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Autonomic dysfunction contributes significantly to the 
pathogenesis of atrial fibrillation (AF).1,2 Recent studies 

have demonstrated the importance of ganglionated plexuses 
and the intrinsic cardiac neural network in the development of 
AF.3,4 It has also been demonstrated that neuronally released 
polypeptides, as integral part of cardiac autonomic innerva-
tion, are involved in modulation of cardiac functions.5 For 
instance, vasoactive intestinal polypeptide (VIP), a 28-base 
neural polypeptide found in intracardiac neurons,6,7 is 50 to 
100 times more potent than acetylcholine (ACh) as a vaso-
dilator.8 Positive inotropic effects of VIP have been ascribed 
to the activation of L-type calcium channels.9,10 VIP also 
accelerates the rate of diastolic depolarization by augment-
ing pacemaker current (funny current [I

f
]).11 Furthermore, 

the release of VIP is significantly increased in clinical sce-
narios with increased incidence of AF such as during vagal 
stimulation,12,13 ischemia,2 and heart failure.14 VIP shortens 

atrial and ventricular effective refractory periods in dogs.15 
A recent in vivo study demonstrated that endogenous VIP 
was accountable for a noncholinergic vagal effect on accel-
erating the atrial electric remodeling induced by rapid pac-
ing.13 Recently, VIP was shown to prolong the duration of 
ACh-induced AF.16 Our present study was to test the hypoth-
esis that VIP alters the atrial electrophysiological properties 
through its diverse effects on ion channels and thereby affects 
vulnerability to AF.
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Methods
The experimental protocol was approved by the Institutional 
Animal Care and Use Committee in accordance with the Guide 
for the Care and Use of Laboratory Animals (National Research 
Council). Recombinant human VIP (Bachem, CA) was used to test 
the effects of VIP.
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Background—Vasoactive intestinal polypeptide (VIP) is released from intracardiac neurons during vagal stimulation, 
ischemia, and heart failure, which are associated with increased vulnerability to atrial fibrillation. VIP shortens atrial 
effective refractory periods in dogs. Endogenous VIP contributes to vagally mediated acceleration of atrial electric 
remodeling. VIP is also shown to prolong the duration of acetylcholine-induced atrial fibrillation. However, the ionic 
mechanisms underlying VIP effects are largely unknown.

Methods and Results—The effects of VIP on transmembrane ion channels were studied in canine atrial cardiomyocytes 
using patch-clamp techniques. VIP increased delayed rectifier K+ current and L-type calcium current but decreased the 
transient outward K+ current and sodium current. Optical mapping technique was used to assess effects of VIP on action 
potential durations (APDs) in isolated canine left atria. VIP shortened APD and slowed conduction velocity in a dose-
dependent manner. Furthermore, VIP increased spatial heterogeneity of APD and conduction velocity, as assessed by the 
SDs of APD and conduction velocity, and atrial fibrillation inducibility.

Conclusions—Through its diverse effects on ion channels, VIP shortens APD with increased APD spatial heterogeneity and 
decreases intra-atrial conduction velocity, which may play an important role in the pathogenesis of atrial arrhythmias in 
scenarios where VIP release is increased.  (Circ Arrhythm Electrophysiol. 2013;6:976-983.)
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Isolated Canine Atria Preparation
A total of 33 mongrel dogs (weight, 15–20 kg) were used. Hearts 
were excised quickly after deep anesthesia and full anticoagulation 
with heparin (30 U/kg). The right coronary and left circumflex artery 
were cannulated and perfused with a warm (36°C–37°C) oxygenated 
(95% O

2
 and 5% CO

2
) Tyrode solution.

Whole-Cell Patch Clamp Technique
The canine atrial myocytes were isolated enzymatically from left atri-
al tissues, as detailed in the Expanded Methods: Isolation of Canine 
Atrial Cardiomyocytes in the online-only Data Supplement. Whole-
cell voltage-clamp techniques were used to record transmembrane 
ionic currents at room temperature, including slowly and rapidly ac-
tivating delayed rectifier K+ currents (I

Ks
 and I

Kr
), ultrarapid rectifier 

K+ current (I
Kur

) and transient outward current (I
to
), sodium current 

(I
Na

), and L-type calcium current (I
Ca,L

), as detailed in the Expanded 
Methods: Whole-Cell Patch Clamp Technique in the online-only Data 
Supplement.

Optical Mapping
The optical mapping recording system has been described in detail 
in the Expanded Methods: Optical Mapping in the online-only Data 
Supplement. The effect of VIP on action potential duration (APD) 
was assessed from 120×160 sites over a 15×20 mm2 area in the left 
atrial free wall. The APDs measured at 20% (APD

20
), 50% (APD

50
), 

75% (APD
75

), and 90% (APD
90

) of its peak repolarization were cal-
culated and compared with and without VIP perfusion. Local con-
duction velocity (CV) was measured (Expanded Methods: Local 
Conduction Velocity in the online-only Data Supplement). The SDs 
of APD

75
 (APD

75
-SD) and CV (CV-SD) were used as measurements 

of spatial heterogeneity of APD and CV.

Assessment of Vulnerability to AF in Isolated 
Canine Atria
Atrial vulnerability to AF was assessed by measuring the inducibility 
of AF using programmed stimulation (≤3 extra stimuli) after a 20-
beat pacing train at a basic drive cycle length of 200 ms (Expanded 
Methods: Inducibility of AF in the online-only Data Supplement).

Statistics
All data are reported as mean±SEM. Repeated measures ANOVA 
was used for 3-group comparison (baseline, with VIP, and washout). 
A general linear mixed effect model was used to evaluate the effects 
of different VIP concentrations. Categorical data were analyzed using 
χ2 test. All statistical analyses were performed using SAS (version 
9.3, SAS Inc., Cary, NC). A P value ≤0.05 was considered as statisti-
cally significant.

