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Ectopic activity in the rat pulmonary vein can arise
from simultaneous activation of a1- and b1-
adrenoceptors

V Maupoil1,2, C Bronquard1, J-L Freslon1,2, P Cosnay1 and I Findlay1

1CNRS UMR 6542, Faculté des Sciences, Université François-Rabelais de Tours, Tours, France and 2Laboratoire de Pharmacologie,
Faculté des Sciences Pharmaceutiques, Université François-Rabelais de Tours, Tours, France

Background and purpose: Atrial fibrillation (AF) is the most common electrical cardiac disorder in clinical practice. The major
trigger for AF is focal ectopic activity of unknown origin in sleeves of cardiac muscle that extend into the pulmonary veins. We
examined the role of noradrenaline in the genesis of ectopic activity in the pulmonary vein.
Experimental approach: Mechanical activity of strips of pulmonary vein isolated from male Wistar rats was recorded via an
isometric tension meter. Twitch contractions of cardiac myocytes were evoked by electrical field stimulation in a tissue bath
through which flowed Krebs-Heinseleit solution warmed to 36-371C and gassed with 95% O2 5% CO2.
Key results: The superfusion of noradrenaline induced ectopic contractions in 71 of 76 different isolated pulmonary veins.
Ectopic contractions in the pulmonary vein were not associated with electrically evoked twitch contractions. The effect of
noradrenaline on the pulmonary vein could be replicated by the simultaneous, but not separate, application of the a
adrenoceptor agonist phenylephrine and the b adrenoceptor agonist isoprenaline. The use of selective agonists and
antagonists for adrenoceptor subtypes showed that ectopic activity in the pulmonary vein arose from the simultaneous
stimulation of a1 and b1 adrenoceptors. The application of noradrenaline to isolated strips of left atrium did not induce ectopic
contractions (n¼10).
Conclusions: These findings suggest an origin for ectopic activity in the pulmonary vein that requires activation of both a and
b adrenoceptors. They also open new perspectives towards our understanding of the triggering of AF.
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Introduction

Atrial fibrillation (AF) is a commonly occurring arrhythmia

and a major contributor to cardiovascular morbidity. Pace-

maker activity from cells within the myocardial sleeves that

extend into the pulmonary veins is thought to result in the

formation of ectopic beats that initiate and sustain AF

(Haissaguerre et al., 1998; Chen et al., 1999; Hocini et al.,

2000).

Despite many investigations, the mechanism generating

focal activity in the pulmonary veins remains unknown (see

Nattel, 2002; Page and Roden, 2005 for reviews). Most

studies have concentrated upon pathological alterations to

the electrophysiology of cardiac muscle cells in the pulmon-

ary vein, including the possibility of delays in action

potential conduction (Chen et al., 2000; Verheule et al.,

2002), alterations of action potential duration and effective

refractory period (Chen et al., 2001; Jalife et al., 2002;

Scherlag et al., 2002), high-frequency firing and cellular

Ca2þ overload causing early after depolarizations (Schauerte

et al., 2001; Miyauchi et al., 2004; Patterson et al., 2005),

alterations in ion channels that might cause abnormal

automaticity (Bosch and Nattel, 2002; Khan, 2004; Melnyk

et al., 2005), and finally, automatism resulting from the

activity of nodal myocytes in the pulmonary vein (Masani,

1986; Chen and Yeh, 2003; Perez-Lugones et al., 2003).

The contractile function of the pulmonary vein has been

the object of little attention. Lal et al. (1999) used isolated

rings of large pulmonary veins and studied the effect of

several contractile and relaxant agents and the role of

endothelium on vascular smooth muscle cells. MacLeod

and Hunter (1967) studied the functional responses of the
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cardiac myocytes in electrically simulated pulmonary veins.

