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Abstract Rodent thoracic veins are characterized by an

extended myocardial coating. In the present study, the

electrical activity in the cardiac tissue of the rat azygos

vein (AZV) was investigated for the first time. The atrial-

like action potentials (AP) and atrial-like conduction of the

excitation were observed in the rat AZV under continuous

electrical pacing. Termination of electrical pacing resulted

in spontaneous positive shift of resting membrane potential

(RMP) in AZV. Boradrenaline induced biphasic effects on

RMP in all quiescent AZV preparations but only in 25%

preparations—bursts of spontaneous AP, which were sup-

pressed by both a- and b-adrenoreceptor antagonists.

Phenylephrine induced additional depolarization of RMP

in quiescent AZV preparations, while isoproterenol caused

hyperpolarization. In conclusion, bioelectrical properties of

the rat AZV resemble those of atrial myocardium under

continuous electrical pacing; however, depolarized RMP

and NA-induced spontaneous AP characterize AZV as a

tissue prone to rare automaticity.

Keywords Thoracic veins � Vein myocardium � Atrial
fibrillation � Azygos vein (AZV) � Adrenergic
automaticity � Action potential � Excitation wave

Introduction

Thoracic veins contain a cardiac tissue in a form of ‘‘my-

ocardial sleeves’’ which extend from the atria to the distal

regions of the vessels [1, 2]. The cardiac tissue both in

pulmonary and caval veins has been known for more a

century in non-mammalian species, various mammals and

human [3–5]. It has also been shown that a myocardial

tissue in distinct regions of the thoracic veins is function-

ally active and demonstrates both electrical excitability and

contractility [6, 7]. A number of studies have focused on

the pulmonary vein (PV) myocardium electrophysiology,

either in laboratory animals or human because this tissue is

considered as a source of atrial fibrillation (AF). It is well

established that PV myocardium acts as a source of AF due

to various mechanisms, including ectopic automaticity and

re-entrant conduction [8, 9]. Less attention has been paid to

the cardiac tissue of the caval veins (CV); however, action

potential and ectopic automaticity have been demonstrated

in this tissue in several experimental investigations

[10, 11]. caval veins-derived AF has also been described,

similarly to PV [12, 13].

In addition, cardiomyocytes have been demonstrated in

the wall of the azygos vein (AZV) in non-rodent and rodent

mammals [14] which is a derivative of the superior (or

anterior in quadruped animals) CV. The cardiac tissue

manifests at least at the level of the AZV mouth in human

[15]. The extensive myocardial sleeve has been revealed in

the rat AZV both in proximal and distal vessel regions [16].

It has been shown that cardiac tissue in the rat AZV is

characterized by the ability to contract in response to

electrical stimuli delivery at a high rate [17]. Unlike the PV

or the CV, the electrophysiological properties of the rat

AZV have not yet been investigated.
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Numerous autonomic nerves have been demonstrated in

the junction region between atria and veins and also in the

myocardial sleeves of thoracic veins [18, 19]. It has been

established previously that electrical activity in canine,

rabbit, guinea pig pulmonary and caval veins is highly

dependent on autonomic nerves or adrenergic stimulation

[20, 21]. It is widely accepted at the present time that

thoracic veins arrhythmogenity is highly dependent on

sympathetic or adrenergic stimulation [22]. Adrenaline

application causes spontaneous action potentials in the rat

PV myocardial sleeves [23]. Nevertheless, the effects of

the adrenergic stimulation on the AZV myocardium have

yet to be investigated.

Thus, the present study aims to characterize the bio-

electrical activity in the rat AZV in basal conditions (i.e.

without adrenergic stimulation) and under adrenergic

stimulation. The AZV contains the most distant cardiac

tissue from the atrial wall in adult mammalians. It is

unclear whether the venous cardiac tissue is electrically

coupled to the atrial myocardium or how it conducts

excitation waves. Therefore, the ability of the AZV myo-

cardium to conduct excitation waves was estimated in the

current study.

Materials and methods

Animals

All experimental procedures were carried out in accor-

dance with the Guide for the Care and the Use of Labo-

ratory Animals published by the US National Institutes of

Health (NIH publication no. 85-23, revised 2010) and

approved by the Ethics Committee of the MSU Biological

department. Male Wistar rats weighing 250–300 g

(n = 57, 10 weeks old) were provided by the Scientific

complex of biomedical technologies animal plant (Moscow

region, Russia). Animals were held in the animal house for

2 weeks under a 12 h:12 h light:dark photoperiod in stan-

dard cages prior to the experiment and fed ad libitum.

Isolation of atria and azygos vein

Heparinized (100 IU/100 g, i.p.) rats were anesthetized

with sodium pentobarbital (60 mg/kg, i.p.). The chest was

opened, the left atria (LA), right atria (RA) or left superior

vena cava (LSVC) with adjoined AZV were separated from

surrounding fascia and fat, rapidly excised, incised and

pinned with the endocardial side up to the bottom of a 5-ml

perfusion chamber filled with physiological (Tyrode)

solution of the following composition (in mM): NaCl

118.0, KCl 2.7, NaH2PO4 2.2, MgCl2 1.2, CaCl2 1.2,

NaHCO3 25.0, glucose 11.0, pH 7.4 ± 0.2 bubbled by 95%

O2 and 5% CO2 gas mixture. The constant perfusion with a

flow rate of 15 ml/min at 37 �C was started immediately

after preparation. Electrical pacing for rhythm maintenance

was started immediately after the dissection. Tissue exci-

tation was elicited by constant 2-ms pulses (with amplitude

twice above the threshold) at a pacing rate of 3 Hz. A pair

of silver electrodes used for the pacing was placed at the

atria appendage or at the surface of the superior CV close

to the adjoined AZV. In experiments with quiescent

preparations, the AZV was separated from the CV.