Results
Effects of VIP on Ion Channels in Canine Atrial 
Cardiomyocytes
Slowly and Rapidly Activating Delayed Rectifier K+ 
Currents
Figure 1A illustrated the effect of VIP (1 µmol/L) on I

Ks
 during 

a representative experiment. Figure 1B illustrates the changes 
in the current–voltage (I–V) relationship of I

Ks
 in response to 

VIP. The composite data also demonstrate that VIP (1 µmol/L) 
significantly increased the peak I

Ks
 current densities at 60 mV 

(12.78±1.48 pA/pF; n=13) compared with baseline (6.88±0.97 
pA/pF; P<0.01) or with washout (6.90±0.95 pA/pF; P<0.01). 
The tail currents of I

Ks
 (Figure 1C), measured from repolar-

ization to −40 mV, were also significantly increased by VIP 
(0.68±0.03 pA/pF at VIP 1 µmol/L versus 0.49±0.03 pA/pF 

at the baseline, P<0.05 and versus 0.53±0.04 pA/pF after 
washout, P<0.05). However, VIP (1 µmol/L) had no effects on 
either the peak (P=0.91; n=7) or the tail (P=0.91) of I

Kr
 (Table 

I in the online-only Data Supplement).

Ultrarapid Rectifier K+ Current and Transient Outward 
Current 
As shown in Figure 2, I

Kur
 was elicited with a prepulse at 40 

mV for 10 ms that inactivates I
to
 (Figure 2A and 2B).17 VIP 

(1 µmol/L) decreased I
Kur

 density (3.29±0.26 pA/pF at 60 
mV; n=11) from its values at the baseline (5.95±0.68 pA/pF; 
P<0.05) and after VIP washout (5.50±0.99 pA/pF; P<0.05; 
Figure 2D). I

to
 was then determined by digital subtraction 

of I
Kur

 from total transient activated K+ current as described 
previously (Figure 2C).18 The current densities of I

to
 were 

significantly decreased by VIP (1 µmol/L; 1.13±0.14 pA/pF 
at 60 mV; n=11) as compared with its values at the baseline 
(3.65±0.48 pA/pF; P<0.01) and after VIP washout (2.68±0.43 
pA/pF; P<0.01), as shown in Figure 2E and Table I in the 
online-only Data Supplement.

I
K1

I
K1

 (inward rectifier current) was not affected by VIP (1 
µmol/L) at any of the tested voltages (P=0.81 versus baseline, 
and P=0.75 versus washout; n=6).

Sodium Current
VIP (1 µmol/L) significantly decreased the peak of the I

Na
 

(−26.92±1.4 pA/pF at −40 mV; n=16) as compared with its 
values at the baseline (−34.60±1.5 pA/pF; P<0.01) and after 
VIP washout (−32.14±1.8 pA/pF; P<0.05; Figure 3A and 3B). 
Furthermore, VIP produced a negative shift in the steady-state 
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Figure 1. Vasoactive intestinal polypeptide (VIP) increases 
slowly activating delayed rectifier K+ current (IKs). A, Representa-
tive experiment showing the effect of VIP (1 μmol/L) on IKs. VIP 
increased IKs, which was reversed after washout. B and C, VIP 
induced changes in the current–voltage relationships of IKs and 
its tail current, respectively, based on the composite data (n=13). 
VIP increased the tail current of IKs that was reversed after wash-
out. *P<0.05, **P<0.01 vs baseline; #P<0.05, ##P<0.01 vs wash-
out. TP indicates test pulses. 
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inactivation curve and a positive shift in the activation curve 
(Figure 3C, Table II in the online-only Data Supplement).

L-Type Calcium Current
Consistent with the findings from previous study on the ven-
tricular myocytes,10 VIP (1 µmol/L) significantly increased I

Ca,L
 

(−14.11±1.7 pA/pF at 0 mV; n=11) in the canine atrial myo-
cytes as compared with its values at the baseline (−10.54±1.3 
pA/pF; P<0.01) and after VIP washout (−10.08±1.2 pA/pF; 
P<0.01), but threshold voltage and peak voltage were not 
affected (Figure 3D and 3E). Steady-state activation and 
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Figure 3. The effects of vasoactive intestinal polypep-
tide (VIP) on sodium current (INa) and L-type calcium 
current (ICa,L). A, Representative current traces of 
INa in response to VIP. B, Changes in the current–
voltage response of INa in response to VIP indicated 
that INa was suppressed by VIP (n=16). C, Changes 
in the steady-state inactivation and activation curves 
of INa in response to VIP. D, Representative current 
traces of ICa,L in response to VIP. E, Changes in the 
 current–voltage relationship of ICa,L in response to VIP 
indicate an increase in ICa,L. F, Steady-state inactivation 
and activation curves of ICa,L. *P<0.05, **P<0.01 (peak 
at −40 mV for INa and 0 mV for ICa,L) vs baseline; #P<0.05 
vs washout (n=11). TP indicates test pulses.
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inactivation curves were both shifted more negatively (Fig-
ure 3F, Table II in the online-only Data Supplement).

VIP Shortens APD in Canine Atria
In 8 canine atria with intact coronary arterial supply, optical action 
potentials were recorded from the free wall of the left atrium 
(Figure 4A) with the VIP perfused in the following sequence: 0.0 
µmol/L (baseline), 0.1 µmol/L, 1.0 µmol/L, 10 µmol/L VIP, and 
then washout, each at 15-minute intervals. Tracings from a rep-
resentative experiment are shown in Figure 4B: VIP shortened 
atrial APD in a dose-dependent manner at a drive cycle length of 
500 ms. Similarly, the composite data demonstrated that VIP sig-
nificantly shortened APD

75
 and APD

90
 in a dose-dependent man-

ner for a range of drive cycle lengths (P<0.001; Figure 4C, Table 
III in the online-only Data Supplement).

