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INtRODuCtION

Atrial fibrillation (AF) is the most common ar-
rhythmia in humans and occasionally leads to critical 
problems such as ischemic stroke. AF is believed to 
be initiated mainly by the modification of neural 
mechanisms in patients with structurally normal 
hearts [1-2]. Experimentally, both direct vagal stimu-
lation [3-5] and local application of acetylcholine 
(Ach) on the auricular surface [6] reportedly induce 
AF. Adrenergically mediated AF was also induced by 
adrenaline or isoproterenol infusion into sinus node 
artery [7]. However, Sharifov et al. [8] reported that AF 
could not be induced, even by intense stimulation by 
infusing adrenaline and isoproterenol into the sinus 
node artery, when the background cholinergic tone 
was suppressed by atropine, indicating that the cholin-
ergic tone plays a critical role in these AF episodes. It 
has been shown that in a canine model, vagal dener-
vation prevents AF induction [9]. In addition, Pappone 
et al. [10] reported that complete vagal denervation 
during circumferential pulmonary vein (PV) ablation 
(CPVA) reduced the recurrence of paroxysmal AF at 
12 months. 

It has long been known that PVs have independent 
pulsation, suggesting thier electrical automaticity [11]. 

It is also known that the left atrial myocardial sleeves 
extend into the outer layer of the PVs in humans and 
various other mammals [12-13]. Among the 4 PVs, the 
left superior PV (LSPV) has the most developed and 
extended sleeves [13]. Furthermore, previous studies 
suggested that the myocardial sleeves of the PV showed 
many spontaneous activities such as automaticity, or 
early after depolarization (EAD) or delayed after depo-
larization (DAD) [14-15]. There are differences in the 
electrophysiological and anatomical properties between 
cells at the distal end of the PV and those close to the 
LSPV-left atrial junction (LSPV-LA-J) [16-17]. That 
is, pace-making potentials were mainly observed in 
cells at the distal to the hearts [16] and anatomically 
clear cells resembling the sinus node cells, which were 
distributed mainly in the terminal portion of the PV 
sleeves, might potentially have pacemaking activity [17]. 

The purpose of the present in vivo study in canine 
model was to determine (1) whether Ach injection 
into the LSPV wall could induce AF, (2) if inducible, 
whether the location of the main site of AF initiation, 
distal or proximal part of the LSPV-LA-J could be 
specified, and (3) whether AF could be elicited, via 
direct vagal reflexes or changes in heart beats (study 
I). Another purpose was to determine whether pre-
treatment of muscarine (M2) -receptor blockade with 
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Objectives: We determined whether acetylcholine (Ach) application to the pulmonary vein (PV) wall could 
induce AF and clarified its mechanisms, and determined whether circumferential PV radiofrequency abla-
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was added to elicit AF. Atropine was injected at the same site of Ach injection to determine whether musca-
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pause-AF, brady-AF and tachy-AF groups. AF was not initiated by injecting Ach after atropine pretreatment. 
to eliminate AF, 1-6 (average 4.1 ± 1.2) CPVAs at the lSPV-lA-J were required.
Conclusions: Our observations suggest that local Ach application can initiate AF in PVs, preceded by a va-
riety of modes such as pause, bradycardia or tachycardia, and an increase in vagal tone at the lSPV plays a 
critical role in eliciting AF in structurally normal heart.
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atropine or CPVA at the LSPV-LA-J could prevent AF 
initiation by Ach injection in the LSPV wall (study II).

MAtERIAlS AND MEtHODS

Animals and surgical procedure
We anesthetized 37 adult beagle dogs (weighing 

10-12 kg) with thiamylal (15 mg/kg; IV) and a-chlo-
ralose (50 mg/kg; IV). Drip infusion of a-chloralose 
was used to maintain anesthesia as needed. The dogs 
were intubated with a cuffed endotracheal tube and 
ventilated with a room-air respirator (Harvard model 
670, USA). Arterial PaO2, PaCO2, pH and base ex-
cess were monitored throughout the experiment and 
adjusted by varying the tidal volume or O2 flow or 
by administering sodium bicarbonate when needed. 
Positive expiratory pressure was applied to maintain 
PaO2 in the normal range. The right common carotid 
artery and external jugular vein were cannulated to 
monitor arterial pressure and to administer physiologi-
cal saline or drugs, respectively. The chest was opened 
through the left fifth intercostal space, and the heart 
was suspended in a pericardial cradle. The details 
of this procedure have been described in a previous 
paper [18]. The adipose and connective tissues sur-
rounding the LA and LSPV were carefully separated 
and removed. Bipolar electrodes were sutured to the 
chest surface (Y-lead), the exposed surface of the LA 
appendage, LSPV (4 [LSPV-H] and 12 mm [LSPV-P] 
from the LSPV-LA-J) and left ventricle. Electrograms 
of the left ventricle was recorded to determine whether 
vasospastic constriction of the coronary artery was re-
lated to AF induction, which could not be initiated by 
direct Ach action on PVs. For this reason, we carefully 
observed changes in ST segment which was seen in the 
electrograms in the left ventricular leads. Electrograms 
of these sites were recorded throughout the experiment 
(RMP-6000; Nihon Kohden Co. Japan).

