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Unique Autonomic Profile of the
Pulmonary Veins and Posterior Left Atrium
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Greg Shade, BS, David Gordon, MD, PHD, Alexander Morris, BS, Xiang He, MS, Yi Lu, MD,
Rashad Belin, PHD, Jeffrey J. Goldberger, MD, Alan H. Kadish, MD

Chicago, Illinois

Objectives The purpose of this study was to investigate the electrophysiologic profile of the pulmonary veins (PVs) and left
atrium (LA) in response to autonomic manipulation.

Background The parasympathetic innervation of the PVs and posterior left atrium (PLA) is thought to contribute to focal atrial
fibrillation (AF). We hypothesized that autonomic effects would be more prominent in these regions.

Methods In 14 dogs, epicardial mapping was performed in the PVs, PLA, and left atrial appendage (LAA) under the follow-
ing conditions: baseline, 20-Hz cervical vagal stimulation (VS), propranolol (P), P � VS, and P � atropine. Effec-
tive refractory periods (ERPs) were measured, and conduction vectors were computed at multiple sites. Western
blotting and immunostaining were performed for IKAch (Kir3.1/3.4).

Results The VS and P � VS caused more ERP shortening in the PV and PLA than in the LAA. The P � atropine caused great-
est ERP prolongation in the LAA. Cumulative ERP change (ERP difference between P � VS and P � atropine) was
greatest in the LAA and corresponded with expression of Kir3.1/3.4 (LAA � PLA � PV). The ERP change in response
to vagal manipulation was most heterogeneous in the PLA; this corresponded with a pronounced heterogeneity of
Kir3.1 distribution in the PLA. With VS and/or P, there was evidence of regional conduction delay in the PVs with a
significant change in activation direction. Similar activation changes were not seen in the PLA and LAA.

Conclusions The PVs and PLA demonstrate unique activation and repolarization characteristics in response to autonomic ma-
nipulation. The heterogeneity of vagal responses correlates with the pattern of IKAch distribution in the LA. The
peculiar autonomic characteristics of the PVs and PLA might create substrate for re-entry and AF. (J Am Coll
Cardiol 2007;49:1340–8) © 2007 by the American College of Cardiology Foundation

ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.10.075
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he pulmonary veins (PVs) have recently been shown to
lay a major role in the genesis of atrial fibrillation (AF) (1).

See page 1349

he PVs and the adjoining left atrium (LA) have been
hown to have unique electrophysiologic characteristics as
ompared with the rest of the LA, at least partially owing to
nderlying structural heterogeneities (2). Focal “triggers”
nd “drivers” in the PV also seem to be significantly
odified or regulated by the autonomic nervous system (3).
Atrial fibrillation has been shown to occur in the setting of

heightened sympathetic state (i.e., “adrenergic” AF) as well as
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niversity-Feinberg School of Medicine, Chicago, Illinois. This work was supported
y the National Institutes of Health (National Heart, Lung, and Blood Institute)
rant 5K08HL074192; Northwestern University–Feinberg School of Medicine; the
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n the presence of increased vagal tone (i.e., “vagal” AF) (4,5).
greater role for the parasympathetic nervous system in focal

F has been recently postulated (6). More recent studies
uggest that complex interactions between the 2 limbs of the
utonomic nervous system might be involved in the genesis of
F (7). Nonetheless, the detailed autonomic profile of the
Vs—especially as it compares with the posterior left atrium
PLA) and the rest of the LA— has not been well
haracterized.

