertheless, prior work by other investigators (1–5,11–17)
rovided a wealth of information showing that the heart

tself is richly innervated by the ANS. Although the autonomic
anglia are usually concentrated in several areas covered by
picardial fat pads, the axons and small clusters of autonomic
anglia form an extensive interconnecting neural network. We
ostulate that these interconnections may constitute the neural
athways elucidated in the present study.
ight and left vagosympathetic stimulation and effects

n ERP and AF inducibility. The ERP abbreviation and
F inducibility during vagosympathetic stimulation were

lso modulated by GP. Right vagosympathetic stimulation
hortened the ERP and widened the window of vulnerabil-
ty at the RSPV and right atrial sites. These responses were
liminated by ARGP ablation. Likewise, left vagosympa-
hetic stimulation induced similar ERP shortening at the
SPV and left atrial sites but failed to widen the window of
ulnerability, giving the impression that right vagosympa-
hetic stimulation was more arrhythmogenic than left vago-
ympathetic stimulation despite similar degrees of ERP
hortening. These findings are contrary to a widely accepted

otion that shortening of ERP by autonomic stimulation s
erves as an indicator for AF inducibility. A recent report
10) from our group described a measure of AF inducibility
sing the window of vulnerability defined as the longest
1–S2 minus the shortest S1–S2 at which AF was induced.
oncurrent ARGP stimulation widened the window of

ulnerability and allowed both late-coupled and early-
oupled premature stimulations to initiate AF. Therefore,
he window of vulnerability serves as a better indicator of
egional autonomic activity and AF inducibility than the
RP. Although a systematic study of AF inducibility by

equentially ablating individual GP was not performed, we
howed that ablating certain critical neural elements (e.g.,
RGP) in the intrinsic cardiac ANS can eliminate AF

nducibility. We postulate that GP in general may be critical
lements that facilitate the occurrence of AF in a hyperactive
tate of the intrinsic cardiac ANS. Because the ARGP is larger
n size and closer to atrial myocardium than the SLGP, we
ostulate that ARGP may play a more active role than the
LGP in the dynamics of AF initiation because of the larger
xonal field extending into both atria. Future studies on the
istribution and relative abundance of parasympathetic and
ympathetic neural elements in the intrinsic cardiac ANS may
rovide the anatomical basis for the discrepancies in AF
nducibility described in this study and the long-term effects of
enervation described by others (16).
Patterson et al. (18) showed that both parasympathetic

nd sympathetic components are required to induce rapid-
riggered firing to initiate AF. Therefore, no adrenergic
locker was used in conjunction with vagosympathetic
timulation in this study to avoid suppressing the sympa-
hetic activity and artificially altering the window of vulner-
bility and AF inducibility. It is also known that vagosym-
athetic trunks contain sympathetic nerve fibers (19) that
an be activated by electrical stimulation of the entire trunk.
n the present study, the results acquired at a higher level of
timulation might be confounded by sympathetic activation,
articularly after GP, which are known to contain predom-
nantly parasympathetic neural elements, were ablated.

owever, the magnitude of attenuation of SR and VR
lowing would have been even greater without concurrent
ympathetic activation, further strengthening the conclu-
ions drawn in the present study.
linical implications. Recently, AF ablation targeting the

ntrinsic cardiac ANS has been shown to improve the
uccess rate for AF ablation (20–22). The intrinsic cardiac
NS, particularly the GP, was ablated either intentionally

20,21) or inadvertently (22). The capability of axonal
egeneration after injury has been known for decades, but
egeneration of neurons after injury is rare. Thus, AF
blation aiming at autonomic denervation should selectively
arget the autonomic ganglia (neurons) located within GP
o produce long-term denervation and cause minimal myo-
ardial damage. The data from this study showed that
RGP ablation attenuated ERP shortening and window of

ulnerability widening induced by right vagosympathetic

timulation, providing additional support for the clinical
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fficacy of GP ablation for AF. It is crucial to point out that
artial autonomic denervation may increase the incidence of
F as described by Hirose et al. (23). Therefore, an ablation

trategy targeting the intrinsic cardiac ANS should be
esigned so as to avoid partial denervation (mainly the right
ide) that can accentuate the dispersion of refractoriness
cross the atria and facilitate AF initiation as shown by the
legant mapping study of Hirose et al. (22) and recently
onfirmed by Oh et al. (17).
tudy limitations. This study was not intended to provide
complete body of knowledge about the complicated

nteraction between the extrinsic and intrinsic cardiac ANS
r the interaction within the intrinsic ANS itself. We
elected 3 GP whose human equivalents can be identified
nd ablated in patients with AF (21) to provide experimen-
al evidence for the hypothesis that external cardiac ANS
xerts its influences on SA and AV nodal function and AF
nducibility through the intrinsic cardiac ANS. Other po-
entially important GP such as the GP between the superior
ena cava and aortic root (15) and the GP near the ligament
f Marshall (24) were not studied for the enormous number
f permutations that would have generated in stepwise
blation of GP. The results presented herein may assist
uture researchers in defining the complex interactions
etween the extrinsic and intrinsic ANS.
In the present study, vagosympathetic trunks were not

ecentralized to maintain a more physiological state. We
cknowledge that vagosympathetic stimulation may activate
he afferent vagal or sympathetic fibers and initiate reflexes
hat are difficult to quantify. Therefore, all of the experi-
ents in this study were designed in pairs to estimate the

ontribution of each GP by analyzing the differences in
arameters before and after ablation of that GP. We
resume that the reflexes activated by vagosympathetic
timulation before and after GP ablation were very similar
nd that their impact could be minimized by paired analysis.
y the same token, potential confounding effects from

timulating the sympathetic nerves could be minimized by
aired analysis.

onclusions

he GP function as the integration centers that modulate
he autonomic innervation between extrinsic and intrinsic
ardiac ANS, as ablation of SLGP, ARGP, and IRGP
arkedly altered SR slowing, VR slowing, and AF induc-

bility with vagosympathetic stimulation. The integration
etween extrinsic and intrinsic cardiac ANS is substantially
ore intricate than previously thought. The present study

lso provides experimental support for the clinical efficacy of
P ablation for AF.
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