In a separate group of 4 randomly selected canine atria, 
stable APDs were recorded every 15 minutes during perfusion 
with normal Tyrode solution only and showed no significant 
changes over 1 hour (P=0.12; Table IV in the online-only Data 
Supplement).

VIP Increases APD Spatial Heterogeneity
Figure 5A and 5B shows APD

75
 distribution histograms and 

maps obtained from a representative experiment. At baseline, 

the APD
75

 histogram showed a single-mode pattern with a nar-
row bottom. With VIP at 0.1 and 1.0 µmol/L, APD

75
 distribu-

tion assumed a bimodal distribution pattern. At a higher VIP 
concentration (10 µmol/L), APD

75
 distribution resumed the 

single-mode pattern that centered on a shorter APD
75

, likely 
attributable to receptor saturation.19 The composite data dem-
onstrated that APD

75
-SD, as an index of APD heterogeneity, 

increased significantly during VIP perfusion at different drive 
cycle lengths (Figure 5C).

VIP Decreases the Local CV and Increases Its 
Heterogeneity
The average local CV was calculated at pacing intervals of 
200, 300, 400, and 500 ms with different VIP concentrations. 
VIP significantly decreased local CV in a dose-dependent 
manner that was partially reversed after 15-minute washout 
(Figure 6A). Moreover, CV-SD was increased during VIP per-
fusion (Figure 6B).

VIP Increases Vulnerability to AF in Isolated 
Canine Atria
Vulnerability to AF was assessed in 11 isolated canine atria. At 
the baseline, AF was not inducible in any of the atria (0/11). AF 
was induced in 9 of the same 11 atria during VIP perfusion (1.0 
µmol/L; P<0.01 versus the baseline) and in only 2 of 8 atria 
after 15-minute washout (P=0.16 versus the baseline; P<0.05 
versus that during VIP perfusion). AF inducibility could not 
be assessed after washout in the remaining 3 atria because 
of sustained AF induced during VIP perfusion that required 
cardioversion and could in itself affect further AF inducibil-
ity. Optical isochrone maps recorded from a representative 
experiment were shown in Figure 7. With VIP infusion, during 
extra stimuli at the comparable coupling intervals used at the 
baseline and after washout, there was evidence for progressive 
conduction delay/block with VIP perfusion that preceded AF 
(Figure 7B). Phase map and activation sequence from indi-
vidual recording sites suggested that this episode of AF was 
re-entrant around the singularity point (Figure 7D and 7E).

Discussion
The major finding of our study is that VIP shortens APD with 
increased APD spatial heterogeneity and causes intra-atrial 
conduction slowing. We have provided the first evidence that 
these VIP effects can be accounted for by its actions on the 
repolarizing currents, especially I

Ks
, and on the sodium current, 

which may contribute to the increased AF vulnerability.20,21

VIP and Atrial Repolarization
Previous in vivo studies indicated that VIP shortened atrial and 
ventricular effective refractory periods in dogs.15,22 Although 
VIP has diverse effects on multiple repolarizing currents (Fig-
ures 1 and 2), our study has demonstrated that the overall VIP 
effect leads to APD abbreviation. VIP-induced increase in 
I

Ks
 is likely the primary underlying mechanism. In addition, 

reduced I
to
 in response to VIP could affect early repolarization 

that may further increase the activation of I
Ks.

23

To the contrary, VIP lengthens atrial APD in rabbit,24 reflect-
ing a significant species-specific difference in the response 
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Figure 4. Effects of vasoactive intestinal polypeptide (VIP) on 
canine atrial action potentials. A, A photograph of the left atrial 
free wall where the optical mapping was recorded. The region 
of focus (ROF) and the adjacent anatomic markers are shown. 
Pacing was delivered at the apex of the left atrial appendage. 
B, Representative traces of action potentials recorded from the 
point marked by “+” courser in A after incubation with VIP at 
10-fold sequential increases in concentrations showing dose-
dependent action potential duration (APD) shortening and partial 
recovery after 15-minute washout. C, The composite data on 
average APD (APD75) at 4 drive cycle lengths (DCLs) from 8 dogs 
are shown. Each data point during VIP perfusion was also com-
pared with the baseline and washout where *P<0.05, **P<0.01 vs 
baseline; #P<0.05, ##P<0.01 vs washout. LAA indicates left atrial 
appendage; LCX, left circumflex artery; and LIPV and LSPV, Left 
inferior and superior pulmonary vein.
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to VIP that necessitated the comparative study with human 
tissue (Experiments: Results and Figure I in the online-only 
Data Supplement). VIP shortens APD in both human and 
canine atrial myocytes. The difference in APD response to 
VIP between the rabbit atria and the canine/human atria may 
be related to the complex VIP effects on individual repolariz-
ing currents, especially I

Ks
 and I

to
, and the differences among 

species in the relative contributions of these currents to repo-
larization. VIP increases I

to
 but reduces I

Ks
. I

to
 is the major 

outward repolarizing current in rabbit atria where the contri-
bution of I

Ks
 is limited.25,26 In contrast, in human and canine 

atria, I
Ks

 contributes more significantly to the repolarization.27 
It was reported that kinetics of I

Ks
 and I

to
 in canine atria are 

also similar to those in human atrial myocytes.17

In addition, VIP increases the spatial APD dispersion as 
assessed by APD

75
-SD. Two mechanisms may be involved. 