Experimental protocol
Study I (n = 26): In 14 dogs, Ach (200 to 400 μg/

kg) was injected into the subadventitial layer of the 
LSPV at intervals of 4 mm in the location between 
4 mm and 16 mm from the LSPV-LA-J to induce 
AF. The sequence of Ach injection in each dog was 
randomly selected by the envelope method. In 26 dogs, 
including the above 14, the cervical sympathetic and 
vagal trunks on both sides and stellate ganglia were 
transected to eliminate the Ach-induced reflex influ-
ence of the central nervous system on the heart. After 
AF initiation by Ach, we confirmed whether the induc-
tion of AF could be reproduced as follows. If AF ter-
minated spontaneously within 10 min, the same Ach 
dose was injected using the same procedure 10 min 
after the termination. If AF persisted for more than 10 
min, it was terminated by electrical cardioversion and 
Ach was injected 10 min after this termination. 

In case AF was not initiated after injecting Ach, 
Ach was again injected 10 min after the first injection. 
If AF was still not initiated, the LSPV-P was electri-
cally stimulated using a programmed digital stimula-
tor (Model SEN-3201; Nihon Kohden Co., Japan) with 
the S1-S2 method (cycle length of S1, 300-350 ms; 
pulse strength, 4 m A; and pulse duration, 2 msec) at 
twice the diastolic threshold, followed by continuously 

and gradually reducing the pacing cycle (at intervals 
of 10 ms) up to 200 ms to induce AF. Vagal reflexes 
were defined as asystole or atrio-ventricular (AV) block  
≧ 2.0 s that occurred within a few seconds after Ach 
application, according to the report by Pappone et al. 
[10]. Blood pressure was monitored using the blood 
pressure transducer during the experiments.

Study II (n = 11): In 4 dogs in whom AF was in-
duced by Ach injection, atropine was injected at the 
same site as Ach to determine whether M2-receptor 
blockade effectively suppressed the initiation of AF. 
A basket electrode-catheter, the details of which are 
described below, was designed and manufactured 
by us (Fig. 1A). It was inserted into the PV lumen by 
squeezing the basket through the hilum of the LSPV 
and advancing the tip into the inner surface of the 
LSPV-LA-J, where 6 electrodes were attached to the 
intima of LSPV-LA-J by expanding the basket (Fig. 1B 
and 1C). Intravenous heparin sodium was continuously 
administered (2,000 U diluted in 500 ml of electro-
physiological sodium) to prevent thrombus formation 
around the basket catheter. A preliminary experiment 
was separately conducted in 3 dogs to electrophysiolog-
ically determine the optimal electric current for CPVA 
through the new balloon catheter electrodes. A variety 
of ablation conditions such as watt (electric strength) 
and duration of time and impedance were adjusted 
as required. In these dogs, Ach was injected into the 
subadventitial layer of LSPV-P to initiate AF, and then 
catheter ablation was performed at the LSPV-LA-J.

The remaining 4 dogs were used in an experiment 
to confirm whether the application of radiofrequency 
energy to the LSPV-LA-J by using electrode-catheter 
was successful in eliminating the AF induced by Ach. 
First, AF initiation by Ach injection into the subadven-
titial layer of LSPV-P was confirmed. Ten min after its 
termination, AF was initiated again by injecting Ach 
at the same point. We applied the following optimal 
ablation conditions, as determined in the preliminary 
experiments; electrical strength, 10-15 watt; ablation 
period, 30 s; and electrical impedence at 2-3 Ω (67-68 
Ω) which was lower than the pre-electrical discharge 
(about 70 Ω).

Manufactured basket catheter with expandable 
balloon-shaped electrodes

An ablation catheter was developed and manufac-
tured for catheter ablation at the inner layer of the 
LSPV-LA-J, as described previously. The scheme of 
entire catheter, part of the electrodes including the 
connecting part of the ablation device (CAT-500; 
Central Technology Co., Japan) are shown in Fig. 1A 
and 1B. A steel wire was fixed through the central por-
tion of the catheter and equipped with 6 mobile non-
conducting polyethylene lines by which the circumfer-
ence could be increased or decreased, and a silver 
electrode (width, 1 mm) was placed in the central part 
of each polyethylene line. The top of Fig. 1B shows the 
shrunken balloon electrodes and the bottom shows the 
expanded electrodes.