Microelectrode recording

Resting membrane potential (RMP) and electrically evoked

action potentials (AP) were recorded by glass microelec-

trodes (10–20 MX) filled with 3 M KCl. A Warner intra-

cellular electrometer (IE-210) was used to amplify the

signals. The AP were digitized at a 10-kHz sampling rate

by using an analog–digital converter (E-154, ADC L-card;

Russia) and analyzed using custom software (PowerGraph

3.3 Professional, v.3.3.8; Russia). Only a series of a

stable impalements demonstrating AP overshooting and

fast AP upstroke velocity were taken into account. Mea-

surements were performed after 60 min of equilibration.

The AP 50 and 90% durations (APD50 and APD90) and

RMP level were calculated.

Optical mapping

The otical mapping setup consisted of a PDA (WuTech

H-469V; Gaithersburg, MD, USA) designed for high speed

data acquisition (1.63 Kfps). Macroscopic projections of

the cardiac tissue preparations were transferred to the

photodiodes array with the aid of the optical system

including adapters and a Computar V5013 (CBC Group,

Japan) camera lens (focal length 50 mm, aperture ratio

1:1.3) mounted at a distance of 24 mm from the tissue

surface. The optical system allowed the projection of an

area of 5 mm in diameter to the 464 photodiodes (each

0.75 mm in diameter) which were assembled in a hexag-

onal array with a physical aperture of 19 mm (22 photo-

diodes in the longest row). Thus, each photodiode covered

a surface of 0.23 mm in diameter approximately.

It was possible to project the lens field of view to the

monitoring CCD camera (NexImage, Celestron, USA) via

a prism insertion included to the optical system. A CCD

camera was used for the colocalization of the mapping area

and preparation sites during the experiments and data

analysis.

Excitation light was emitted by three self-made green

LED (520 ± 40 nm) arrays surrounding the perfusion

chamber. A long-pass emission filter (k[ 650 nm) was

positioned in front of the camera lens.
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Potential-sensitive dye di-4-ANEPPS (5 mg/ml in

DMSO; Molecular Probes, Eugene, OR, USA) was added

to the superfusion solution (5 lmol/l) and 20 min staining

was carried out. The final concentration of DMSO in the

solution was below 0.1%, which is acceptable for electro-

physiological studies.

In all cases, fluorescent signals were recorded continu-

ously for 5 s with 0.614-ms frame intervals, digitized using

a data acquisition system (CardioPDA-III; RedShirtImag-

ing, Decatur, GA, USA) and analyzed using Cardioplex

(v.8.2.1, RedShirtImaging) software. The resting fluores-

cence was determined before each signal recording, and the

obtained signals were normalized to the resting fluores-

cence. The signals were processed via a low-pass filter

using a median algorithm and were normalized to the

resting fluorescence. Also, a minimal high-pass filter was

applied to remove long-time constant photodiode-derived

basal drift. The maximum upstroke derivative (dF/dtmax)

for each optical AP was calculated to determine the acti-

vation times in the mapped areas. Isochronic activation

maps were constructed from activation times using an in-

house-developed software.

Drugs

Noradrenaline (NA), isoproterenol (ISO), phenylephrine

(PHE), prazosin and propranolol (PPO) were purchased

from SigmaAldrich (St Louis, MO, USA). Di-4-ANEPPS

was purchased from Molecular Probes.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism

v.6. Hypothesis testing was carried out using an ANOVA

with further Tukey’s post hoc multiple comparisons test

and paired t test. A p value\ 0.05 was considered statis-

tically significant. All results are expressed as mean ± SD

for n experiments.

Results

The action potentials and resting membrane

potential in the AZV under basal condition

The atrial-like AP with overshoot and rapid AP upstroke

accompanied by stable RMP were observed in both prox-

imal and distal regions (Fig. 1a) of the electrically paced

AZV preparations (Fig. 1b).

The duration of AP was similar in the AZV and LA, in

which APD50 and APD90 were 9.5 ± 4 and 31.5 ± 10 ms,

respectively (n = 9). However, APD90 in both proximal

(24.8 ± 3 ms, n = 9) and distal (40.4 ± 4 ms, n = 6)

AZV regions were significantly (p\ 0.0001, p = 0.013,

respectively) shorter if compared to the RA in which

APD90 was 57.1 ± 15 ms (n = 7). APD50 was signifi-

cantly shorter in comparison to RA (18.8 ± 4 ms, n = 6,

p = 0.0002) only in the proximal AZV region

(6.2 ± 1 ms, n = 9). In addition, APD50 in proximal AZV

was significantly shorter cmpared to the distal region

(14.3 ± 2 ms, p = 0.0153, n = 6; Fig. 1c, d).