First, the contribution of individual K+ currents, especially 
I

Ks
 and I

to,
 to atrial repolarization varies among cells within 

a given region of the heart and also among major anatomic 
regions.28 Therefore, the diverse VIP-induced effects on vari-
ous repolarizing currents may aggravate APD spatial het-
erogeneity. Second, the uneven distribution of VIP releasing 
neurons and VIP receptors may also be contributing factors 
(Experiments: Results and Figure II in the online-only Data 
Supplement).10

VIP and Intra-Atrial Conduction
Heterogeneous conduction slowing/block predisposes cardiac 
tissues to re-entrant tachycardia and formation of fibrillatory 
conduction.29 Vagally induced conduction delay/block was first 
described in frogs.30–32 ACh-induced increase in sink-to-source 
mismatch has been proposed to account for the vagally induced 
conduction block.33 Hirose et al34 demonstrated that vagal 
stimulation, during which both ACh and VIP are released con-
comitantly, could result in intra-atrial conduction delay/block, 
whereas ACh infusion failed to cause significant conduction 
delay. Such discrepancy could be explained by the noncho-
linergic VIP effects during vagal stimulation on conduction. 
Interestingly, our data also suggested formation of singularity 
point at the site of VIP-induced conduction block (Figure 7). 
However, the contribution of VIP effects on I

Na
 to the observed 

intra-atrial conduction slowing was not quantified in our study. 
The effect of VIP on the gap junction remains unknown.

Molecular Basis of VIP Effects
VIP exerts its effects through specific VIP receptors: VPAC1 
and VPAC2 which are G-protein-coupled receptors and 
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activate a cAMP/protein kinase A (PKA)-mediated signaling 
pathway.35 The observed VIP effects on repolarizing currents 
are consistent with the known consequences of cAMP/PKA 
signaling pathway activation.36,37 However, it was unexpected 
that VIP suppresses I

Na
 because activation of cAMP/PKA 

pathway would increase I
Na

.38,39 VIP effects through alterna-
tive non-PKA signaling pathways, for example, the NO/cyclic 
GMP and protein tyrosine kinase pathways, have been pro-
posed previously although confirmatory data are lacking.40,41 
Activation of the protein tyrosine kinase pathway was shown 
to suppress I

Na
 and to reduce conductance through the gap 

junction
.
42,43 Further investigation is warranted to delineate the 

exact signaling pathway(s) responsible for VIP effects on indi-
vidual ion channels.

Limitations
The major limitation of our study is that VIP effects were 
studied in isolation. However, such approach is required to 
evaluate effects of VIP on individual ionic currents. It is con-
ceivable to speculate that ACh effect on I

KACh
 may dominate 

over VIP effects on I
Ks

 during vagal stimulation. However, the 
biological half-life of VIP (in minutes) is longer than that of 

ACh and the noncholinergic effects of VIP could persist after 
the direct effects of ACh have dissipated.13,44,45 Previous stud-
ies have also demonstrated significant VIP effects on the heart 
when endogenous VIP is coreleased with ACh during vagal 
stimulation.13,46–48 VIP was also shown to affect ACh-induced 
AF.16 Furthermore, the release of endogenous VIP from intra-
cardiac neuron is also increased during ischemia and heart 
failure where vagal activity is usually not increased.2,14 Further 
studies with VIP antagonist during endogenous VIP release 
are needed to quantify the exact contribution of VIP to the 
pathogenesis of atrial arrhythmias.

We only performed optical mapping in a small area of the 
left atrial free wall and did not examine effects of VIP on the 
myocardium in the right atrium or, more importantly, on the 
pulmonary vein–left atrial junction which plays an important 
role in AF. However, the small region of focus in this study 
was selected to minimize the effects of complicated atrial ana-
tomic structure or anisotropy49 and to overlap with the region 
from which myocytes were obtained for VIP receptor expres-
sion (Experiments in the online-only Data Supplement). 
Therefore, the increased heterogeneity of the APD observed 
in our study is more likely to result from heterogeneity of VIP 
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receptors among atrial cardiomyocytes or from the diverse 
VIP effects on repolarizing currents or from both.

Conclusions
Our study provides evidence for novel ionic/cellular mecha-
nisms by which VIP, a neural transmitter released from 
intracardiac neuron, could alter atrial electrophysiological 
properties in dogs. We have demonstrated that VIP shortens 
the atrial APD with increased APD spatial heterogeneity, 
which may result from heterogeneity of VIP receptor expres-
sion and the diverse effects of VIP on ion channels, and impairs 
intra-atrial conduction. Further studies with endogenous VIP 
are warranted to delineate the exact contribution of VIP to the 
pathogenesis of atrial arrhythmias during vagal stimulation, 
myocardial ischemia, and heart failure.
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CLINICAL PERSPECTIVE
Autonomic dysfunction has an important role in the development of atrial fibrillation (AF). Recent studies showed the 
importance of the intrinsic cardiac neural network, a subdivision of the autonomic nervous system in the pathogenesis of AF. 
The present study provides experimental evidence that vasoactive intestinal polypeptide, a neurotransmitter with 28 amino 
acids that is coreleased from intrinsic cardiac neurons, with the more traditionally known transmitter, acetylcholine, shortens 
atrial action potential durations and reduces conduction velocities with increased spatial action potential duration hetero-
geneities and, thereby, increases vulnerability to AF in dogs. Vasoactive intestinal polypeptide has direct actions on ionic 
channels, including increasing the delayed rectifier K+ current and L-type calcium current and decreasing outward potassium 
currents and the sodium current. We also provide human data that support similar vasoactive intestinal polypeptide effects 
in human atria. Therefore, our study provides new insights to the pathophysiology of AF and may provide new therapeutic 
target in the clinical management of AF.
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SUPPLEMENTAL MATERIAL 

EXPANDED METHODS 

Isolation of canine atrial cardiomyocytes  

Canine atria with coronary artery perfusion were perfused with modified Tyrode’s solution which 

contained (mmol/L) 126 NaCl, 5.4 KCl, 0.8 MgCl2, 10 glucose, and 10 HEPES, (pH 7.4 adjusted 

with NaOH), to eliminate the blood cells and most of calcium. Then the digestion solution with 

300 IU/ml collagenase type II, 0.03% protease with 0.1% bovine serum albumin was perfused 

for about 30 min, following by a 10 min washout period with calcium-free Tyrode’s solution. The 

tissues from left atrial free wall were dissociated in Kraftbrühe (KB) solution at room temperature 

(22~24°C) with the following composition (mmol/L): 25 KCl, 10 KH2PO4, 3 MgCl2, 10 glucose, 

0.5 EGTA, 20 Taurine, 70 L-Glutamic acid, and 10 HEPES  (pH 7.35 adjusted with KOH). After 

the extra tissues were filtered out, the rod-shaped and round myocytes were suspended and 

stored in KB solution in 4°C for 1 hour to stabilize them before patch clamp experiments.  