This study was reviewed and approved by the 
Animal Experimentation Committee, Isehara Campus, 
Tokai University. All experiments were performed 
in accordance with the Guidelines on Animal Use of 
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Tokai University School of Medicine, which conform 
to The Guide for the Care and Use of Laboratory 
Animals published by the U. S. National Institutes of 
Health (NIH Publication No. 85-23, revised 1996).

Statistical Analysis
The variables are expressed as mean ± SD. Within-

group comparisons were made using paired Student’s 
t test. Comparisons in RR intervals and systolic blood 
pressure (SBP) before and after Ach injection, the 
time from Ach injection to AF initiation and the AF 
duration between pause-AF, brady-AF and tachy-AF 
groups, described below, were evaluated by analysis 
of variance with the Scheffé method. The results were 
significant at p < 0.05.

Results

Study I: Induction of AF after Ach injection into 
LSPV wall

AF most frequently occurred in 12 mm from the 
LSPV-LA-J in the distal portion: 11 dogs (79%) had 
AF at 12 mm; 9 (64%) at 8 mm; 7 (50%) at 16 mm; 
and 6 (43%) at 4 mm. AF was reproducibly induced 
by Ach injection without programmed electrical 
stimulation in 19 of the 26 dogs tested (73%) (Table 
1A). Programmed stimulation after Ach injection initi-
ated AF in 5 of the remaining 7 dogs (Table 1B). The 
first AF initiated in each dog was investigated in the 
present study. As shown in Table 1A, among 19 AFs 
induced by Ach alone, pause (sinus arrest) ≧ 2.0 s was 
observed in 7 dogs (37%; pause-AF group; Fig. 2A-a 
and 2A-b). However, no atrioventricular (AV) block 
was seen during pauses. Sinus bradycardia followed 
by supraventricular premature contraction (SVPC) or 

followed by escape was seen in 6 dogs (32%; brady-AF 
group; Fig. 2B-a and 2B-b). Sinus tachycardia with 
subsequent SVPC was seen in 6 dogs (32%; tachy-AF 
group; Fig. 2C).

RR intervals (average of 5 beats) significantly 
increased and decreased just before AF initiation as 
compared to those just before Ach injection in brady-
AF (p < 0.001) and tachy-AF (p < 0.05) groups, respec-
tively. SBP was investigated just before and just after, 
10 min after Ach injection, and just before AF initia-
tion in the 3 groups. It significantly reduced just after 
and 10 s after Ach application and just before AF ini-
tiation as compared to SBP just before Ach application 
in pause- and tachy-AF groups (p < 0.01 in pause-AF 
and p < 0.05 in tachy-AF group) (Fig. 2A-a, 2C and 
3). In the brady-AF group, there were no significant 
differences in BP between just before and just after or 
10 s after Ach application (Fig. 2B-a and 3) although 
SBP just before AF initiation was significantly reduced 
as compared to other 3 periods (p < 0.05 in each) (Fig. 
3). The mean time from Ach injection to AF initiation 
was 19.1 ± 19.6 s in pause-AF, 22.9 ± 36.7 s in brady-
AF, and 50.7 ± 32.3 s in the tachy-AF group, and there 
were no significant differences among the 3 groups. 
The mean AF duration was 301.0 ± 89.4 s in pause-
AF, 358.8 ± 185.7 s in brady-AF, and 330.3 ± 156.5 s 
in the tachy-AF group, and no significant differences 
were found. AF lasted more than 10 min in 1 dog in 
the brady-AF and 1 in the tachy-AF group. 

Of the 7 dogs, in whom AF was not initiated by 
Ach alone, AF was induced by programmed stimula-
tion after Ach application in 5 (Fig. 4), and it was 
consistently generated with vulnerable periods after S2 
stimulation in 4 of these 5 dogs (Table 1B).

Fig. 1	 Schema of entire catheter (A), part of basket electrodes (B) and part of left atrium (LA) 
and left superior pulmonary vein (LSPV) in the canine heart (C). The details are 
described in the text. LSPV-P, pulmonary portion of the LSPV; LSPV-LA-J, junction 
between the LSPV and the LA.



K, ADACHI et al. /Atrial Fibrillation Induced by Acetylcholine Application on Pulmonary Vein Wall

― 4―

T
ab

le
 1

A
	

 R
R

 i
nt

er
va

ls
 a

nd
 s

ys
to

lic
 b

lo
od

 p
re

ss
ur

e 
(S

B
P)

 b
ef

or
e 

an
d 

af
te

r 
A

ch
 i

nj
ec

tio
n,

 a
nd

 t
he

 t
im

e 
fr

om
 A

ch
 i

nj
ec

tio
n 

to
 A

F 
in

iti
at

io
n 

an
d 

A
F 

du
ra

tio
n 

in
 1

9 
do

gs
, 

in
 w

ho
m

 A
F 

w
as

 i
ni

tia
te

d 
by

 A
ch

 a
pp

lic
at

io
n.