The resting membrane potential was similar in both

proximal and distal regions (-71.2 ± 6 mV, n = 11) of

the paced AZV; however, it was significantly positive in

comparison to LA (-79.1 ± 4 mV, n = 6, p = 0.0195)

and RA (-80.8 ± 4, n = 7, p = 0.0030) under basal

conditions (Fig. 2a). Termination of the electrical pacing of

AZV resulted in spontaneous and significant (p = 0.0002)

positive drift of RMP with further stabilization at the level

of -60.3 ± 8 mV (n = 11) (Fig. 2b, c). In contrast to the

AZV, no substantial depolarization of RMP was observed

in LA and RA after pacing termination. In addition, no

spontaneous AP were observed in quiescent AZV among

all preparations under basal conditions. The resumption of

the electrical pacing resulted in the hyperpolarization of

RMP and its stabilization at a level identical

(-70.3 ± 7 mV, n = 11, p[ 0.05) to those before a qui-

escence period.

The conduction of excitation in the paced AZV

under basal conditions

A steady-state continuous electrical pacing with cycle

length 300 ms caused excitation of the proximal site of

AZV and anterograde conduction of the excitation (i.e.

from the LSVC–AZV junction region to the distal portion

of the AZV). No conduction blocks or other abnormalities

(Fig. 3) were observed in the AZV at least at a distance of

1 cm from the LSVC–AZV junction in all cases (n = 6)

under continuous pacing. A similar pattern of anterograde

conduction was observed in AZV if the excitation was

initiated at the LSVC–AZV junction region or more dis-

tantly at the right atria. More distally than 1–1.2 cm from

the LSVC–AZV junction, no optical AP were observed in

all preparations (n = 6). As in the previous microelectrode

experiments, no spontaneous excitations were observed in

quiescent AZV preparations. Also, the AZV is character-

ized by stable beat-to-beat excitation (Fig. 3e, f).

The electrical activity in the AZV

under noradrenaline application

We tested the effects of 0.1–10 lmol/l noradrenaline (NA)

on the bioelectrical properties of the quiescent AZV. While

0.1 lmol/l NA caused no changes in RMP, 1–10 lmol/l

NA induced substantial biphasic RMP alteration in AZV
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preparations. The application of NA resulted in rapid RMP

hyperpolarization which was followed by delayed depo-

larization (Fig. 4a). These effects were dose-dependent and

partially opposite: 1 lmol/l NA induced weak

(2.5 ± 2 mV) hyperpolarization (p = 0.0706), but signifi-

cant depolarization (4.1 ± 2 mV, p = 0.0150, n = 6);

10 lmol/l NA, in contrast, induced more pronounced

hyperpolarization (8.3 ± 5 mV, p = 0.0010) and weak

RMP depolarization (by 4.9 ± 3 mV, p = 0.1051, n = 6;

Fig. 4b).

The highest used NA concentration (10 lmol/l) caused

spontaneous AP in the form of quasi-periodic bursts in 7

out of 28 (25%) quiescent AZV preparations (Fig. 4c). NA-

induced firing was initiated at the phase of RMP depolar-

ization 12 ± 8 min later at the beginning of catecholamine

application. No spontaneous AP was observed under lower

NA concentrations.

Parameters of NA-induced AP bursts varied greatly. The

bursts were interposed by quiescent intervals, which varied

from 43.1 to 202.9 s among the preparations. The total

number of AP in a single burst varied from 25 to 123 and

AP in bursts followed with a frequency of from 4.1 to

7.1 Hz. Nevertheless, membrane potential of the initial and

terminating AP in bursts remained relatively stable:

-58.5 ± 6 and -68.1 ± 9 mV, respectively. Also, RMP

was characterized by a slow depolarization in the periods

between the bursts. The delayed after-depolarization-like

potentials that failed to reach threshold and evoke AP were

observed at the end of bursts (Fig. 4e).

Effects of a- and b-adrenoreceptor antagonist

on noradrenaline-induced firing in the AZVs

preparations

Application of the a-adrenoreceptor antagonist prazosin

(10 lmol/l) caused the cessation of NA-induced sponta-

neous activity in AZV in all experiments (n = 5). In

addition, a significant RMP hyperpolarization (up to

-85.5 ± 9 mV, p\ 0.05) followed the prazosin-caused

termination of the NA-firing (Fig. 5a). Similarly to pra-

zosin, b-adrenoreceptor antagonist propranolol (PPO,

10 lmol/l) caused the termination of NA-induced firing in

all cases (n = 5; Fig. 5a). However, no substantial RMP

alteration was observed after PPO application and firing

termination.

Effects of a selective a- and b-adrenoreceptor
agonist in AZV preparations

The application of 0.1–1 lmol/l phenylephrine failed to

alter resting membrane potential; however, 10 lmol/l PHE

caused significant RMP depolarization (? 10 ± 5 mV,

A

B

C

D

Fig. 1 Electrically evoked action potentials in the rat AZV. a The

points of AP recordings (dots) and sites (white frames) of excitation

mapping in the proximal (1) and distal (2) portions of the AZV.

b Representative examples of AP from the electrically paced left atria

(LA), right atria (RA), proximal (AZVprox) and distal (AZVdist) regions

of the AZV. AP duration at level of 50% (c) and 90% (d) repolar-
ization (APD50, APD90, respectively) in LA, RA, proximal and distal

portions of the AZV. LSVC left superior vena cava; *,#p\ 0.05

(ANOVA); *all sites vs. RA; #proximal vs. distal azygos
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n = 6, p = 0.0073; Fig. 6d) in quiescent AZV. A sponta-

neous firing in the form of periodic bursts was initiated by

10 lmol/l PHE only in one AZV preparation (1 out of 6);

however, the pattern of PHE-induced firing was very close

to that elicited by NA. In this case, the bursts were inter-

posed by 8 ± 2 s quiescent intervals. The number and the

frequency of AP in the bursts varied from 201 to 254 and

from 3.9 to 5.6 Hz, respectively (Fig. 6a–c). The mem-

brane potential of the firing triggering was -36.1 ± 2 mV,

and the potential of the burst termination was

-39.1 ± 2 mV.