Whole-cell patch clamp technique  

For action potential recording, the perforated patch technique with pipette solution containing 

amphotericin B (240 mg/L, Sigma, MO) was used. The currents were recorded by the 

conventional ruptured patch-clamp method following onset step-pulse voltages which were 

generated with Axopatch 700A amplifier using pCLAMP 9 software (Molecular Device, CA) with 

Bessel low-pass filter (cut-off frequency: 10 kHz) and with a sampling frequency of 10 kHz for 

IKur, Ito, INa and ICa,L, and 2 kHz for IKr, IKs. All data were analyzed using Clampfit (Axon 

Instruments, CA) and Igor software (WaveMetrics, OR).  

The pipette solution used to record action potential and K+ current contained (mmol/L): 120 K-

Asparatate, 10 Na2ATP, 2 MgCl2, 10 EGTA and 10 HEPES (pH 7.35 adjusted with KOH). For 

action potential recording, Tyrode’s solution was perfused as bath solution. 

For all potassium currents, nifedipine (2 nmol/L) was added to block the calcium currents and 

atropine (200 nmol/L) was used to eliminate any basal activity of acetylcholine-dependent K+ 



 2 

current. A pre-pulse from holding potential -80 mV to -40 mV for 20 msec was used to inactive 

sodium current.  

For recording of delayed rectified K+ current, 4-AP (2 µmol/L) was added to block transient K+ 

current, Ito, and IKur. IKs was evoked by a step-pulse protocol (between –60 mV and 60 mV for 5 

second) in the presence of E-4031 (10 µmol/L), a highly selective blocker of IKr.   IKr was 

recorded with same protocol and pipette solution as for IKs and E-4031 was replaced by 

chromanol 293B (30 µmol/L) in the bath solution to block IKs. 

The transient outward K+ currents were recorded with a short depolarizing pulse of 500 msec 

from -60 mV to 60 mV with a holding potential of -80 mV. The short depolarizing pulse and 

chromanol 293B (30 µmol/L) and E-4031 (10 µmol/L) were used to minimize IKs and IKr, 

respectively. Another protocol with a pre-pulse at 40 mV for 100 ms, which inhibits Ito, was used 

to determine ultra-rapid delayed rectifier K+ current (IKur). Then transient outward currents (Ito) 

was then derived as the difference in current by subtracting IKur elicited by a step pulse from the 

holding potential of -80 mV with a 40 mV pre-pulse from the total transient outward K+ current 

elicited without such pre-pulse (Figure 2).1  

For IK1, nifedipine (2 nmol/L) was added to block the calcium currents and atropine (200 nmol/L), 

to eliminate any basal activity of acetylcholine-dependent K+ current. IK1 was measured as the 

0.5 mmol/L Ba2+-sensitive current upon 300-msec pulses from a holding potential of -80 mV to 

voltages ranging from -10 to -120 mV at 10 mV steps. 

The pipette solution to record INa contained (mmol/L): 5 NaF, 115 CsF, 20 CsCl, 10 EGTA and 

10 HEPES (pH 7.35 adjusted with CsOH). Bath solution contained (mmol/L): 5 NaCl, 1 MgCl2, 

130 tetraethylammonium chloride (TEACl), 5 CsCl, 10 HEPES, and 10 glucose (pH 7.35 

adjusted with NaOH). INa was elicited by step pulse protocol (between -100 mV and 30 mV for 

20 msec from a holding potential of -120 mV). For voltage-dependence of peak conductance of 

INa, conductance G (V) was calculated by the equation: G (V) = I / (Vm - Erev), where I is the peak 

current, Erev is the measured reversal potential, Vm is the membrane potential. The normalized 
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peak conductance was plotted against membrane potentials. Steady-state inactivation of INa 

was estimated by a prepulse protocol (between –140 mV and -40mV for 500 msec from a 

holding potential of -140 mV). The normalized peak currents tested at -40 mV were plotted as a 

function of prepulse potentials. Steady state activation and inactivation were fitted with the 

Boltzmann equation: y = [1 + exp ((Vh - Vm)/k)]-1, where y represents variables; Vh, midpoint; k, 

slope factor; Vm, membrane potential. 

For the ICa, L recording, the intracellular pipette contained (mmol/L): 85 K-Asparatate, 20 TEACl, 

2 MgCl2, 10 EGTA, 10 HEPES, 5 Mg-ATP, and 5 Na2-GTP (pH 7.2 adjusted with KOH). The 

extracellular buffer contained (mmol/L): 135 NaCl, 1 MgCl2, 1.8 CaCl2, 5.4 KCl, 10 HEPES, and 

10 glucose (pH 7.35 with NaOH). Whole-cell ICa, L traces were induced by a step pulse protocol 

(between -40 and 40 mV for 500 msec from a holding potential of -80mV after 40 ms prepulse at 

-40 mV).  ICa, L was calculated as the difference between peak currents and the steady-state 

currents at the end of test pulse. For voltage-dependence of peak conductance of ICa, L, 

conductance G (V) was calculated by the same equation for INa. Steady-state inactivation of ICa, L 

was estimated by a prepulse protocol (between -60 and 20 mV for 2 seconds). The normalized 

peak currents were plotted as a function of prepulse potentials. The normalized peak currents 

were plotted as a function of prepulse potentials. Steady state activation and inactivation were 

fitted with the Boltzmann equation. 