 A
ch

, 
ac

et
yl

ch
ol

in
e;

 A
F,

 a
tr

ia
l 

fi
br

ill
at

io
n;

 S
V

PC
, 

su
pr

av
en

tr
ic

ul
ar

 p
re

m
at

ur
e 

co
nt

ra
ct

io
n;

 D
C

, 
di

re
ct

 
cu

rr
en

t, 
w

hi
ch

 w
as

 a
pp

lie
d 

to
 te

rm
in

at
e 

A
F 

ov
er

 6
00

 s
 (

10
 m

in
).

D
og

 N
o.

1,
 p

au
se

-A
F

2,
 b

ra
dy

-A
F

3,
 ta

ch
y-

A
F

R
R

 in
te

rv
al

s 
ju

st
 b

ef
or

e 
A

ch
 (

m
s)

R
R

 in
te

rv
al

s 
ju

st
 b

ef
or

e 
A

F
 (

m
s)

SB
P 

ju
st

 
be

fo
re

 A
ch

 (
m

m
H

g)

SB
P 

ju
st

 
af

te
r 

A
ch

 (
m

m
H

g)

SB
P 

10
 s

 
af

te
r 

A
ch

 (
m

m
H

g)

SB
P 

ju
st

 
be

fo
re

 A
F

 (
m

m
H

g)

T
im

e 
fr

om
A

ch
 to

 A
F

 (
s)

A
F 

du
ra

tio
n

 (
s)

A
rr

hy
th

m
ia

 p
re

ce
di

ng
 A

F
1

1
40

0
pa

us
e

12
8

80
72

11
5

7.
5

34
5

Pa
us

e 
(2

 s
ec

) 
→

 e
sc

ap
e 
→

 A
F

2
1

48
0

pa
us

e
15

3
91

10
0

10
0

32
40

4
Pa

us
e 

(2
.4

 s
ec

) 
→

 e
sc

ap
e 
→

 A
F

3
1

56
0

pa
us

e
12

0
78

65
10

0
5

22
2

Pa
us

e 
(2

.5
 s

ec
) 
→

 e
sc

ap
e 
→

 A
F

4
1

52
0

pa
us

e
17

4
80

78
82

16
.5

32
0

Pa
us

e 
(7

 s
ec

) 
→

 e
sc

ap
e 
→

 A
F

5
1

38
0

pa
us

e
16

5
12

8
13

0
11

5
58

30
3

Pa
us

e(
4.

5 
se

c)
 →

 e
sc

ap
e 
→

 A
F

6
1

40
0

pa
us

e
17

0
14

3
14

7
12

0
4.