In contrast to NA, the application of 1 and 10 lmol/l

(but not 0.1 lmol/l) of ISO caused significant and rapid

RMP hyperpolarization by 9.7 ± 4 mV (n = 6,

p = 0.0019) and 8.3 ± 6 mV (n = 8, p = 0.0047),

respectively, in quiescent AZV preparations (Fig. 6e, f).

No spontaneous AP and firing was observed in the response

to 0.1–10 lmol/l ISO administration.

Discussion

In the present study, the electrical properties of the rat AZV

cardiac tissue were described for the first time. We have

demonstrated atrial-like AP at two sites (more proximal

and more distal) in the steady-state paced AZV prepara-

tions. The duration of the AP in proximal and distal regions

of the rat AZV was similar to that in LA, but was shorter in

comparison to the right atria. Also, the results of our

experiments show that AP duration in the rat AZV

demonstrates spatial variation.

At the present time, there are very few data available

about AP duration in CV myocardium. The characteristics

of AP in CV myocardium have been estimated only in dogs

and rabbits. It has been demonstrated that AP in the canine

superior caval vein (SVC) have a marked diversity of

electrophysiological characteristics. It has been demon-

strated that AP in canine SVC can be shorter as well as

longer in comparison to the atrial tissue [24], with or

without the pacemaker phenotype [11]. The features of an

anterior caval vein AP are similar to those of atrial AP with

stable resting membrane potential, rapid AP upstroke and

high amplitude in rabbits [6]. Many of the previous studies

were aimed at the characterization of the AP in pulmonary

veins, which are other thoracic vessels that possess

myocardial sleeves. It has been reported that AP duration

in canine [25] and guinea pig [5, 26] PV myocardium is

shorter compared with LA. In contrast, longer AP in the

pulmonary vein in comparison with the LA has been shown

in rabbits [27] and mice [28]. As for the rat, controversially

A B

C D

Fig. 2 Resting membrane potential (RMP) in electrically paced

(a) and quiescent rat azygos vein (AZV). Termination of the electrical

pacing causes spontaneous drift of membrane potential in quiescent

AZV (b) in contrast to LA or RA: example tracks represent RMP

changes under pacing maneuvers (the tracks are shown from the

moment of pacing termination) (c). Resumption of the electrical

pacing results in the hyperpolarization of RMP (d). LA left atrium, RA

right atrium. Paced electrically paced AZV, quiescent AZV after

5 min of stabilization without electrical pacing. *p = 0.0195, AZV

vs. LA; #p = 0.0030, AZV vs. RA (ANOVA); **p = 0.0002, paced

vs. quiescent AZV (paired t test)
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Fig. 3 Propagation of the excitation in the electrically paced AZV.

The photographs (a, b) of the mapped area in two sites in the AZV

(proximal and distal, also indicated as 1 and 2 in Fig. 1a) with

superimposed optical signals (optical AP, red peaks) registered by

individual photodiodes. Representative examples (c, d) of the

isochronic maps from the proximal and distal regions of the AZV

which demonstrate anterograde conduction of the excitation under

electrical pacing. Blue color corresponds with earlier excitation; red

color with later excitation. Horizontal arrows indicate general

direction of the excitation propagation. Optical traces (e, f) of a

three consecutive excitation cycles (cycle length 300 ms) from the

points in AZV which are indicated in the isochronic maps (in c, d).
No substantial beat-to-beat AP variability was observed under pacing

with 300-ms cycle length. Note that isocronic maps were received

from same tissue preparation but consecutively from the proximal and

distal portions of the vein. AZVprox and AZVdist the proximal and distal

regions of the AZV. CV left superior vena cava. Asterisks denote

position of the pacing electrodes. Sloped arrows in (e) and (f) indicate
motion artifacts (color figure online)
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longer [23], as well as shorter, AP [29] were observed in

PV in comparison with the atrial myocardium. Therefore, it

is difficult to determine a definite correlation between AP

duration and cardiac tissue localization in thoracic veins

due to significant variation between studies and a depen-

dence on the animal species used. A local variations of the

AP in the rat AZV are probably caused by regional dif-

ferences in depolarizing or repolarizing current expression.

However, the physiological significance of this local

variation remains unclear. It has been demonstrated that

spatial AP duration variability is a significant contributor to

the thoracic vein-derived arrhythmogenity [30]. It is pos-

sible to speculate that AP variations revealed in our

experiments reflect a high electrophysiological hetero-

geneity of AZV tissue in particular and caval vein myo-

cardium in general.