Optical mapping  

The voltage-sensitive dye, RH237 (Molecular Probes, OR), was dissolved in dimethylsulfoxide 

(DMSO, 2 mmol/L, Sigma, MO) to stain atrial tissue immediately prior to recording. 

Electromechanical uncoupling agent blebbistatin (20 µmol/L, Cayman, MI) was employed to 

eliminate motion artifact. Two custom-made light-emitting diode modules were used as light 

source for photoexcitation. The optical signals were collected from intensified images recorded 

through charge-coupled device cameras (model TM-6724, Pulnix Inc., CA) with a 700 nm long-
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pass filter (Newport Co., CA) at 711 frames/sec, acquired from 120×160 sites over a 15×20 

mm2 area in the left atrial free wall (Figure 2A).  

The optical image dataset was processed with custom-designed software based on Matlab 

platform and features such as activation sequence map and action potential duration (APD) 

map were extracted as previously described.2 Local activation time was identified as the point at 

which the maximum first derivative (dF/dtmax) occurred during the optical action potential 

upstroke. Isochronal maps of activation were generated from activation time data. To determine 

APD, the peak signal following the upstroke was identified. Steady state APD was defined as 

the interval between the local activation time and the time when the optical signal had recovered 

or “repolarized” by a given percentage from their peak value, i.e., 20% (APD20), 50% (APD50), 

75% (APD75), and 90% (APD90) of full repolarization. For each map, the average APD and the 

standard deviation of the APDs within the mapped area were calculated. The standard deviation 

of the APDs values in each map was used as a measure of the spatial dispersion of APD. 

Phase maps were constructed with a time-delay embedding method.3    

Local conduction velocity  

To measure local conduction velocity (CV), we employed the algorithm described by Bayly et 

al.4 Briefly, the distribution of local activation times in a 5x5 pixel region were fitted to a 

polynomial plane where the gradients, gx and gy, of activation time for the region were 

calculated along the x and y axes, respectively. The magnitude of the local CV for each pixel 

was defined as (gx2+gy2) 1/2. Standard deviation of CV (CV-SD) was used as a measurement of 

spatial heterogeneity of conduction velocity. 

Inducibility of AF  

Atrial vulnerability to AF was assessed by the inducibility of AF with programmed stimulation (up 

to 3 extra stimuli) after a 20 beat pacing train at a basic drive cycle length (DCL) of 200 msec. 

The initial coupling interval for each extra stimulus was set >50 msec longer than the atrial 

effective refractory period (AERP) with 1-msec decrements in subsequent stimulations. AERP 
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was defined as the longest coupling interval that failed to capture the atrial myocardium. AF was 

considered induced if there were disorganized atrial electrical activities with varying cycle 

lengths and changing electrographic morphologies lasting more than 2 sec.5 

SUPPLEMENTAL EXPERIMENTS 

Methods 

Isolation of human atrial cardiomyocytes for patch clamping 

Human atrial tissue (left appendage) samples were obtained during mitral valve replacement 

surgery for individuals with normal left ventricular function and without rheumatic heart disease.  

Informed consent was obtained prior to the surgery, as approval by the Institutional Review 

Board at the Texas Heart Institute. Only patients without diagnosis of atrial fibrillation were 

select for this study. Human atrial myocytes were isolated enzymatically from left atrial tissues 

of the above-described patients using a modified technique, as described previously.6 Briefly, 

atrial tissue was chopped into cubic chunks (about 2 mm3) in Ca2+-free Tyrode’s solution (4 °C), 

and then washed in a 50 ml tube containing 10 ml of the Ca2+-free Tyrode’s solution (36 °C), 

and continuously bubbled with 100% O2 for 20 min (exchanging solution every 5 min).  The 

chunks were digested in a Ca2+-free Tyrode’s solution containing 150 U/ml collagenase (Type II, 

Worthington Biochemical, NJ), 2 U/ml protease (Type XXIV, Sigma, MO) and 0.1% bovine 

serum albumin (Sigma, MO) for 50 min. Then the chunks were switched to a fresh enzyme 

solution as described above, but without protease. The medium was examined microscopically 

at 5 to 10 min interval to determine the number and quality of the isolated cells. When the yield 

appeared to be maximal, the chunks were suspended in a KB storage solution (as above) and 

gently pipetted. The isolated myocytes were kept at 4 °C in KB storage solution for about 60 min 

before patch-clamp experiments were performed. 

Immunofluorescence staining of canine atrial cardiomyocytes 
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We harvested atrial cardiomyocytes from the left atrial appendage where the optical mapping 

study was performed. Isolated canine atrial cardiomyocytes attached to gelatin-coated slides 

were fixed with paraformaldehyde (4%) at room temperature for 30 minutes, blocked with CAS-

blocker (Invitrogen, CA), then stained with primary antibodies (anti-VPAC1 or -VPAC2, Abcam, 

MA and anti-α-actinin, Sigma, MO) at a 1:400 dilution for 1 hour and then incubated with the 

corresponding Alexa Flour 488- or 594-conjugated secondary antibody (Molecular Probes, CA) 

for 30 minutes. Sections were mounted with prolonged gold antifade reagent (Molecular Probes, 

CA) and visualized using a Leica HCS laser scanning confocal microscope (Leica, Wetzlar, 

Germany) with z-stack scanning of the entire cell membrane.  