5
36

8
Pa

us
e 

(2
 s

ec
) 
→

 A
F

7
1

48
0

pa
us

e
15

7
12

5
11

1
92

10
14

5
Pa

us
e 

(2
 s

ec
) 
→

 A
F

8
2

42
0

52
0

15
4

15
4

14
5

90
23

ov
er

 6
00

 →
 D

C
Si

nu
s 

br
ad

yc
ar

di
a 
→

 e
sc

ap
e 
→

 A
F

9
2

40
0

48
0

15
0

14
8

14
7

12
5

15
36

5
Si

nu
s 

br
ad

yc
ar

di
a 
→

 S
V

PC
 →

 A
F

10
2

42
0

52
0

13
5

13
5

13
8

10
0

96
21

2
Si

nu
s 

br
ad

yc
ar

di
a 
→

 e
sc

ap
e 
→

 A
F

11
2

48
0

58
0

14
8

14
6

13
9

13
0

2.
5

27
6

Si
nu

s 
br

ad
yc

ar
di

a 
→

 S
V

PC
 →

 A
F

12
2

39
0

48
0

14
9

14
1

14
2

12
0

2.
3

14
3

Si
nu

s 
br

ad
yc

ar
di

a 
→

 S
V

PC
 →

 A
F

13
2

34
0

42
0

13
7

12
8

13
0

13
5

3.
5

55
7

Si
nu

s 
br

ad
yc

ar
di

a 
→

 S
V

PC
 →

 A
F

14
3

30
0

28
0

12
6

11
1

12
0

12
2

5.
1

15
8

Si
nu

s 
ta

ch
yc

ar
di

a 
→

 S
V

PC
 →

 A
F

15
3

36
0

32
0

15
5

14
5

13
4

11
4

85
38

5
Si

nu
s 

ta
ch

yc
ar

di
a 
→

 S
V

PC
 →

 A
F

16
3

54
0

48
0

17
5

15
0

14
5

12
5

60
30

1
Si

nu
s 

ta
ch

yc
ar

di
a 
→

 S
V

PC
 →

 A
F

17
3

52
0

38
0

16
3

13
8

14
0

13
4

70
ov

er
 6

00
 →

 D
C

Si
nu

s 
ta

ch
yc

ar
di

a 
→

 S
V

PC
 →

 A
F

18
3

40
0

32
0

18
6

14
2

13
9

12
0

68
20

3
Si

nu
s 

ta
ch

yc
ar

di
a 
→

 S
V

PC
 →

 A
F

19
3

32
0

28
0

14
0

13
3

12
8

12
5

16
33

5
Si

nu
s 

ta
ch

yc
ar

di
a 
→

 S
V

PC
 →

 A
F

T
ab

le
 1

B
	

 Fi
ve

 d
og

s 
in

 w
ho

m
 A

F 
w

as
 i

nd
uc

ed
 b

y 
pr

og
ra

m
m

ed
 e

le
ct

ri
ca

l 
st

im
ul

at
io

n 
w

ith
 S

1-
S2

 m
et

ho
d 

af
te

r 
ac

et
yl

ch
ol

in
e 

(A
ch

) 
in

je
c-

tio
n 

in
to

 t
he

 s
ub

ad
ve

nt
tia

l 
la

ye
r 

of
 L

SP
V

. I
n 

th
es

e 
5 

do
gs

, 
A

F 
w

as
 n

ot
 i

nd
uc

ed
 b

y 
A

ch
 a

lo
ne

. A
F,

 a
tr

ia
l 

fi
br

ill
at

io
n;

 L
SP

V
-P

, 
le

ft
 s

up
er

io
r 

pu
lm

on
ar

y 
ve

in
.

D
og

 N
o.

Pr
og

rr
am

ed
 E

le
ct

ri
ca

l 
St

im
ul

at
io

n;
 S

1-
S 2

 m
et

ho
d

 （
S2

/S
1)

(m
s)

（
S2

/S
1)

(m
s)

S2
/S

1)
 (

m
s)

A
F 

in
iti

at
io

n 
af

te
r 

S1
 o

r 
S2

A
F 

du
ra

tio
n 

(s
)

20
25

0/
30

0
3r

d 
S1

 
36

21
24

0/
35

0
S2

14
1

22
20

0/
35

0
S2

59
1

23
18

0/
35

0
S2

36
1

24
12

0/
30

0
S2

ov
er

 6
00

 →
D

C
→

D
C

 D
C



K, ADACHI et al. /Atrial Fibrillation Induced by Acetylcholine Application on Pulmonary Vein Wall

― 5―

Fig. 2A-a and 2A-b	  Tracings of electrogram and blood pressure in a case of the 
pause-AF group. Ach injection into the subadventitial layer of 
the pulmonary portion of the left superior pulmonary vein 
(LSPV-P) caused pause (sinus arrest) followed by escape beats 
(Fig. 2A-a) with the subsequent atrial fibrillation (AF) (Fig. 
2A-b). Also, blood pressure (BP) markedly reduced after Ach 
injection.

A-a

A-b
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Fig. 2B-a and 2B-b	  A case of brady-AF group. Marked sinus bradycardia is seen 10 
s after Ach injection and then followed by premature beats with 
the subsequent AF, and BP mildly reduced (Fig. 2B-a). AF oc-
curred more than 15 s after Ach injection. Note that the signal 
of AF in this tracing of LSPV-P lead is very dense, as shown 
by an arrow. In this experiment, such dense signal in consis-
tence with the beggining of AF was sometimes observed. This 
signal seems to be artefacts due to respiration because size of 
this signal looks to be modified by respiration periodicity and 
such signal disappeared with time as shown in the right panel 
of Figure 2B-b. However, cause of this phenomenon remains 
unclear in this study.

B-a

B-b
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 Fig. 2C	  A case of tachy-AF group. Sinus tachycardia occurred in 5 ~ 6 s after Ach 
injection followed by AF, and marked reduction in BP is seen. 

	   LV, left ventricle; LCA region, myocardium distributed by blood flow from 
the left coronary artery (LCA). RCA region, myocardium distributed by 
blood flow from the right coronary artery (RCA).

Fig. 3	 Systolic blood pressure (SBP) changes before, just after and 10 s after Ach 
injection, and just before AF initiation. In the pause-AF group, pause often 
occurred within 1-2 s after Ach injection and SBP markedly reduced with the 
occurrence of pause. Low SBP persisted until AF initiation in a greater part of 
cases in this group. SBP in the brady-AF group did not significantly reduced 
just after and10 s after Ach injection. Note that a significant reduction is seen 
just after Ach injection in the tachy-AF group, which is different from SBP 
changes of the brady-AF group.
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Study II: Effects of muscarine receptor blockade 
and circumferential isolation of LSPV on AF initia-
tion

In all the 4 dogs tested, AF was not initiated after 
atropine pretreatment (Fig. 5). The optimal ablation 
conditions at the LSPV-LA-J were described previously. 
At the LSPV-LA-J, 1-6 (average 4.1 ± 1.2) radiofre-
quency applications were required to eliminate AF, 
induced by Ach application to LSPV-P subadventitial 
layer. The top panel shows AF initiation after Ach 
injection before the CPVA at the LSPV-LA-J. The 
bottom panel shows that AF was not initiated after 
catheter ablation by using the newly manufactured 
catheter electrodes (Fig. 6). 