We hypothesized that the LA exhibits a heterogeneous
lectrophysiologic response to autonomic maneuvers, with
he activation and repolarization characteristics of the PVs
eing different from the rest of the LA. Because IKAch is
he ion channel that is primarily responsible for vagal effects
n LA refractoriness, we further hypothesized that inter-
egional variation in repolarization (in response to vagal
aneuvers) is due to differences in the expression and spatial

istribution of IKAch within the PVs, PLA, and left atrial

ppendage (LAA).
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ethods

he investigation conforms to the Guide for the Care and Use
f Laboratory Animals published by the U.S. National Insti-
utes of Health (NIH Publication No. 85-23, revised 1996).
pproval for use of purpose-bred dogs (hounds) was obtained

rom the institutional animal use committee.
apping protocol. All procedures were performed in nor-
al dogs under general anesthesia (2.5% isoflurane). The

eft cervical vagus was isolated in the neck; the vagus at this
evel consists entirely of parasympathetic fibers (8). The chest
as then opened via a left-sided thoracotomy. High-density
laques were sutured onto the left inferior PV (8 � 5
lectrodes; 2.5-mm interelectrode spacing), the PLA (7 � 3
lectrodes; 5-mm interelectrode spacing), and LAA (7 �

electrodes; 5-mm interelectrode spacing) for bipolar
lectrogram recording and pacing. The PV plaque was
laced circumferentially around the vein, so as to encircle
wo-thirds of the venous circumference. The other 2 plaques
ere laid flat on the surface of the PLA and LAA,

espectively.
All data were acquired by a 128-channel mapping system

Prucka Cardiolab, GE, Milwaukee, Wisconsin) at a sam-
ling rate of 977 Hz. Mapping of activation patterns was
erformed at each location in sinus rhythm as well as during
A pacing at 400 ms under the following conditions:
) baseline; 2) left cervical vagal stimulation (VS);
) beta-blockade (propranolol 0.2 mg/kg, then 0.04 mg/
g/h) (P); 4) beta-blockade � vagal stimulation (P � VS);
nd 5) propranolol � atropine (0.04 mg/kg, then 0.007
g/kg/h) (P � ATR). The left vagus was stimulated,

ecause it is primarily responsible for the innervation of the
eft sided PVs, PLA, and LAA (8). The VS was performed
t 20 Hz (15V to 20V, 2 ms to 8 ms) (Grass S44G,
stromed, West Warwick, Rhode Island); a response con-

isted of: 1) sinus node slowing by at least 25%, or 2) PR
rolongation by more than 25% or 2:1 atrioventricular
lock. Only animals in which a vagal response was obtained
ere used for analysis.
During each of the aforementioned maneuvers, effective

efractory periods (ERPs) were measured at 10 � 3 sites in
he PV, 6 � 2 sites in the PLA, and 5 � 3 sites in the LAA.

drive train of 8 stimuli was given (S1 � 400 ms) at twice
iastolic threshold, followed by a single extrastimulus (S2);
2 was decremented by 10 ms until local ERP was reached.
ach set of ERP measurements (in response to a particular

ntervention) took approximately 15 min to perform. Be-
ause vagal effects were seen almost instantaneously after the
nitiation of VS, an equilibrium time of �1 min was used
ith VS. With propranolol or atropine administration, an

quilibration time of 30 min was used.
In 5 animals, ERPs were measured at more than 1 time

nterval (30 min to 2 h apart) to assess for consistency in
RP response. Both baseline ERPs as well as ERPs in

esponse to VS were found to be constant (� 10 ms) at each

ite over 2 or more intervals. s
Atrial fibrillation was induced
everal times with ERP testing
uring VS from the PV, PLA, as
ell as the LAA. In almost all

nstances, AF terminated within
s after cessation of VS. The

RP testing was therefore re-
umed within 1 min of AF ter-
ination. At the end of the map-

ing protocol, animals were
illed, and the hearts were re-
oved for western blotting and

mmunohistochemistry.
estern blotting. Proteins

ere extracted from frozen PV,
LA, and LAA biopsies (from 8
nimals), solubilized in Laemmli sample buffer and sub-
ected to sodium dodecyl sulfate polyacrylamide gel electro-
horesis (SDS-PAGE) with 10% acrylamide gels (Bio-Rad,
ercules, California). Electrophoresed proteins were then