Results 

VIP shortens action potential duration of human atrial myocytes 

To validate the relevance of VIP’s effects on canine atrial APD to human conditions, we 

investigated the effects of VIP on action potentials of human atrial cardiomyocytes isolated from 

the left atria during open-heart surgery. Action potentials were elicited at two frequencies, 0.1 

Hz and 1 Hz, at room temperature using the perforated current-mode patch clamp technique. 

Only healthy cells (n=18 from 10 patients) with a stable resting potential of less than -70 mV 

were chosen for the study. As shown in Figure S1, VIP (1 µmol/L) significantly shortened the 

APD in comparison with the baseline (APD75 at 0.1 Hz: 139 ± 24 msec, vs. 156 ± 22 msec at 

baseline, p < 0.01; at 1 Hz: 121 ± 13 msec vs. 145 ± 15 msec at baseline, p<0.01, n=18), an 

effect that was reversed after washout. The APD75 after 15-minute washout was 158 ± 24 at 0.1 

Hz msec and 141 ± 15 msec at 1 Hz, which was significantly longer in comparison with APD 

during VIP perfusion, p<0.01, but not significantly different from the baseline, p = 0.82 and 0.22, 

respectively. VIP did not significantly affect the resting potential (-79.69 ± 2.42 mV with 1 µmol/L 

VIP vs. -80.67 ± 2.34 mV at baseline p = 0.40) or the amplitudes (133.75 ± 20.19 mV with 1 

µmol/L VIP vs. 137.32 ± 20.16 mV at baseline, p = 0.81). 

Heterogeneous expression of VIP receptors in canine atrial cardiomyocytes 
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Immunofluorescence staining was performed on canine atrial myocytes isolated to assess VIP 

receptor expression (Figure S2). Fine structural elements of cardiac sarcomeric α-actinin were 

visualized by staining with anti-α-actinin antibody: an even distribution of sarcomeres was 

observed in all cardiomyocytes. However, the VIP receptors, VPAC1 and VPAC2, were not 

uniformly present in all cardiomyocytes (Figures S2B and S2E). The percentage of VPAC 

positive atrial myocytes were evaluated by counting 5 random microscope fields per slides from 

7 dogs (two slide per dog, one for VPAC1 and one for VPAC2, respectively), comparing to the 

total α-actinin positive cells. Anti-VPAC1 antibody detected in 62.2% myocytes (82.5 ± 37.0 

VPAC1 positive cells out of 132.6 ± 65.9 total α-actinin positive cells per slide), and anti-VPAC2 

antibody detected in 78.6% positive myocytes (90.5 ± 35.6 VPAC2 positive cells out of 115.1 ± 

40.3 total α-actinin positive cells per slide). 
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Supplemental Figure Legends 

Figure S1.  Effect of VIP on APDs of human atrial cardiomyocytes.  A. Representative 

recordings of action potentials from human atrial myocytes at 1 Hz. B. The reversible shortening 

and the typical time course of APD75 at 1 Hz in response to VIP are shown. Open circles 

indicate the representative traces in panel A. C. The composite data shows that VIP (1 µmol/L) 

shortens APD75 both at 0.1 and 1 Hz. **p<0.01 vs. baseline; ##p<0.01 vs. wash-out.  

 

Figure S2. Expression of VIP receptors on atrial cardiomyocytes. Immunofluorescence of 

α-Actinin (A, D), VPAC1 (B), VPAC2 (E), and merged images (C, F) of canine atrial myocytes 

showing variable expression of VIP receptors (VPAC1 and VPAC2): α-Actinin was visualized 

using anti-mouse Alexa Flour 594 (red, A and D) and the VIP receptors, anti-rabbit Alexa Flour 

488 (green, B and E). Areas of overlapping expression of Actinin and the respective VIP 

receptor is shown in yellow (C and F).  VPAC1, VPAC2, vasoactive intestinal polypeptide 

receptor 1 and 2. 
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SUPPLEMENTAL DATA 

Table S1. Parameters of K+ channels 

 Baseline VIP (1 µmol/L) Washout 

IKs (n=13 cells) 
Peak current density at 60 mV (pA/pF) 6.88 ± 0.97 12.78 ± 1.48**## 6.90 ± 0.95 

Tail current density at 20 mV (pA/pF) 0.49 ± 0.03 0.68 ± 0.03*# 0.53 ± 0.04 
IKr (n=7 cells) 

Peak current density at 20 mV (pA/pF) 1.33 ± 0.05 1.28 ± 0.06 1.29 ± 0.06 
Tail current density at 20 mV (pA/pF) 1.02 ± 0.06 0.98 ± 0.05 1.03 ± 0.05 

IKur (n=11 cells) 

Peak current density at 60 mV (pA/pF) 5.95 ± 0.68 3.29 ± 0.26*# 5.50 ± 0.99 

Ito (n=11 cells) 
Peak current density (pA/pF) 3.65 ± 0.48 1.13 ± 0.14**## 2.68 ± 0.43 

 

All data are presented as mean ± standard error of mean (S.E.M.) *p<0.05, **p<0.01 vs. 
baseline, #p<0.05, ##p<0.01 vs. washout. 
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Table S2. The effect of VIP on kinetics of sodium current (INa) and L-type calcium current 

(ICa, L).  