They obtained positive inotropic responses with different

adrenoceptor agonists. While we were investigating the

contractile properties of isolated pulmonary veins from the

rat, we observed that noradrenaline (NA) could induce

ectopic contractions. This agrees with a previous report that

NA provoked spontaneous action potentials in pulmonary

veins of the guinea pig (Cheung, 1980). In this study, we

present evidence that ectopic activity in the pulmonary

vein arises from simultaneous stimulation of a1 and b1

adrenoceptors. We also show that this particular response

to adrenoceptor stimulation is specific to the cardiac

myocytes of the pulmonary vein compared to those of the

left atrium.

Methods

Animals

Experiments were performed on male Wistar rats purchased

from CER Janvier (Le Genest, St Isle, France) following

national guidelines on animal care.

Preparation of the pulmonary vein

Rats were anesthetized by intraperitoneal injection of

pentobarbital (60 mg kg�1), followed 20 min later by intra-

venous injection of heparin (500 IU kg�1). The heart and

lungs were rapidly removed from the animal as one block

and placed in a dissecting dish that contained Krebs–

Henseleit solution composed of 119 mM NaCl, 25 mM

NaHCO3, 4.7 mM KCl, 1.18 mM KH2PO4, 1.17 mM MgSO4,

1.36 mM CaCl2 and 5.5 mM glucose. A strip of tissue was

dissected from the right superior pulmonary vein. This was

mounted in a 3 ml organ bath continuously perfused at

a flow rate of 5 ml min�1 with Krebs–Henseleit solution

aerated with 95% O2 and 5% CO2 and maintained between

36 and 371C. Electrical field stimulation (FS: 0.1 Hz, 2 ms

duration, two times threshold voltage) was applied via three

platinum electrodes attached to the walls of the organ bath.

Tension was continuously recorded with a force–displace-

ment transducer connected to a Powerlab system and a PC

computer running Chart 4.0 software (ADInstruments,

Castle Hill, NSW, Australia). The baseline tension was

adjusted to obtain 90% of the maximal contraction ampli-

tude evoked by FS under basal conditions and if necessary

readjusted during the experiment. Experiments began after a

stabilization period of at least 1 h. Compounds were diluted

in the perfusion medium.

The same procedure was followed to record tension from

strips of cardiac muscle obtained from the superior wall of

the left atrium.

Data analysis

Analysis of evoked and ectopic contractions was performed

with the Peak Parameters Module of Chart software. Data are

reported as mean7s.e.m. values obtained from n different

preparations.

Chemicals

Standard chemicals were of reagent grade and obtained from

Merck KG (Darmstadt, Germany). Agonists and antagonists

of adrenoceptors were prepared as stock solutions in either

distilled water, ethanol or dimethyl sulphoxide and kept

frozen (�201C) until just before use. Their final dilution

in physiological solution took into account their respective

pD2, pA2 or Ki values, which were obtained from either

the IUPHAR database (http://www.iuphar-db.org) or pub-

lished data (Leblais et al., 2004; Baker, 2005). (�)-NA, S(�)-

atenolol, prazosin hydrochloride, R(�)-denopamine and UK

14304 were obtained from Sigma-Aldrich (Saint Quentin

Fallavier, France). Cirazoline hydrochloride, yohimbine

hydrochloride, formoterol hemifumarate, ICI 118551, BRL

37344, and SR 59230A were obtained from Tocris Cookson

(Avonmouth, UK).

Results

NA evokes spontaneous ectopic contractions in the pulmonary vein

The superfusion of an isolated segment of a rat pulmonary

vein with NA evoked spontaneous ectopic contractions as

illustrated by a typical trace in Figure 1a and reproduced in

nine different preparations. The onset of the application of

NA produced an increase in basal tension, which was

essentially sustained and declined upon the washout of the

agonist. Ectopic contractions appeared with a latency of

12.971.9 min after the onset of the superfusion of between

10�6 and 10�5
M NA. Initially, these ectopic contractions

consisted of isolated individual contractions that then

formed clearly defined bursts (Figure 1b). The bursts of

ectopic contractions had a period of 4974 s (range 28–65 s)

and duration of 1872 s (range 9–30 s). Ectopic contractions

within a burst were not uniform (Figure 1c-f). The amplitude

of ectopic contractions declined (Figure 1c) and their

frequency increased first and then declined during the burst

(Figure 1d). Both the time to peak (Figure 1e) and the

duration (Figure 1f) of ectopic contractions show a tendency

to increase during the burst.