ransferred to nitrocellulose membranes for immunoblot
nalysis. Nonspecific protein-binding sites were blocked
ith phosphate-buffered saline containing 5% milk. Mem-
ranes were incubated with polyclonal antibodies against
ir3.1 and Kir3.4 (Alomone Labs, Jerusalem, Israel) in
ilutions of 1:500 or 1:1000. Peroxidase-conjugated second-
ry antibodies, diluted 1:5000 or 1:10000 (Pierce, Rockford,
llinois), were used to detect bound primary antibody.
rotein bands were visualized via enhanced chemilumines-
ence (Amersham, Arlington Heights, Illinois). All bands
ere quantified with standard software (Image J, National

nstitutes of Health, Bethesda, Maryland). The signal for
oth proteins was normalized to total alpha-actin expres-
ion. Of these 8 animals, 3 also underwent electrophysi-
logic testing.
mmunohistochemistry. Frozen samples of PV, PLA, and
AA from 5 dogs were sectioned at 5 microns, allowed to
ir-dry overnight, and fixed in an acetone/alcohol mixture.
ndogenous peroxidase was blocked with dual endogenous

nzyme block (DAKO, Carpinteria, California), and non-
pecific staining was blocked with a serum-free protein
lock (DAKO). Sections were incubated for 1 h with
nti-Kir3.1 antibody (Alomone Labs) followed by an anti-
abbit dextran polymer conjugated to horseradish peroxidase
HRP) (DAKO) for 30 min and visualized with diamino-
enzidine (DAKO). Sections were counterstained with
ayer’s hematoxylin (Sigma, St. Louis, Missouri), dehy-

rated to xylene, and mounted with cover glass. All 5 of
hese animals also underwent electrophysiologic testing.

ata analysis. For each location and condition, the average
RP for all sites at that location was determined. The ERP

hanges in response to the aforementioned maneuvers were
ompared between the different conditions and regions. The
RP difference between P � VS (i.e., full vagal effect with
o sympathetic effect) and P � ATR (no vagal and no

Abbreviations
and Acronyms

AF � atrial fibrillation

ATR � atropine

ERP � effective refractory
period

LA � left atrium

LAA � left atrial
appendage

P � propranolol

PLA � posterior left atrium

PV � pulmonary vein

VS � vagal stimulation
ympathetic effect) was determine
d for each region as a
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easure of the entire range of vagal effect on refractoriness
i.e., “cumulative” vagal effect). The variance of the cumu-
ative vagal effect was obtained as a measure of the hetero-
eneity of vagal response within each region.

Post-acquisition analysis of activation direction was per-
ormed with the use of MATLAB (Mathworks, Natick,

assachusetts). The first rapid deflection of each atrial
lectrogram was marked to time local activation. Activation
isochronal) maps were constructed for each region and each
ntervention during sinus rhythm as well as during LA
acing. The PV activation maps were compared in 3 dogs at
resolution of 2.5 mm as well as for 5-mm spacing (at the

ame site). Activation direction within the PV was found to
e similar for both inter-electrode distances.
In addition, conduction velocity vectors (m/s) were cal-

ulated at each electrode with the gradient of the activation
imes and compared among regions and interventions. To
etter quantify changes in activation direction with each
ntervention, conduction velocities in the X- and Y-direction at
ach location were also determined (9). The X- and
-directions for each region were as follows: PV: X � along

he PV circumference (i.e., perpendicular to the PV long
xis), Y � proximal-to-distal PV (i.e., PV long axis); PLA:

� along the atrioventricular groove, Y � from atrioven-
ricular groove to base of superior PVs; LAA: X � parallel
o base of LAA, Y � from base-to-apex of LAA.