The resting membrane potential was depolarized in

AZV if compared to the atrial myocardium under steady-

A

C

D E

B

Fig. 4 Effects of noradrenaline (NA) in the myocardial tissue of the

azygos vein (AZV). Example track representing consequent RMP

changes (transient hyperpolarization and delayed continuous depo-

larization) which occur in response to 10 lmol/l NA application in

quiescent AZV (a). Alteration of RMP in AZV by 10 lmol/l

noradrenaline (b). Representative example of the AP bursts (c) with

initiating (d) and terminating action potentials (e) in AZV induced by

NA later on NA-caused RMP depolarization. Control RMP in

quiescent AZV under basal conditions, NA hyper and NA depol NA-

induced hyperpolarization and depolarization, respectively, *p\ 0.05

(control vs. NA hyper, control vs. NA depol, ANOVA)
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state electrical pacing. We have also shown an additional

spontaneous depolarization of RMP in AZV, which occurs

in quiescent preparations after the pacing termination. The

resting membrane potential in the quiescent AZV was

significantly positive compared to RMP in a quiescent

atrial myocardium. A similar RMP shift was reported

previously in the pulmonary veins of different species

including rats [5, 23, 25, 28]. The instability and reduced

level of RMP was demonstrated in rabbit caval vein

myocardium in several studies by the group of Ito and

colleagues [31, 32]. The low density of the Kir2.X channels

and inwardly rectifier IK1 [11], increased resting Na? per-

meability [33] and enhanced chloride conduction [34] were

suggested as the mechanisms for RMP depolarization in

quiescent rat PV. The reasons for the RPM depolarization

in quiescent AZV is unclear; however, it is possible to

speculate that one or several of the mentioned mechanisms

contribute to the described phenomenon. It is possible to

hypothesize that an altered regulation, reduced density or

turnover of Na/K-ATPase may also contribute to the

dependence of RMP on pacing in the rat AZV. A termi-

nation of the Na? entry through sodium channels upon

quiescence onset could lead to the decrease of the Na/K-

ATPase activity, which, in turn, could result in RMP

depolarization, while resumption of the pacing causes

pump stimulation and RMP hyperpolarization in the AZV.

It should be noted that the resumption of the pacing in our

experiments caused a shift of RMP to the more negative

values. The mentioned mechanism is well known in latent

pacemakers [35].

The AZV is the only remnant of the embryonic posterior

cardinal veins in adult mammals. The cardinal veins drain

the venous pole of the heart in the early stages of devel-

opment in vertebrates [36, 37]. The myocardial sleeves of

the cardinal veins and the embryonic venous pole of the

heart share the same origin. Thus, the cardiac tissue in the

AZV probably originates from the cells related to the

precursors of the primary heart pacemaker–sinoatrial node

(SAN). It is well known that the SAN is characterized by

reduced Kir2.X/IK1 and Na/K-ATPase and low RMP.

Undoubtedly, SAN and AZV myocardium in adult animals

are very distinct electrophysiologically. However, the

observed phenomenon allows the suggestion that the adult

AZV myocardium partially retains the properties of the

common embryonic precursor tissue. It has been recently

established that a pacemaker tissue in SAN lacks tran-

scription factor Nkx-2-5 and demonstrates a high level of

Tbx3 and Tbx18 [38, 39]. It has also been shown that

cardiac tissue in PV is characterized by the altered level of

transcription factors such as Nkx-2-5, Tbx3 and Pitx2 in

A

B

Fig. 5 Cessation of the noradrenaline-induced AP bursts in AZV by prazosin (a) or propranolol (b)
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comparison with the atrial myocardium [39, 40]. In addi-

tion, it has been hypothesized that the transcriptional fac-

tors govern the electrophysiological phenotype of a cardiac

tissue, and, in particular, that a reduced Nkx-2-5 protein

level switches the PV myocardium to the pacemaker-re-

sembling phenotype [41] and facilitates automaticity and

conduction abnormalities in this tissue. Therefore, the

embryonic origin allows the suggestion of a high tendency

to automaticity and disturbed conduction of the cardiac

tissue in AZV.

It was surprising that, despite reduced RMP and AP

heterogeneity, the rat AZV demonstrated ‘‘quazy-normal’’

conduction of excitation without blocks or other abnor-

malities at least under steady-state pacing. The myocardial

coating that completely surrounds the vein and is

composed of several cardiomyocyte layers has been

described in the rat AZV in previous investigations [16].

The lack of gaps inthe cardiac tissue and structural

homogeneity probably underlie the atrial character of the

conduction in the AZV. An observed pattern of the con-

duction also allows the assumption of atrial-like electrical

coupling of the cardiomyocytes in AZV; however, this

suggestion needs to be tested.

In addition, our experiments have demonstrated that the

AZV myocardium is electrically coupled to the caval vein

myocardial sleeve and to the atrial tissue: AZV excitation

was observed when it was initiated by pacing from the

atrial part of the preparations. It should be noted that AZV

cardiac tissue lacks spontaneous AP under basal condi-

tions. Therefore, we can speculate that AZV myocardium

A

B

E F

C D

Fig. 6 Effects of a- and b-adrenoreceptors selective agonists on

bioelectrical activity in the AZV. Examples of the phenylephrine-

induced AP bursts in AZV (a) with initial (b) and terminal action

potentials (c) demonstrated. Representative example of RMP

depolarization caused by phenylephrine (d) and RMP hyperpolariza-

tion induced by ISO (e) in the quiescent AZV. f Alteration of RMP in

quiescent AZV by adrenoreceptors agonists, *p\ 0.05 (control vs.

PHE, control vs. ISO, ANOVA)
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activation occurs in response to SAN-initiated excitation

waves in vivo under basal conditions at least in the rat.