Notwithstanding their variation, these characteristics

make it likely that ectopic contractions arise from the

cardiac myocytes present in the pulmonary vein as vascular

smooth muscle cells contract upon a much longer timescale,

which probably corresponds to the action of NA upon

baseline tension shown in Figure 1a. To confirm the cardiac

myocyte origin of ectopic contractions, electrical FS was used

to evoke twitch contractions in pulmonary veins (n¼17)

and as a control, in isolated strips of the left atrium (n¼10).

The time to peak of FS – evoked contractions in pulmonary

vein ranged between 35 and 44 ms and in atrial strips ranged

between 36 and 41 ms. These values are similar to those

recorded for ectopic contractions at the onset of a burst

(Figure 1e). The duration of FS-evoked contractions in

pulmonary vein ranged between 25 and 39 ms, and in atrial

strips ranged between 28 and 31 ms. These are comparable

with the range of values shown by ectopic contractions

(Figure 1f).

The concentration of NA required to induce ectopic

activity in different isolated pulmonary veins is shown in
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Figure 2. A minimal concentration of 10�6
M NA was

necessary to evoke ectopic contractions. In total, during this

study, the superfusion of between 10�6 and 10�5
M NA

induced ectopic contractions in 71 of 76 different isolated

pulmonary veins (93%). In isolated strips of the left atrium,

the superfusion of NA at concentrations that ranged between

10�8 and 10�4
M did not induce ectopic contractions (n¼10).

Ectopic contractions require simultaneous activation of a1 and b1

adrenoceptors

Ectopic activity induced by NA was inhibited by the

application of either the a1-adrenoceptor antagonist prazosin

(Figure 3a) or the b1-adrenoceptor antagonist atenolol

(Figure 3b). Ectopic activity was not inhibited by either

the a2-adrenoceptor antagonist yohimbine (Figure 3a), the

b2-adrenoceptor antagonist ICI 118551 (Figure 3b), or the

b3-adrenoceptor antagonist SR 59230A (Figure 3b).

Ectopic activity could not be induced by the application of

either the a-adrenoceptor agonist phenylephrine (PE) or the

b-adrenoceptor agonist isoprenaline (ISO), but it could be

induced by their mixture (Figure 4a). Agonists of subtypes of

the adrenoceptors were tested by inducing ectopic activity

with a mixture of PE and ISO and then either replacing PE

with different a-adrenoceptor agonists or replacing ISO with

Figure 1 NA-induced ectopic contractions in the pulmonary vein.
(a) A continuous recording of tension in an isolated pulmonary vein.
NA was superfused across the preparation for the period indicated by
the bar above the trace. The horizontal line under the recording
indicates the region that is shown upon an expanded timescale in
(b). (c–f) Analysis of the ectopic contractions, which were recorded
during the burst indicated by the line under the trace in (b).
(c) Contraction amplitude. (d) Contraction frequency. (e) Time to
peak contraction. (f) Contraction duration measured as the width at
50% of the amplitude.

Figure 2 Dose-dependent induction of ectopic activity by NA. The
numbers in parentheses represent the number of individual
preparations.

Figure 3 The effect of a- and b-adrenoceptor antagonists on ectopic
contractions induced by NA. Traces represent segments of otherwise
continuous recordings of tension obtained from isolated pulmonary
veins. Ectopic contractions were induced by superfusion of 10�5

M

NA. (a) Antagonists of a-adrenoceptors. For the periods indicated by
the bars above the traces, the solution superfusing the preparation
also contained either the a2-receptor antagonist yohimbine (10�7

M)
or the a1-receptor antagonist prazosin (5�10�6

M). Similar results
were obtained in six different preparations. (b) Antagonists of
b-adrenoceptors. For the periods indicated by the bars, the solution
also contained either the b1-receptor antagonist atenolol
(5�10�6