Immunohistochemical data were analyzed for heteroge-
eity of Kir3.1 expression in the PV, PLA, and LAA. For
his purpose, Kir3.1 staining was performed in 3 dogs. In
ach region of each animal, the number of myocardial cells
hat stained for Kir3.1 were individually counted in 6,
andomly selected 40� fields. The variance of these counts
as obtained for each region, as a measure of heterogeneity
f expression of Kir3.1 (and IKAch).
tatistical analysis. Continuous data are presented as
ean � SEM. A hierarchical mixed-effects model was used

o analyze the data, with the effects of dogs and electrodes
nested within dogs) treated as random factors. The HLM
ersion 6 software from Scientific Software International (Lin-
olnwood, Illinois) was used to carry out the analyses. A
estricted maximum-likelihood estimation approach was ap-
lied, and information from all available data-points was used.
nconditional variance-covariance structure was used where
o variance or covariance parameters were assumed to be equal.
omparisons of ERP values among regions were made inde-
endently for each of the experimental stages. In addition, the
RP difference between P � ATR and P � VS (“cumulative

agal effect”) was also estimated independently of the data
ollected during remaining stages.

Heterogeneity of Kir3.1 expression in immunostained
pecimens was quantified by the variance (SD2). Variances
etween regions were compared with the Levene’s test,
reating intra-dog variation as a random variable. Statistical

ignificance was evaluated at a 5%, 2-tailed level.
esults

ourteen normal, healthy dogs underwent electrophysi-
logic testing. At baseline, ERP was longest in the PV and
hortest in the LAA (LAA � PV, p � 0.001; LAA � PLA,
� 0.07; PLA � PV, p � 0.06) (Fig. 1A). Conduction

elocity at baseline was slower in the PV and PLA as
ompared with the LAA (LAA � PV, p � 0.01; LAA �
LA, p � 0.047; PLA approximately � PV, p � 0.65)

Table 1). These values are consistent with those previously
ublished in the literature (10).
On average, pacing thresholds (mA) were higher in the PVs

han in the rest of the atrium (PV � 2.5 � 1.9, PLA � 1.9 �
.3, LAA � 1.0 � 1.4, p � 0.01). Pacing thresholds were
ore homogenous in the LAA than in the PLA and PV

p � 0.05 for variance comparison between regions).
RP changes in response to autonomic maneuvers. In

esponse to VS, there was a significant decrease in ERP
9%) in the PV as compared with baseline (p � 0.001) (Fig.
A). In contrast, ERP changes in the PLA and LAA in
esponse to VS were not as pronounced.

In the presence of beta-blockade, vagal stimulation
P � VS) resulted in a more pronounced decrease in ERP

Figure 1 Variations in Regional ERP Response
With Miscellaneous Autonomic Maneuvers

(A) Comparison of vagal stimulation (VS) versus baseline indicates parasympa-
thetic responsiveness in the resting state; this was most pronounced in the
pulmonary vein (PV). Comparison of propranolol (P) � atropine (ATR) versus
baseline indicates resting vagal tone, which was greatest in the left atrial
appendage (LAA). (B) With P � VS, more pronounced effective refractory period
(ERP) shortening was noted in the PV, posterior left atrium (PLA), and LAA as
compared with ERP shortening with VS alone. See text for discussion. *p �

0.05.
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n the PV (17.7%), PLA (19.9%), and LAA (11.6%)
P � VS vs. P � PV: p � 0.001, PLA: p � 0.003, LAA:
� 0.036) (Fig. 1B) as compared with VS alone. The ERP
ecrease in the PV and PLA was significantly greater than

n the LAA (p � 0.05).
As compared with baseline, double autonomic blockade

P � ATR) caused a marked increase (38.2%) in ERP in the
AA (P � ATR vs. baseline: p � 0.004) (Fig. 1A) and a

ess pronounced increase (17.3%) in the PLA (P � ATR vs.
aseline: p � 0.135). In contrast, there was no significant
hange in ERP in the PV in response to P � ATR.