DISCuSSION

Firstly, in this study, we developed a new experi-
mental model for the induction of PV-mediated AF 
in structurally normal hearts by applying Ach into 
the subadventitial layer of the LSPV. The other major 
findings were (1) in some cases AF was initiated with 
marked slowing of the atrial rate in relation to the lo-
cal reflex, whereas in the other cases AF initiation was 
preceded by a decrease or an increase in the heart rate 
followed by SVPCs or escape, (2) Ach-mediated AFs 
were more frequently initiated at the distal portion 
than at the proximal portion of the LSPV-LA-J, and (3) 
Ach-induced AFs could not be initiated at the LSPV 
by M2- receptor blockade and radiofrequency isola-
tion, using a newly manufactured balloon electrode-
catheter.

AF initiation by Ach injection into the subadventi-
tial layer of the LSPV

It is well known that AF can be initiated by direct 
application of Ach on the atrial surface, infusion 

of Ach into the sinus node artery, or cervical vagal 
stimulation on both sides [3-8]. More than 90 % cases 
of clinical AF are reportedly preceded by premature 
contractions in the PV [19]. The myocardial fibers of 
the left atrium enter the PVs to form the myocardial 
sleeves, which are most developed in the LSPV of 
the 4 PVs [13]. We experimentally induced AF by lo-
cally injecting Ach into the subadventitial layer of the 
LSPV in this experiment, suggesting a strong relation 
between changes in the vagal tone and the initiation 
of AF in the LSPV. Furthermore, this AF initiation 
may be directly associated with the M2-receptor in the 
LSPV, because prior administration of atropine sup-
pressed Ach-induced AFs in the LSPV. 

Initiation mechanism of Ach-induced AF in the 
LSPV 

A previous study has shown that the incidence of 
the ablation-induced bradycardia-hypotension response 
was higher in PV areas than the ablation of other 
atrial tissues [20]. Hsieh et al. [21] reported severe 
bradycardia and hypotension in 6 of 37 patients (16%) 
undergoing focal PV ablation, and a majority of the 
ablation sites were inside the LSPV (4 patients). Lu et 
al. [22] described 2 patterns of clinical AF initiation: 
(1) episodes preceded by cycle length oscillation (53%) 
(cycle length was prolonged or shortened by 20% or 
more than the preceding beat) and (2) episodes initi-
ated by a single premature beat preceding a relatively 
constant cycle length (47%). We could divide the AF 
initiation modes into 3 groups: pause-AF, brady-AF, 
and tachy-AF.

In the pause-AF group, pause was often followed by 
escape beats, resulting in the subsequent AF initiation. 
This group included sinus arrest as pauses and never 
showed atrioventricular (AV) block. The absence of 

Fig. 4	 AF induction after programmed electrical stimulation by S1-S2 method with prior acetylcholine (Ach) treat-
ment. The top panel shows that premature S2 stimulation after basic 8 consecutive S1-stimulations elicited 
AF. Bottom panel shows that programmed electrical stimulation by S1-S2 method without prior Ach treat-
ment did not elicit AF. LSPV-P, pulmonary region of the left superior pulmonary vein (LSPV); LSPV-H, 
cardiac region of the LSPV; LA-Appendage, Left atrial appendage; AF, atrial fibrillation.
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Fig. 5	 No AF induction by Ach with prior atropine treatment. Top panel shows AF induction by Ach without 
prior atropine treatment. However, AF is not induced any more by Ach with prior treatment of atropine, 
as shown in the bottom panel. LSPV-P, pulmonary region of the left superior pulmonary vein (LSPV); 
LSPV-H, cardiac region of the LSPV; LA-Appendage, Left atrial appendage; AF, atrial fibrillation.

Fig. 6	 No AF induction by Ach after CPVA at the LSPV-LA-J. AF was induced by Ach injection before the CPVA 
at the LSPV-LA-J, as shown in the top panel, but it was not generated by the same procedure after the 
CPVA, as shown in the bottom panel. AF, atrial fibrillation; Ach, acetylcholine; CPVA, circumferential pul-
monary vein ablation; LSPV-LA-J, junction between the left superior pulmonary vein and the left atrium. 
LSPV-P, pulmonary region of the left superior pulmonary vein (LSPV); LSPV-H, cardiac region of the 
LSPV; LA-Appendage, Left atrial appendage.