M), the b2-receptor antagonist ICI118551 (10�7
M) or the

b3-receptor antagonist SR59230A (5�10�7
M). Similar results were

obtained in five different preparations.
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different b-adrenoceptor agonists. Ectopic activity was

supported by the a1-adrenoceptor agonist cirazoline

(Figure 4b) and the b1-adrenoceptor agonist denopamine

(Figure 4c). Ectopic activity disappeared when PE was

replaced by the a2-adrenoceptor agonist UK 14304

(Figure 4b) and when ISO was replaced by either the

b2-adrenoceptor agonist formoterol (Figure 4c) or the

b3-adrenoceptor agonist BRL 37344 (Figure 4c).

Ectopic activity depends upon a balance between a- and

b-adrenoceptor activation

The ability of mixtures of PE and ISO to induce ectopic

activity in pulmonary veins was variable. There was no single

mixture of given concentrations of these agonists or a single

ratio between concentrations of PE and ISO that could induce

ectopic activity in every preparation. Thus, we were able to

induce ectopic activity with the application of a mixture of PE

and ISO in only 40 of 52 different preparations (77%),

whereas in each of these preparations NA had evoked ectopic

contractions. Figure 5a illustrates the incidence of ectopic

activity in pulmonary veins exposed to different combina-

tions of concentrations of PE and ISO. Although there was a

tendency for the incidence of ectopic activity to increase with

increasing concentrations of both PE and ISO, the application

of the highest concentration of ISO (10�6
M) was less effective.

This observation was examined in detail in experiments such

as that shown in Figure 5b where the addition of 10�8
M ISO

to 5�10�6
M PE-induced low-frequency ectopic contractions.

Increasing the concentration of ISO to 10�7
M increased the

frequency of ectopic contractions, which formed distinct

bursts. Further increasing the concentration of ISO to 10�6
M

resulted in the disappearance of ectopic activity. The inhibi-

tion of ectopic activity by an excess of ISO was observed in

nine preparations.

Different reactions of pulmonary vein and left atrium to

adrenoceptor stimulation

As reported above, pulmonary vein cardiac myocytes gen-

erate ectopic contractions in response to the application of

NA whereas no ectopic activity is recorded in atrial cardiac

myocytes. As shown by the typical trace in Figure 6a and

reproduced in 17 experiments, NA induced a biphasic

Figure 4 Ectopic contractions in the pulmonary vein require
activation of both a1- and b1-adrenoceptors. Traces represent
segments of otherwise continuous recordings of tension from
different isolated pulmonary veins. Ectopic contractions were
induced by the superfusion of the preparations with solutions that
contained PE (5�10�6

M) and ISO (10�7
M ). (a) Ectopic contrac-

tions require the simultaneous application of PE and ISO. The periods
for which the preparation was exposed to the different agonists are
indicated by bars above the trace. Similar results were obtained in
six different preparations. (b) Agonists of a-adrenoceptors. For
the periods indicated by the bars, PE was replaced first by the
a2-receptor agonist UK14304 (5�10�6

M) and then by the a1-
receptor agonist cirazoline (10�6

M). Similar results were obtained in
five different preparations for UK14304 and six different preparations
for cirazoline. (c) Agonists of b-adrenoceptors. For the periods
indicated by the bars, ISO was replaced by either the b3-receptor
agonist BRL37344 (10�7

M), the b1-receptor agonist denopamine
(5�10�7

M), or the b2-receptor agonist formoterol (10�8
M). Similar

results were obtained in six different preparations for denopamine
and five each for BRL37344 and formoterol.