The ERP heterogeneity (as measured by variance) in
ach region was greater in the presence of maximal vagal
timulation (P � VS) than in the presence of vagal
lockade (P � ATR) (P � VS � P � ATR, p � 0.01).

Figure 2 Heterogeneity of Cumulative Vagal Effect in the Left A
and Its Correlation With IKAch (Kir3.1/3.4) Expressio

(A) The panel shows cumulative vagal effect as measured by the ERP difference b
lowed by the PLA and PV (LAA � PLA � PV). Panels B and C show western blots f
followed by the PLA and PV (LAA � PLA � PV). LSPV � left superior pulmonary ve
right superior pulmonary vein; other abbreviations as in Figure 1.

onduction Velocity (m/s) inesponse to Autonomic Maneuvers

Table 1 Conduction Velocity (m/s) in
Response to Autonomic Maneuvers

Baseline VS P P � VS P � ATR

PV 1.4 � 0.1 1.3 � 0.1 1.5 � 0.1 1.4 � 0.1 1.2 � 0.1

PLA 1.5 � 0.1 1.5 � 0.1 1.7 � 0.1 1.5 � 0.1 1.7 � 0.1

LAA 2.1 � 0.1 2.0 � 0.1 2.0 � 0.1 1.8 � 0.1 1.9 � 0.2

aseline differences between the regions are discussed in the text.
ATR � atropine; LAA � left atrial appendage; P � propranolol; PLA � posterior left atrium; PV �

ulmonary vein; VS � vagal stimulation.
egional differences in vagal effect— correlation with
KAch distribution. Cumulative vagal effect (ERP differ-
nce between P � VS and P � ATR) was found to be
reatest in the LAA (ERP change: LAA � PV, p � 0.04;
AA � PLA, p � 0.12) (Fig. 2A). Eight dogs had western
lotting performed for Kir3.1/3.4; 3 of these dogs also under-
ent electrophysiologic testing. The cumulative vagal effect in

he PV, PLA, and LAA corresponded to the relative expres-
ion of the IKAch subunits Kir3.1 and Kir3.4 in these regions
for both Kir3.1 and 3.4, LAA � PLA � PV) (Figs. 2B and
C); differences in regional Kir3.1 and 3.4 expression were
onsistent across all animals. However, vagal-induced ERP
hortening was significantly more heterogenous in the PLA
s compared with the LAA (variance of ERP shortening:
LA � LAA, p � 0.04) (Fig. 3). Heterogeneity of ERP
hortening (in all dogs as well as in the 5 dogs that
nderwent immunohistochemical staining) corresponded to
he heterogeneity of IKAch distribution in each region
variance of the number of Kir3.1 positive cells counted
nder 6 high-power (40�) fields: PV approximately � PLA �
AA, p � 0.01). Figures 3B and 3C show a typical example of
reater heterogeneity of Kir3.1 expression in the PLA as
ompared with the LAA. Heterogeneity of Kir3.1 was consis-
ent within multiple samples from a particular region.

the PV, PLA, and LAA

n P � VS and P � ATR. The cumulative vagal effect is greatest in the LAA, fol-
.1 and 3.4, respectively. Each protein shows greatest expression in the LAA,
� left inferior pulmonary vein; RIPV � right inferior pulmonary vein; RSPV �
trium
n in

etwee
or Kir3
in; LIPV
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ctivation and conduction patterns. All activation and
onduction patterns were analyzed during sinus rhythm.
inus cycle length was �400 ms at baseline as well as with
ach autonomic intervention (data not shown). Because
hese rates were significantly greater than the ERPs noted
ith each intervention and in each region (Fig. 1), the

ctivation changes observed in response to different auto-
omic maneuvers cannot be attributed to regional changes

n refractory periods. Despite changes in sinus rate, there
as no significant change in surface P-wave morphology (as

ssessed in multiple leads by 2 independent observers) with
ny autonomic intervention; this confirmed that the rhythm
as sinus (and not an ectopic atrial rhythm) during each

ntervention.
Total conduction velocity did not change significantly

rom baseline in the PV, PLA, or LAA in response to
utonomic maneuvers (Table 1). However, the direction of
ctivation during sinus rhythm—and resulting activation
atterns—were noted to change markedly in the PV in
esponse to VS as well as in response to beta-blockade. In
ontrast to the PV, activation direction did not change
ignificantly in the PLA and LAA in response to autonomic