However, the role of AZV myocardial sleeves in vivo both

under basal conditions and sympathetic or adrenergic

activation remains unclear. Nevertheless, several specula-

tive hypotheses could be suggested. It has been demon-

strated that the myocardial coating of the rat AZV of

producing cardiac type twitch [17]. Therefore, it is possible

that AZV myocardium act as a ‘‘valve’’ that prevents a

back flow of blood during atrial contraction. Another

potential role is that the contraction of the AZV in a

combination with the caval vein increases atria blood fill-

ing under the high heart rate intrinsic to the rodents. The

contribution of the AZV-caused atria filling could be

increased under sympathetic activation or adrenergic

stimulation which is accompanied by a growth of the heart

rhythm. This suggestion could be supported by the previ-

ous observation that the contractility of the murine AZV

increases in response to the adrenergic stimulation [17].

The adrenergic stimulation caused significant alteration

of AZV electrical activity in our experiments. While

noradrenaline causeda biphasic effect, that of hyperpolar-

ization which is followed by depolarization and a sponta-

neous firing, selective a1-adrenoreceptor or b-
adrenoreceptor agonist induced monophasic effects. In our

study, phenylephrine caused only RMP depolarization,

while isoproterenol only hyperpolarization. The opposite

effects of NA on RMP are obviously mediated by the

different adrenergic receptor activation. Noradrenaline

failed to depolarize RMP in AZV in the presence of a1-
antagonist prazosin in our experiments. A similar two-

phase effect of NA on RMP has been observed previously

in the rat pulmonary vein myocardium [42]. The dose-

dependency of NE depolarizing/hyperpolarizing effects in

the AZV probably results from the prevalence of the b-
adrenoreceptors in the rat myocardium. Both b1 and b2-
adrenoreceptors are abundantly presented in the heart at a

ratio of 5:1, while a-adrenoreceptors only account for

approximately 15% of cardiac adrenergic receptors

[43, 44].

The depolarizing a1-adrenoreceptor-dependent effect of
NE and PHE on RMP in quiescent AZV preparations may

be associated with the inhibition of IK1 [45]. It should be

noted that NA also affects chloride currents and probably

modulates RMP via this mechanism [31]. In contrast, NA

and ISO-induced hyperpolarization in AZV could result

from a stimulation of Na–K-ATPase [46], background

IKAch augmentation [47] or the suppression of a chloride

conductance. In addition, the ISO-caused RMP shift could

occur from calcium-dependent potassium currents (IK,Ca)

activation, since it is well known that b-adrenoreceptor
stimulation mobilizes intracellular calcium and IK,Ca have

been identified in rodent and human heart [48, 49].

As has been mentioned above, NA-induced RMP

alteration in AZV was followed by a spontaneous firing.

An automatic activity in response to adrenergic stimulation

has been demonstrated in previous investigations in canine

[20], murine [28], rat [23, 42], guinea pig [26], and rabbit

[27] PV, and also in canine superior CV myocardium [11].

We observed NA-induced automaticity in 7 out of 21

(33%) AZV preparations (Table 1). Thereby, automatic

APs were initiated by NA stimulation in a minor part of our

experiments. The adrenergic automaticity was observed in

the predominant part of experiments with rat PV cardiac

tissue [23]. It is possible to speculate that rat AZV is lesser

prone to the automaticity than PV myocardium. However,

similarly to the rat PV, the automatic activity in the rat

AZV cardiac tissue manifested in the form of repetitive AP

bursts of various lengths.

It should be noted that we observed only 1 case (out of

9) of firing initiation in AZV in response to the PHE

application. Although some researchers have revealed the

ability to induce spontaneous firing in different regions of

the myocardium by b-agonist isoproterenol [12, 50, 51], we
did not observe this effect in the rat AZV. Thus, a mech-

anism of adrenergic automaticity in AZV involves simul-

taneous a1- and b-adrenoreceptors activation and both

types of the adrenergic receptors are curtailed for the firing

initiation. It is also possible to hypothesize that a1-

adrenoreceptor causes RMP depolarization while b-
adrenoreceptor induces calcium mobilization, which is

necessary for a firing triggering. It has been demonstrated

in a number of investigations that calcium mobilization by

noradrenaline underlies both the regulation of a normal

SAN pacemaking and arrhythmogenic automaticity in

various cardiac regions [52]. A Na?–Ca2? exchanger could

play a key role in the adrenergic AP triggering in the rat

AZV, as has been demonstrated in the rat pulmonary veins

[53].

In addition, it seems that the pattern of the firing is

highly dependent on the delicate balance of the a1- and b-
adrenoreceptor activation and stimulation of the corre-

sponding intracellular regulatory pathways in AZV myo-

cardium. In our experiments, both a- and b-adrenoreceptor
antagonists were effective in the termination of the firing in

the rat AZV. Either propranolol or prazosin application led

to the termination of the NA-induced automatic AP bursts.

It has been reported that antagonism of either a- or b-
adrenoreceptors abolished NE-caused automatic firing in

the guinea pig and rat pulmonary veins, another region of

the thoracic venous vessels [42, 53, 54]. Nevertheless, the

dual blockade of both types of adrenoreceptors could be

most effective in the suppression of thoracic vein-derived

automaticity and arrhythmogenic RMP changes. Our study

has also demonstrated that adrenergic blockade is effective
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not only in the pulmonary vein myocardium but also in

caval vein derivatives.