Figure 5 Effects of agonist concentration upon ectopic contrac-
tions in the pulmonary vein. (a) The effects of the concentration of
ISO upon the incidence of ectopic activity recorded in the presence
of either 10�6 (open columns) or 5�10�6

M (filled columns) PE.
The numbers in parentheses represent n different preparations.
(b) Induction and suppression of ectopic activity by ISO. These traces
represent segments of an otherwise continuous recording of tension
in an isolated pulmonary vein. The periods for which the preparation
was exposed to PE and different concentrations of ISO are indicated
by the bars above the traces.
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inotropic response from FS-evoked twitch contractions in

the pulmonary vein. An initial increase in twitch amplitude

(þ22.773.7% after 5.670.5 min) was followed by a decline

to less than the basal level (�26.875.3% after 14.671.3 min

in 12 of 17 experiments). Isolated ectopic contractions

appeared after 15.871.2 min and then formed distinct

bursts. In isolated strips of the left atrium, NA induced a

sustained positive increase in FS-evoked twitch contraction

amplitude and it did not induce ectopic contractions (a

typical trace is shown in Figure 6b, n¼10). The responses of

pulmonary vein and atrial cardiac myocytes to PE are also

different. A slowly developing but important reduction

in the amplitude of FS-evoked contractions (�69.872.8%

after 16.170.6 min, n¼ 11) is recorded in pulmonary vein

preparations (Figure 6c), whereas a slight and mostly

sustained increase in the amplitude of FS-evoked contrac-

tions is observed in atrial preparations (Figure 6d, n¼8).

Both pulmonary vein and atrial preparations showed

positive inotropic responses to the superfusion of ISO (not

shown).

Discussion

This study shows that nonselective adrenoceptor stimulation

induces ectopic contractions in the pulmonary vein of the

rat, which are entirely independent of electrically induced

activity. This phenomenon is not observed in the left atrium.

Induction of ectopic contractions in isolated pulmonary

veins of the rat requires a critical balance between the

activation of a1- and b1-adrenoceptors. NA readily achieved

this balance but it was more difficult to replicate with

mixtures of PE and ISO in vitro. These results suggest that at

some point from the receptors to the effectors there are

functional or intermolecular interactions that give rise to the

generation of ectopic contractions. These interactions could

concern elements of the traditional a1-adrenoceptor signal-

ling pathway (inositol (1,4,5)-triphosphate and diacylglycer-

ol), the mobilization of intracellular Ca2þ and the activation

of protein kinase C (PKC) and the classical signalling cascade

of the b1-adrenoceptors (cAMP and protein kinase A (PKA)-

dependent protein phosphorylation). It may involve novel

time-dependent dynamic signalling mechanisms and

G-protein-independent signalling pathways that have been

recently reported for cardiac adrenoceptors (see Xiao et al.,

2006 for review). For example, the time-dependent switch of

the b1-adrenoceptor signalling pathway from PKA to Ca2þ /

calmodulin-dependent protein kinase II (Wang et al., 2004)

is not incompatible with the delay between the onset of

application of NA and the first appearance of ectopic

contractions. Whatever the mechanism involved, it remains

to be seen whether these complex interactions act on one or

more effectors to induce ectopic contraction. It could also be

suggested that interactions between different effectors result

in ectopic contractions.

This study identifies an automatism that is particular to

cardiac myocytes in the pulmonary vein. The requirement

for simultaneous a1- and b1-adrenoceptor stimulation and

the loss of ectopic activity upon exposure to an excess of ISO

clearly distinguish it from classical nodal cell electrophysiol-

ogy with its dependence upon b-adrenoceptor stimulation

(Biel et al., 2002; Zorn-Pauly et al., 2004). Yamamoto et al.

(2006) have shown that HCN4 that underlies the current If is

not expressed in rat pulmonary veins. Our results are also

clearly different from the recent proposal that PKA-mediated

phosphorylation of multiple intracellular targets is respon-

sible for sinoatrial node cell rhythmicity (Vinogradova et al.,

2006). The presence of specialized conduction myocytes in

pulmonary veins is disputed (Masani, 1986; Perez-Lugones

et al., 2003; Anderson and Ho, 2004; Yamamoto et al., 2006)

though if present these cells could give rise to spontaneous

activity. Spontaneous action potentials have been reported

in the cardiac myocytes of isolated pulmonary veins of

different species including guinea-pig (Cheung, 1980), dog

(Chen et al., 2000) and rabbit (Chen et al., 2006) but not in

the rat (Miyauchi et al., 2005). The results in rabbit and dog

have been questioned (Honjo et al., 2003; Wang et al., 2003,

2005). It is worth noting that we never observed sponta-

neous contractions in our pulmonary vein preparations in

the absence of adrenoceptor stimulation.