Figure 3 Heterogeneity of Vagal-Induced ERP Shortening Withi
and LAA Corresponds With Heterogeneity of IKAch Di

(A) The panel shows heterogeneity of ERP shortening among individual pacing ele
greatest in the PLA and is least in the LAA. Panels B and C show examples of imm
Kir3.1 is stained red. In the LAA (B), Kir3.1 staining is very homogeneous. In con
arrows indicate the heterogeneity of red staining in the PLA. Abbreviations as in Fi
aneuvers. d
Figures 4A and 4B demonstrate an example of a marked
hange in the site of earliest activation (“breakout”) in the
V in the presence of beta-blockade (as compared with
aseline), with breakout occurring at the opposite sides of
he mapped region in the presence and absence of beta-
lockade. Figures 4C to 4F show activation maps in the
LA and LAA in the same dog, at baseline and in the
resence of beta-blockade. Unlike in the PV, activation
atterns remained relatively unchanged in the PLA and
AA. Activation patterns were also assessed during LA
acing at 400 ms. As with sinus rhythm, activation changes
ere most pronounced in the PV; Figure 5 shows a

ignificant change in the site of earliest activation in the PV
n the presence of beta-blockade.

ctivation along X- and Y-axis. Analysis of the directional
X/Y) components of the baseline conduction velocity revealed
difference between activation along the X- versus the Y-axis

n the PLA and LAA (PLA: X vs. Y, p � 0.175; LAA: X vs.
, p � 0.017) (Fig. 6). X- and Y-components were approxi-
ately equal in the PVs at baseline (X vs. Y, p � NS).
Assessment of the X- and Y-components of conduction

elocity in each region confirmed the changes in activation

PV, PLA,
tion Within Each Region

s in the PV, PLA, and LAA. Interelectrode heterogeneity (�Variance/N) is the
taining (10� magnification) for Kir3.1 in the LAA and PLA, respectively. The
taining for Kir3.1 is significantly more heterogeneous in the PLA (C). The black
.

n the
stribu

ctrode
unos

trast, s
gure 1
irection noted in the PV in response to VS and beta-
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lockade. As compared with baseline, the PVs demon-
trated a decrease in the magnitude of the Y-vector in
esponse to VS (YVS � Ybase � 0.06 � 0.06 � 0.18 � 0.07,
� 0.046) (Fig. 6A) as well as a significant change in X/Y

atio in response to P and to P � VS (Xbase vs. Ybase �
.10 � 0.06 vs. 0.18 � 0.07, p � NS; XP vs. YP � 0.21 �
.08 vs. 0.02 � 0.09, p � 0.02; XP � VS vs. YP � VS �
.24 � 0.10 vs. 0.06 � 0.06; p � 0.04) (Fig. 6A), indicating
significant change in activation direction in response to

hese maneuvers. In contrast, the X/Y relationship remained

Figure 4 Activation Change in the PV With P

Panels A, C, and E represent baseline activation during sinus rhythm in the PV, PL
LAA in the presence of P. (A) At baseline, earliest activation is noted on the left s
plaque (*). No significant differences are noted in earliest activation or activation
step represents 1 ms. *Earliest activation. The grid on the right shows that earlie
gray. Abbreviations as in Figure 1.
elatively unaltered in the PLA and LAA in response to r
hese autonomic maneuvers, indicating no significant
hange in activation in these regions (Figs. 6B and 6C).