Explanation of Abbreviations;
Ach, acetylcholine
AF, atrial fibrillation
AV block, atrioventricular block
CPVA, circumferential pulmonary vein ablation
DAD, delayed after depolarization
EAD, early after depolarization
PV, pulmonary vein

LSPV, left superior pulmonary vein
LSPV-H, heart portion of the LSPV
LSPV-P, pulmonary portion of LSPV
LSPV-LA-J, junction between LSPV and left atrium
M2-receptor, muscarine receptor
SBP, systolic blood pressure
SVPC, supraventricular premature contraction
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an AV block in this group may be explained by the 
fact that we injected Ach into the left-side of the LSPV 
wall, and there is a report that the stimulation of the 
left-side of PV areas predominantly affects the sinus 
node, whereas stimulation of right PV areas preferen-
tially affects the AV node [10] .

The pause in this group occurred within 1-2 s after 
Ach application. It may be due to the local reflex, but 
not due to direct Ach action on sinus node, because 
Ach does not seem to reach the sinus node through 
circulatory pathway within a second. In addition, the 
reflex may not be related to the central nervous path-
way since we performed vagotomy and sympathectomy 
on the both sides in the cervical region. In the brady-
AF group, we observed gradual prolongation of the 
RR intervals and gradual occurrence of hypotension 
several decade seconds after Ach injection, and the 
subsequent SVPC or escape beats, resulting in AF 
initiation. Namely, we did not observe hypotension 
immediately after Ach injection in this group, which 
was different from the pause-AF group. Therefore, 
Ach, which ran into sinus node through the circulatory 
pathway, might have directly suppressed the sinus node 
and induced bradycardia. Clinically, we often observe 
the strong relation between sinus node dysfunction 
and AF initiation. From our observations, in pause-AF 
and brady-AF groups, Ach may preferentially affect 
myocardial sleeves of PV after suppression of sinus 
node and induce SVPC or escape beats, followed by 
AF initiation. Animal model studies have demonstrated 
that vagal activity increases vulnerability for AF by 
shortening the PV effective refractory periods and in-
creasing spatial PV heterogeneity [4, 23-24]. Therefore, 
reentry is suggested to be at least one mechanism for 
AF initiation in these 2 groups.

In the tachy-AF group, SBP reduced immediately af-
ter Ach injection with the subsequent increase in heart 
rate. However, AFs in this group mostly occurred a de-
cade second or more following sinus tachycardia after 
Ach injection. Extremely rapid reaction of RR interval 
within 1 s after blood pressure changes is known to be 
based on the vagal tone moduration [25]. An increase 
in heart rate in this group could be interpreted as an 
immedeate withdrawal of vagal activity after reduction 
in SBP just after Ach application, and then an increase 
in sympathetic tone may add and maintain rapid HR 
[25]. In this process, automaticity may be enhanced in 
PVs with sympathetic stimulation [26]. On the other 
hand, Kumagai et al. [27] used the multipolar catheter 
to demonstrate the complex patterns of activation and 
block produced within PV sleeves during rapid pac-
ing, and hypothesized that in this situation, the reentry 
mechanism may be the initiating factor to induce 
ectopic beats followed by AF. Therefore, the mecha-
nism of AF induction in the tachy-AF group may be 
enhanced automaticity or reentry in PVs. Otherwise, 
although previous reports indicated the possibility of 
automaticity via EAD or DAD, which was induced by 
isoproterenol with isolated PV cells of rabbits [14], or 
with combined Ach and norepinephrine stimulation to 
isolated superfused canine PVs [15], this study could 
not determine whether this EAD or DAD was related 
to AF initiation in this experiments.

In this study, AF was easily initiated by programmed 

stimuration in dogs in whom Ach administration 
alone could not induce AF. It has been demonstrated 
that the structural and electrophysiological properties 
of the PV are favorable for reentry and reentry within 
the PV can be readily induced by programmed stimu-
lation [27-28]. Reentry is the suggested mechanism for 
initiating AF in these dogs of our experiment.

Distal or proximal location of AF initiation in the 
LSPV

As mentioned earlier, the bradycardia-hypotension 
response by vagal stimulation is reportedly higher after 
ablation of the PV areas than after ablation of other 
atrial tissues [20]. The observation suggests that vagal 
influences are much stronger in the PVs than atrial 
ones. There are sinus-node like cells in the PVs which 
may be capable of independent pace making activity 
and may easily be influenced by changes in autonomic 
tone [16]. These sinus-node like cells are known to 
be denser in the distal end of the PVs than near the 
LSPV-LA-J [17]. However, the preferred location of AF 
induction in the PVs by vagal influences has not been 
studied. The present study indicated that Ach-induced 
AF was more pronounced in the portion distal to 
rather than proximal to the LSPV-LA-J, and might be 
associated with the results of the previous investiga-
tion demonstrating dence sinus-node like cells capable 
of independent pacemaker in the distal portion of 
the PVs [16-17]. However, this experiment could not 
clarify whether these sinus node-like cells was directly 
related to the AF initiation after applying Ach at the 
distal portion of PV. 