Our study excludes an exclusive role for pathological

alterations of cardiac cell action potentials in the generation

of ectopic foci in the pulmonary vein of the rat as it was not

necessary to stimulate the tissue electrically to develop

ectopic contractions. This is not to say that the application

of b-adrenoceptor agonists combined with rapid electrical

Figure 6 A comparison of the responses of the pulmonary vein
(a and c) and the left atrium (b and d) to adrenoceptor stimulation.
Each preparation was subjected to 0.1 Hz FS. The periods for which
preparations were superfused with solutions, which contained either
NA (a and b) or PE (c and d) are indicated by the bars above the
traces.
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stimulation cannot result in the development of extra

systoles via the development of early- or delayed-after

depolarizations (Schauerte et al., 2001; Miyauchi et al.,

2004; Patterson et al., 2005). It does not deny that the

application of acetylcholine and/or vagal stimulation can

reduce action potential duration, effective refractory period

and thus provide a substrate for the establishment of micro-

re-entry circuits (Chen et al., 2001; Jalife et al., 2002; Scherlag

et al., 2002).

A number of results in this study show that there are

functional differences between the cardiac myocytes in the

pulmonary vein and the left atrium, notwithstanding the

direct physical and electrophysiological connection between

them (de Bakker et al., 2002; Yeh, 2004). The most obvious

difference is the ability of NA to induce ectopic contractions

in the pulmonary vein but not in the left atrium. The

inotropic responses of the pulmonary vein and left atrium to

NA and PE also differ. They provoke a biphasic slight positive

inotropy followed by an intense negative inotropic effect

in the pulmonary vein, whereas a monophasic positive

inotropic response is recorded in the left atrium. This may

reflect a differential repartition of a1-adrenoceptor subtypes

as a1A- and a1B-adrenoceptors elicit opposing effects on

contractility in isolated ventricular myocytes of adult rat

(Gambassi et al., 1998). More recently, Wang et al. (2006)

showed separate negative and positive inotropic effects of a1-

adrenoceptor stimulation in, respectively, the left and right

ventricle of the mouse. They excluded a1-receptor subtypes

from being responsible and suggested instead the different

embryological origins of the left and right ventricles.

Separate embryological origins for the cardiac myocytes in

the pulmonary vein and the left atrium have been proposed

by Kruithof et al. (2003) and Anderson et al. (2006).

In conclusion, although this study has been confined to

the behaviour of an isolated pulmonary vein of the rat in

response to stimulation with NA, this does not limit the

interest of this work to rodent physiology or to adrenoceptor

stimulation. It can be postulated that combinations of

hormones and/or neurotransmitters that coactivate separate

signalling pathways could provoke ectopic activity in the

pulmonary veins of different species including man. How-

ever, the relationship between ectopic activity in a pulmon-

ary vein and the induction and the maintenance of AF will

depend upon a number of elements. For example, how such

ectopic activity is conducted into the left atrium will depend

upon the anatomy of the extension of cardiac myocytes

in the pulmonary veins. In man, cardiac myocyte sleeves

extend for 1–2 cm into the pulmonary veins (Hassink et al.,

2003), whereas in the rat they run along the full length of

the veins and even extend into the pulmonary parenchyma

(Hashizume et al., 1998). Also, the pulmonary veins in the rat

drain into a common sinus before joining the left atrium,

whereas they independently join the roof of the left atrium

in man. Therefore, the direct extrapolation from our results

to the triggering of AF by ectopic foci in human pulmonary

veins and to a pharmacological intervention against AF

would not be realistic at this stage. Nevertheless, the

specificity of the pulmonary vein compared with the left

atrium holds out the hope of a selective pharmacological

intervention.
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