iscussion

he major finding of this study is that the LA and PVs
emonstrate a heterogeneous response to autonomic ma-
euvers. The overall vagal contribution to refractoriness is
reater in the LAA than in the PVs and PLA, largely owing
o a higher resting vagal tone in the LAA. Even though the

LAA, respectively. Panels B, D, and F represent activation in the PV, PLA, and
the plaque (*). (B) With P, earliest activation shifts to the opposite end of the
on in the PLA (C, E) or in the LAA (E, F) in the presence of P. Each isochronal
vation is black, with later times indicated by progressively decreasing shades of
A, and
ide of
directi
st acti
esting vagal tone is higher in the LAA, VS causes a greater
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ecrease in ERP in the PV and PLA (as compared with the
AA). Moreover, the heterogeneity of vagal effects on

efractoriness is more pronounced in the PLA as compared
ith the PV and LAA. The effects of VS on refractoriness

re consistent with the relative pattern of distribution of
KAch in these regions.

In addition to heterogeneous repolarization effects seen in
esponse to autonomic maneuvers, the PVs demonstrated
nique activation characteristics in the presence of VS
nd/or beta-blockade. With either of these maneuvers, the
Vs demonstrated regional conduction block and significant
hange in the direction of activation as compared with
aseline. In contrast, similar activation changes were not
oted in the PLA or LAA.
nique repolarization profile of the PVs and PLA: role

f IKAch. Recent clinical studies have shown that in some
ases AF can be caused by a rapidly firing focus in the PVs
1). Clinical and animal data suggest that these PV triggers
nd drivers seem to be at least partially modulated by the
utonomic nervous system (3). More recently, Pappone
t al. (6) have suggested that altering vagal input to the PLA
nd the PVs—as measured by the elimination of vagal
eflexes on PV stimulation—might improve efficacy of
blation procedures for AF.

Despite these initial studies, the detailed autonomic
rofile of the PVs and the PLA and the precise role of the
utonomic nervous system in the genesis of focal AF have
ot been systematically investigated in animal or clinical
odels. In this electrophysiologic study, we demonstrate

nique differences in autonomic responsiveness among the
Vs, PLA, and the rest of the LA. The heterogeneity of
utonomic responsiveness in the LA is at least partially
xplained by the differential distribution of IKAch that we
ave demonstrated in the LA. The IKAch is the predom-

nant ion-channel responsible for vagal effects on refracto-

Figure 5 Activation Change in the PV With P

Panels A and B represent 1 PV in the presence and absence of P, during pacing a
PV), indicating breakout in the unmapped posterior one-third of the PV. (B) With P
ing change in the direction of activation. Each isochronal step represents 1 ms. A
iness in the LA (11), with muscarinic receptors activating n
KAch via G-protein–dependent pathways. As a result,
KAch is believed to play a key role in vagal influences on
F substrate (12). The IKAch concentrations have been

hown to be greater in the LA than in the RA (13). However,
he heterogeneity of IKAch expression within the LA has not
een previously described. In this study, we demonstrate
ifferences in the expression of IKAch within different regions
f the LA and PVs, with total IKAch expression being greater
n the LAA than in the PVs or PLA. In addition to differences
n overall expression of IKAch among the PV, PLA, and
AA, we have also demonstrated differences in spatial distri-
ution of IKAch within each of these regions. Distribution of
KAch seems to be most heterogenous within the PLA; this is
onsistent with the heterogeneous ERP response to VS that
as noted in the PLA.
nique activation profile of the PVs. The PV activation