 Baseline VIP (1 µmol/L) Washout 

INa (n=16 cells) 

Peak current density (pA/pF) -34.60 ± 1.5 -26.92 ± 1.4**# -32.14 ± 1.8 

Activation Vh (mV) -50.05 ± 0.2 -45.17 ± 0.3**# -49.91 ± 0.3 

Activation k 6.05 ± 0.2 5.89 ± 0.3 4.84 ± 0.3 

Fast-inactivation Vh (mV) -95.97 ± 0.8 -100.09 ± 1.1**## -94.86 ± 0.8 

Fast-inactivation k 7.38 ± 0.7 9.21 ± 0.9 8.48 ± 0.7 
ICa, L (n=11 cells) 

Peak current density (pA/pF) -10.54 ± 1.3 -14.11 ± 1.7**## -10.08 ± 1.2 

Activation Vh (mV) -5.28 ± 0.6 -7.79 ± 0.6*# -6.95 ± 0.5 

Activation k 6.24 ± 0.5 4.99 ± 0.6 6.38 ± 1.0 

Fast-inactivation Vh (mV) -21.65 ± 1.1 -25.45 ± 0.8*# -22.00 ± 0.8 

Fast-inactivation k 7.60 ± 0.9 5.53 ± 0.7 5.71 ± 0.7 
 

 All data are presented as mean ± S.E.M. *p<0.05, **p<0.01 vs. baseline, #p<0.05, ##p<0.01 vs. 
washout. 
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Table S3. Mean action potential duration of canine atria at multiple VIP concentrations 

 

 
Note:   

1) The APD20, APD50, APD75, APD90 represent action potential duration (APD) at 20%, 50%, 

75%, and 90% of full repolarization. VIP; All data are presented as mean ±standard error 

of the mean (S.E.M.). The data was collected from 8 canine atria.  

2) VIP: Vasoactive intestinal polypeptide; DCL, Drive cycle length.  

3) p value: p values derived from a mixed effect model which was developed with proc 

mixed procedure with individual cells as random factor and different VIP concentrations, 

DLCs levels as fixed effects.. 

4) Each APD data point during VIP perfusion was compared by the from a mixed effect 

model with the baseline (*p<0.05) or with washout (#p<0.05). Our data may indicate (1) 

VIP affects late repolarization more than the early repolarization, likely in part due to its 

competing effects of reducing Ito and increasing IKs during early repolarization (2) there is 

a dose-dependent VIP effect that was only partially recovered after washout, suggesting 

APD (ms) DCL (ms) Baseline VIP 0.1µmol/L VIP 1µmol/L VIP 10µmol/L Washout p value  
APD20 200 ms 45 ± 4 41 ± 4 39 ± 3 39 ± 3* 43 ± 3 

<0.01 
 300 ms 50 ± 4 44 ± 4 40 ± 4 41 ± 5 44 ± 3 
 400 ms 51 ± 4 39 ± 4 42 ± 5 38 ± 5 40 ± 2 
 500 ms 47 ± 5 39 ± 5 45 ± 3 59 ± 5 42 ± 5 
APD50 200 ms 75 ± 7 83 ± 8 65 ± 7 67 ± 7 83 ± 6 

<0.01 
 300 ms 88 ± 6 90 ± 8 73 ± 7 75 ± 8 88 ± 9 
 400 ms 78 ± 5 86 ±5 78 ± 11 71 ± 11 81 ± 11 
 500 ms 83 ± 3 79 ± 6 68 ± 8 74 ± 8 95 ± 11 
APD75 200 ms 113 ± 4 105 ± 9 77 ± 7**## 88 ± 12**## 124 ± 13 

<0.001 
 300 ms 131 ± 9 117 ± 8* 102 ± 10* 92 ± 7** 107 ± 8 
 400 ms 132 ± 9 112 ± 7* 109 ± 9 102 ± 12* 117 ± 8 
 500 ms 142 ± 9 111 ± 11** 89 ± 11**## 98 ± 9**# 118 ± 5 
APD90 200 ms 126 ± 6 115 ± 7 88 ± 8*# 103 ± 12*#b 129 ± 16 

<0.001 
 300 ms 141 ± 9 138 ± 10 117 ± 9*#b 115 ± 12*#b 138 ± 12 
 400 ms 156 ± 13 131 ± 7*#b 125 ± 8*#b 111 ± 12*#a 142 ± 11 
 500 ms 172 ± 11 138 ± 14*#a 108 ± 9*#b 119 ± 3*#a 151 ± 10 



 15 

a complex post-synaptic process with residual effects lingering after VIP is dissociated 

from its receptor.  
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Table S4.  Mean action potential duration of canine atria in 1 hour time span  

 

 

 

 

 

 

 

 

 

 

 

All data are presented as mean ± S.E.M., n=4 dogs. Abbreviations are identical to those in 

Table S3.  

 

APD (ms) DCL (ms) 0 min 15 min 30 min 45 min 60 min 
APD20 200  40 ± 0 39 ± 2 45 ± 3 38 ± 3 43 ± 5 

 300  38 ± 7 43 ± 3 41 ± 4 35 ± 4 39 ± 4 

 400  45 ± 8 43 ± 3 40 ± 6 36 ± 4 41 ± 6 

 500  41 ± 3 37 ± 5 36 ± 3 37 ± 10 47 ± 10 
APD50 200  83 ± 5 73 ± 7 88 ± 2 74 ± 6 79 ± 10 

 300  88 ± 11 86 ± 6 84 ± 5 72 ± 15 87 ± 15 

 400  91 ± 10 96 ± 9 87 ± 4 96 ± 14 96 ± 17 

 500  97 ± 12 95 ± 9 88 ± 6 93 ± 16 97 ± 18 
APD75 200  104 ± 6 93 ± 8 105 ± 7 97 ± 7 105 ± 14 

 300  113 ± 14 114 ± 7 123 ± 6 129 ± 16 116 ± 19 

 400  129 ± 13 131 ± 14 129 ± 9 129 ± 17 120 ± 22 

 500  132 ± 14 128 ± 13 123 ± 10 132 ± 20 129 ± 24 
APD90 200  122 ± 4 117 ± 5 123 ± 11 116 ± 6 123 ± 15 

 300  134 ± 16 139 ± 9 152 ± 7 137 ± 26 144 ± 19 

 400  151 ± 12 165 ± 18 138 ± 13 165 ± 17 157 ± 23 

 500  169 ± 17 169 ± 17 157 ± 11 163 ± 23 172 ± 26 
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