In conclusion, the atrial-like AP and conduction of the

excitation were observed at least in a part of the rat AZV

under steady-state electrical pacing, and thus rat AZV

partially resembles atrial myocardium. However, termina-

tion of the pacing resulted in spontaneous RMP depolar-

ization in the AZV myocardium similar to the rat

pulmonary vein. No spontaneous AP were recorded in

quiescent AZV preparations under basal conditions; nev-

ertheless, automaticity in the form of AP bursts was

induced by adrenergic stimulation in part of the prepara-

tions. NA-induced automaticity in AZV depends on

simultaneous a1- and b-adrenoreceptor activation. It is

possible to speculate that a relationship to a tissue of

embryonic cardinal veins and sinus venosus could underlie

bioelectrical properties of the AZV myocardium.

Compliance with ethical standards

Funding This study is supported by RFBR Grant 17-04-01921.

Conflict of interest The authors declare that they have no conflict of

interest.

Ethical approval All applicable international, national, and/or

institutional guidelines for the care and use of animals were followed.

All experimental procedures were carried out in accordance with the

Guide for the Care and the Use of Laboratory Animals published by

the US National Institutes of Health (NIH publication no. 85-23,

revised 2010) and approved by the Ethics Committee of the MSU

Biological department.

References

1. Nathan H, Eliakim M (1966) The junction between the left atriuni

and the pulmonary veins an anatomic study of human hearts.

Circulation 34:412–422. doi:10.1161/01.CIR.34.3.412

2. ZipesDP,KnopeRF (1972)Electrical properties of the thoracic veins.

Am J Cardiol 29:372–376. doi:10.1016/0002-9149(72)90533-4

3. Marshall J (1850) On the development of the great anterior veins

in man and mammalia; including an account of certain remnants

of foetal structure found in the adult, a comparative view of these

great veins in the different mammalia, and an analysis of their

occasional peculiarities in the human subject. Philos Trans R Soc

Lond 140:133–170

4. Spach MS, Barr RC, Jewett PH (1972) Spread of excitation from

the atrium into thoracic veins in human beings and dogs. Am J

Cardiol 30:844–854. doi:10.1016/0002-9149(72)90009-4

5. Cheung DW (1980) Electrical activity of the pulmonary vein and

its interaction with the right atrium in the guinea-pig. J Physiol

314:445–456

6. Ito M, Arita M, Saeki K, Tanoue M (1967) Functional properties

of sinocaval conduction. Jpn J Physiol 17:174–189

7. Brunton T, Fayrer J (1876) Note on independent pulsation of the

pulmonary veins and vena cava. Proc R Soc Lond 25:174–176.

doi:10.1098/rspl.1876.0041

8. Haissaguerre M, Jais P, Shah DC et al (1998) Spontaneous ini-

tiation of atrial fibrillation by ectopic beats originating in the

pulmonary veins. N Engl J Med 339:659–666

9. Cheung DW (1981) Pulmonary vein as an ectopic focus in dig-

italis-induced arrhythmia. Nature 294:582–584

10. Arita M, Saeki K, Tanoue M et al (1966) Studies on transmem-

brane action potentials and mechanical responses of the venae

cavae abd atria of the rabbit. Jpn J Physiol 16:462–480. doi:10.

2170/jjphysiol.16.462

11. Chen YJ, Chen YC, Yeh HI et al (2002) Electrophysiology and

arrhythmogenic activity of single cardiomyocytes from canine

superior vena cava. Circulation 105:2679–2685. doi:10.1161/01.

CIR.0000016822.96362.26

12. Kurotobi T, Kino N, Tonomura D, Shimada Y (2015) Macro-

reentrant atrial tachycardia conducting through a left superior

vena cava after catheter ablation in a patient with paroxysmal

atrial fibrillation. Can J Cardiol 31(103):e13–e15. doi:10.1016/j.

cjca.2014.09.024

13. Tsai C-F, Tai C-T, Hsieh M-H et al (2000) Initiation of atrial

fibrillation by ectopic beats originating from the superior vena

cava electrophysiological characteristics and results of radiofre-

quency ablation. Circulation 102:67–74. doi:10.1161/01.CIR.102.

1.67

14. Kracklauer MP, Feng HZ, Jiang W et al (2013) Discontinuous

thoracic venous cardiomyocytes and heart exhibit synchronized

developmental switch of troponin isoforms. FEBS J

280:880–891. doi:10.1111/febs.12076

15. Hashizume H, Ushiki T, Abe K (1995) A histological study of the

cardiac muscle of the human superior and inferior vena cavae.

Arch Histol Cytol 58:457–464

16. Cullinan V, Campbell JH, Mosse PR, Campbell GR (1986) The

morphology and cell culture of the striated musculature of the rat

azygos vein. Cell Tissue Res 243:185–191

17. Liu R, Feng H-Z, Jin J-P (2014) Physiological contractility of

cardiomyocytes in the wall of mouse and rat azygos vein. Am J

Physiol Cell Physiol 306:C697–C704. doi:10.1152/ajpcell.00004.