hanges that we have demonstrated in the current study
uggest that vagal and/or adrenergic manipulation might
lso contribute to creation of functional conduction block in
he PVs. In fact, both vagal and sympathetic manipulation
ave been shown to influence gap-junction conduction and
et up substrate for re-entry in relatively uncoupled myo-
ardial tissue (14–16). The heterogeneity of fiber orienta-
ion and the relatively uncoupled state that exist in the PVs
s compared with the LA (2,17) might therefore make them
articularly sensitive to parasympathetically and sympathet-
cally modulated changes in conduction.
mplications for re-entry. With high-resolution optical
apping, Arora et al. (10) demonstrated substrate for

e-entry at the PV-LA junction; in this ex vivo study,
e-entry could be sustained in Landendorff-perfused PVs
nly in the presence of isoproterenol or acetylcholine.
herefore, both sympathetic and parasympathetic ma-
ipulation seem capable of creating conditions for re-
ntry in the PVs—albeit by potentially different mecha-

ms. (A) At baseline, earliest activation (*) is noted at the lower right (distal
st activation (*) shifts to the opposite end (left) of the distal PV, with a result-
tions as in Figure 1.
t 400
, earlie
bbrevia
isms. Because acetylcholine has previously been shown
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o cause sustained re-entry at the PV-LA junction in
angendorff preparations (10), it is conceivable— on the
asis of the results of the current study—that VS might
e creating substrate for functional re-entry by shortening
efractoriness preferentially and heterogeneously within
he PLA.
ympatho-vagal interactions. Recent physiology studies
y Patterson et al. (7) suggest that adrenergic influences
ight be playing an important modulatory role in the

mergence of focal triggers/drivers in the presence of an

Figure 6 X- and Y-Conduction Vectors in
Response to Autonomic Maneuvers

Each panel shows X- and Y-components of conduction velocity for each region
and for each intervention. (A) In the PV, VS, P, and P � VS cause a significant
change in the Y-vector and the resulting X/Y relationship, indicating a change
in activation direction. Panels B and C show X- and Y-vectors for the PLA and
LAA, respectively. In both regions, there was no significant change in either X-
or Y-component or in the X/Y relationship in response to any intervention. *p
� 0.05 (X vs. Y). Abbreviations as in Figure 1.
ncreased vagal tone.
Significant sympatho-vagal interactions were also
oted in the current study. Beta-blockade accentuated
agal-induced ERP shortening in each region, thereby
uggesting that sympathetic stimulation might be antago-
istic to vagal effects in the LA. Of note, ERP shortening
aused by P � VS was more pronounced in the PLA and
AA (as compared with the PV), indicating a heterogeneity
f sympatho-vagal interactions within the LA.
tudy limitations. This was a canine study, the results of
hich cannot be directly extrapolated to the human LA.
oreover, this study was conducted in normal dogs, and it

s not known to what extent autonomic remodeling con-
ributes to AF substrate in the setting of structural heart
isease.
The distribution of autonomic nerves in the LA and PVs

as not examined in this study; heterogeneity of nerve
istribution and differences in sympathetic/parasympathetic
o-localization (18) within the LA might play a role in the
reation of substrate for focal AF. Although AF was more
eadily inducible in the presence of VS, AF inducibility and
haracteristics of the induced AF were not examined in
etail in this study.
Although vagal responses have been shown to be more

ronounced in the left superior PV, electrophysiologic
esting was performed only on the left inferior PV (because
t was the easiest vein to access via a left-sided thoracot-
my). Nonetheless, the left inferior PV was felt to be a
uitable vein for this study, because significant vagal re-
ponses have been described during ablation in and around
his vein (6).

Immunostaining (for Kir3.1 heterogeneity) was per-
ormed only on sections from the epicardial aspect of the
V, PLA, and LAA (because these were the surfaces that
ere mapped); heterogeneity of Kir3.1 distribution was not

eparately assessed for the endocardium.

onclusions

his study demonstrates the presence of a unique auto-
omic profile in the PVs and PLA; the repolarization profile
eems to correlate with the underlying pattern of distribu-
ion of IKAch. The peculiar autonomic characteristics of
his region might contribute to the genesis of focal AF.
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