Effects of CPVA to the LSPV-LA-J on AF initiation
Pappone et al. [10] reported that vagal reflexes were 

particularly elicited in LSPV-LA-J, suggesting vagal 
innervation in this area. Chevalier et al. [29] reported 
several gradients of autonomic innervation in the PV, 
with nerves more abundant in the proximal PV than 
the distal PV and more abundant in the epicardium 
than the endocardium. Recently, Tan et al. [30] indi-
cated that the PV antrum within 5 mm of the PV-LA 
junction, rather than further away in the atria or distal 
to the PV, was the most densely innervated and there-
fore the optimal location for autonomic nerve modula-
tion procedures such as radiofrequency ablation. In the 
present study, AF was more frequently initiated by Ach 
injection in the distal portion of the LSPV than in the 
proximal portion, and was terminated by CPVA of the 
LSPV-LA J in all the 3 groups: pause-AF, brady-AF 
and tachy-AF.

According to the report by Armour et al. [31], 
autonomic nerves in the PV-LA area are concentrated 
in the superior left atrial ganglionated plexus and the 
intrinsic cardiac neurons extend toward the periphery 
of the PV cells. There is a report that atrial autonomic 
ganglia are distributed mainly around the PV an-
trum comprising sympathetic and parasympathetic 
fibers that share the same ganglionated plexus [32]. 
Therefore, in the present experiment, Ach injection 
may be similar to stimulate the peripheral portion of 
the vagal nerve in the LSPV and CPVA is considered 
to eliminate AF by denervation of the ganglion-
ated plexus around LSPV-LA-J. On the other hand, 
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previous studies demonstrated that the ectopic beats 
originating from the PV propagated to the LA with 
a characteristically long conduction time, often with 
a conduction delay or block within the PV or at the 
PV-LA junction [19, 33]. Therefore, there seems to 
be at least 2 mechanisms for the prevention of AF 
initiatuon. One is that the conduction of ectopic beats 
from the LSPV into the LA could be interrupted at 
the LAPV-LA-J, where CPVA is performed. The other 
is that vagal activities around the LAPV-LA-J are 
suppressed by the damage to the superior left atrial 
ganglionated plexus during CPVA because LSPV-LA J 
ablation itself promotes left atrial autonomic denerva-
tion [32]. 

Clinical implications
The PVs is clinically common site in which focal 

paroxysmal AF occurs [19]. The role of autonomic 
nervous system in relation to the arrhythmia in PVs is 
poorly understood although there are strong evidence 
for increased vagal or increased sympathetic tone as 
initiators of AF [1]. The present experiment, although 
limited to structurally normal heart in dogs, suggests 
that the increased level of Ach in PV wall initiates AF. 
Clinically, an increase in vagal tone has a potential role 
initiating AF and vagal denervation reduces the recur-
rence of paroxysmal AF from the PVs [9-10]. The fact 
that Ach-mediated AF occurred after a slowing (pause-
AF and brady-AF) and an accelerating (tachy-AF) 
heart rate may partly explain nighttime initiating AF 
and daytime initiating AF, respectively [34]. In addi-
tion, our observations suggests that CPVA at the LSPV-
LA-J could eliminate not only AF initiation but also 
autonomic reflexes, because heart rate changes such as 
pause, bradycardia and tachycardia, wnich were  initi-
ated after Ach injection, did not occur after the CPVA. 

Study limitations
Firstly, although we could classify AF initiation 

modes induced by Ach application into 3 groups, 
which were pause-AF, brady-AF and tachy-AF, 
mechanism differences in AF initiation for each mode 
remain unclear. With this regards, use of multipolar 
electrodes over PVs may be a useful method to de-
termine reentry mechanism by clarifying conduction 
route and the presence or absence of conduction delay 
or block. Second, this study demonstrated the elimina-
tion of AF by CPVA at the LSPV-LA J, but could not 
determine which procedure, vagal denervation only, 
conduction block only on PV or both, was more pref-
erable to eliminate AF initiation. Further studies are 
needed to clarify these limitations.

Conclusion
Ach application into the subadventitial layer of the 

LSPV, especially to the distal portion, could easily elicit 
AF, which was preceded by pause, sinus bradycardia, 
or sinus tachycardia in structurally normal canine 
hearts. Radiofrequency catheter ablation around the 
endocardial site of the LSPV-LA-J, in which the dense 
ganglionated plexus of sympathetic and vagal nerves 
exists [31], could prevent Ach-induced AF in the LSPV. 
These observations suggest that local Ach application 
can initiate AF not only in the atria but also in the 

PVs, and an increase in vagal tone at the LSPV-LA-J 
plays a critical role in eliciting AF in normal hearts.
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