2014

18. Armour J, Murphy D, Yuan B et al (1997) Gross and microscopic

anatomy of the human intrinsic cardiac nervous system. Anat Rec

247:289–298. doi:10.1002/(SICI)1097-0185(199702)247:2\289:

AID-AR15[3.0.CO;2-L

Table 1 The occurrence of spontaneous action potentials (SAP) in the rat azygos vein under basal conditions and under the adrenergic

stimulation with the application of noradrenaline (NA), phenylephrine (PHE), and isoproterenol (ISO)

SAP occurrence Total number of preparations % of SAP occurrence

Basal conditions 0 44 0

NA 7 21 33.33

PHE 1 9 11.11

ISO 0 8 0

The first column represents the number of experiments in which SAP were observed, the second column the total number of preparations in each

condition, and the third column the percentage of preparations with SAP of the total number of preparations in each condition

J Physiol Sci (2018) 68:617–628 627

123

http://dx.doi.org/10.1161/01.CIR.34.3.412
http://dx.doi.org/10.1016/0002-9149(72)90533-4
http://dx.doi.org/10.1016/0002-9149(72)90009-4
http://dx.doi.org/10.1098/rspl.1876.0041
http://dx.doi.org/10.2170/jjphysiol.16.462
http://dx.doi.org/10.2170/jjphysiol.16.462
http://dx.doi.org/10.1161/01.CIR.0000016822.96362.26
http://dx.doi.org/10.1161/01.CIR.0000016822.96362.26
http://dx.doi.org/10.1016/j.cjca.2014.09.024
http://dx.doi.org/10.1016/j.cjca.2014.09.024
http://dx.doi.org/10.1161/01.CIR.102.1.67
http://dx.doi.org/10.1161/01.CIR.102.1.67
http://dx.doi.org/10.1111/febs.12076
http://dx.doi.org/10.1152/ajpcell.00004.2014
http://dx.doi.org/10.1152/ajpcell.00004.2014
http://dx.doi.org/10.1002/(SICI)1097-0185(199702)247:2%3c289:AID-AR15%3e3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-0185(199702)247:2%3c289:AID-AR15%3e3.0.CO;2-L


19. Tan AY, Li H, Wachsmann-Hogiu S et al (2006) Autonomic

innervation and segmental muscular disconnections at the human

pulmonary vein-atrial junction. implications for catheter ablation

of atrial-pulmonary vein junction. J Am Coll Cardiol 48:132–143.

doi:10.1016/j.jacc.2006.02.054

20. PattersonE,PoSS, ScherlagBJ,LazzaraR (2005)Triggeredfiring in

pulmonary veins initiated by in vitro autonomic nerve stimulation.

Hear Rhythm 2:624–631. doi:10.1016/j.hrthm.2005.02.012

21. Sharifov OF, Fedorov VV, Beloshapko GG et al (2004) Roles of

adrenergic and cholinergic stimulation in spontaneous atrial fib-

rillation in dogs. J Am Coll Cardiol 43:483–490. doi:10.1016/j.

jacc.2003.09.030

22. Lu Z, Scherlag BJ, Lin J et al (2009) Autonomic mechanism for

initiation of rapid firing from atria and pulmonary veins: evidence

by ablation of ganglionated plexi. Cardiovasc Res 84:245–252.

doi:10.1093/cvr/cvp194

23. Egorov YV, Kuz’min VS, Glukhov AV, Rosenshtraukh LV

(2015) Electrophysiological characteristics, rhythm, disturbances

and conduction discontinuities under autonomic stimulation in

the rat pulmonary vein myocardium. J Cardiovasc Electrophysiol

26:1130–1139. doi:10.1111/jce.12738

24. Sicouri S, Blazek J, Belardinelli L, Antzelevitch C (2012) Elec-

trophysiological characteristics of canine superior vena cava

sleeve preparations. Effect of ranolazine. Circ Arrhythmia Elec-

trophysiol 5:371–379. doi:10.1161/CIRCEP.111.969493

25. Ehrlich JR, Cha T-J, Zhang L et al (2003) Cellular electrophys-

iology of canine pulmonary vein cardiomyocytes: action potential

and ionic current properties. J Physiol 551:801–813. doi:10.1111/

j.1469-7793.2003.00801.x

26. Namekata I, Tsuneoka Y, Takahara A et al (2009) Involvement of

the Na(?)/Ca(2?) exchanger in the automaticity of guinea-pig

pulmonary vein myocardium as revealed by SEA0400. J Phar-

macol Sci 110:111–116. doi:10.1254/jphs.08159SC

27. Chen YJ, Chen SA, Chen YC et al (2002) Electrophysiology of

single cardiomyocytes isolated from rabbit pulmonary veins:

implication in initiation of focal atrial fibrillation. Basic Res

Cardiol 97:26–34. doi:10.1007/s395-002-8384-6

28. Tsuneoka Y, Kobayashi Y, Honda Y et al (2012) Electrical

activity of the mouse pulmonary vein myocardium. J Pharmacol

Sci 119:287–292. doi:10.1254/jphs.12062SC

29. Miyauchi Y, Hayashi H, Miyauchi M et al (2005) Heterogeneous

pulmonary vein myocardial cell repolarization implications for

reentry and triggered activity. Heart Rhythm 2:1339–1345.

doi:10.1016/j.hrthm.2005.09.015

30. Kim B-S, Kim Y-H, Hwang G-S et al (2002) Action potential

duration restitution kinetics in human atrial fibrillation. J Am Coll

Cardiol 39:1329–1336. doi:10.1016/S0735-1097(02)01760-6

31. Yanaga T, Ito M, Saeki K et al (1966) The ectopic pacemaker

formation in the left superior vena cava proximal to the heart and

the genesis of cardiac arrhythmias. Jpn Heart J 7:505–511

32. Ito M, Arita M, Saeki K, Tanoue M, Fukushima I (1967) Func-

tional properties of sinocaval conduction. Jpn J Physiol

17(2):174–189
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