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Abstract

Thoracic (caval and pulmonary) vein myocardial tissue is considered as a source of ec-
topic activity capable of initiating atrial fibrillation. The reasons which underline thoracic
vein proarrhythmicity may be related to the expression level of the inward rectifier potassium
current (Ig,) critical for stable resting membrane potential (RMP) maintenance. In the present
study the effect of IK1 inhibition by chloroquine (5 pM) on the membrane resting and action
potentials (AP) were recorded in the superior caval, pulmonary veins and left atria tissue
preparations. There were no differences in RMP level: the AP duration in veins was signifi-
cantly longer than in the atrium under control conditions. The chloroquine application increased
the AP duration greater in the vein myocardium as compared to the left atrium. The study re-
sults allow to suggest that the thoracic vein myocardium has a lower density of IK1 current
relatively to the working atrial myocardium.

Keywords: action potential, thoracic vein myocardium, extracardiac myocardium, atrial
fibrillation, inward rectifier potassium current, spontaneous automaticity

Introduction

In most mammals, the wall of the thoracic veins, which include pulmonary and
caval veins, contain a myocardial tissue that extends from the atria to the distal por-
tions of vessels [1-4]. It is known that the thoracic vein myocardium is electrophysi-
ologically active and has a contractile capacity similarly with chamber cardiac tissue
[5, 6]. At present, the pulmonary and caval veins myocardium is considered as a source
of ectopic activity that initiates atrial fibrillation and other atrial tachyarrhythmias
[7, 8]. Thoracic veins cardiomyocytes have a number of bioelectric features, such as
unstable resting membrane potential (RMP), spontaneous depolarization, pacemaker-
like and trigger activity, that make this tissue highly proarrhythmic [9-12].

Spontaneous depolarization, automatic and triggered activity are closely related,
and these phenomena can share the same electrophysiological mechanisms. The man-
ifestation of one or several aforementioned phenomena can lead to the formation of
ectopic foci in the thoracic veins and form the basis for atrial arrhythmias initiation [7].
Ionic and molecular mechanisms that underline the RMP drift and spontaneous activity
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occurrence in the thoracic vein myocardium are poorly understood. It has been demon-
strated previously that the thoracic vein myocardium bioelectric properties alter from
those in the working atrial myocardium, which may be due to local differences in
the level of inward rectifier potassium current (lk;), differences inthe density of ion
channels (KIR2.X) carrying this current. As is known, I, plays a major role in the RMP
level maintenance, it determines the AP repolarization rate in the working myocardium
and the possibility of slow diastolic depolarization phase in pacemaker myocardium [13].

The Ik; current contribution to the electrophysiology of the thoracic vein myocar-
dial tissue has not been investigated completely. Relative level of the I, correlates
with the magnitude of AP prolongation induced by Ig;-blockers application. Thus, the
present study was aimed to investigate the Ix; contribution in the pulmonary and caval
vein bioelectrical activity by the usage of KIR2.X selective blocker chloroquine.

Materials and Methods

Animals. Mature male and female Wistar rats (250-300 g, aged 8-10 weeks)
were held in the animal house in standard conditions under a 12:12 h light/ dark pho-
toperiod with the access to water and food ad libitum.

The experiments were performed using right and left superior vena cava (SVC and
LVC), pulmonary vein (PV), and left atrium (LA) isolated multi-cellular preparations.
Thoracic vein preparations were isolated as was described previously [14, 15] in such
a way that they did not include sites of working and pacemaker atrial myocardium. Af-
ter animal decapitation and isolation, the preparations were placed in a perfusion
chamber (5 mL) and pinned with the endocardial side up and perfused at 37 °C with
Tyrode solution of the following composition (in mM): NaCl —129, KCl — 4,
NaH,PO,-2H,0 —20.9, MgSO, — 0.5, NaHCO; — 20, CaCl,-2H,0 — 1.2, glucose — 5;
pH 7.2-7.4, bubbled with carbogen (95% O,, 5% CO,). The constant perfusion
(15 mL/min, 37°C) was started immediately after preparation. Electrical pacing for
rhythm maintenance was started immediately after the dissection. Tissue excitation was
elicited by constant 2-ms pulses (with amplitude twice above the threshold) at a pacing
rate of 4 Hz. A pair of silver electrodes used for the pacing was placed at the atrium
appendage or at the surface of the proximal region of the caval or pulmonary vein.
In the experiments with quiescent preparations the electrical pacing was terminated.

Microelectrode recording. Electrically evoked action potentials and resting
membrane potential were recorded with the usage of glass microelectrodes (15-30
MQ) connected to an amplifier (A-MSystem 1600, USA). The APs were digitized at
a 10-kHz sampling rate by using an analog-digital converter (E-154, ADC L-Card).
Recording and signal analysis were carried out using the “PowerGraph 3.3” program
(“DISoft”, Russia) and MiniAnalisys program (Synaptosoft, USA). The AP duration
at level of 90% repolarization (APDy) and RMP level were calculated.

The electrophysiological effects of Ix; current inhibition was performed using
chloroquine (5 uM, Sigma-Aldrich, USA).

Statistical analysis. Statistical analysis was carried out using GraphPad Prism
version 7. The hypothesis testing was carried out using ordinary one-way ANOVA
with further Dunnett’s post hoc multiple comparisons test. p <0.05 was considered
statistically significant. All results are expressed as mean + SD for n experiments.
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Fig. 1. Action and resting membrane potentials in the thoracic vein cardiac tissue and atrial
working myocardium under control conditions and constant electrical pacing: A — representa-
tive examples of APs; B — AP duration at the level of 90% repolarization (APDyg); C — resting
membrane potential (RMP) in the left atrium (LA), pulmonary vein (PV), right and left supe-
rior vena cava (SVC and LVC) preparations. ** — p =0.0025, *** — p =0.0001, ordinary
one-way ANOVA with Dunnett’s post hoc multiple comparisons test

Results

Action potentials and resting membrane potential in thoracic vein and atrial
myocardium under basal conditions. Atrial-like APs with overshoot and rapid AP
upstroke were observed in the thoracic veins and atrial myocardial preparations under
basal conditions and constant electrical pacing (CEP) (Fig. 1, A). The maximal up-
stroke velocity (Vm.x) did not change significantly within all groups (p > 0.05) and
was as follow: 203.9+£30.0 V/s (n=06) in LA, 233.0+56.5 V/s (n=6) inPV,
229.2+73.8 V/s (n=6)in SVC, and 223.2 £ 117.6 V/s (n = 6) in LVC (Table 1).

The AP duration in thoracic myocardial tissue and atrial working myocardium was
significantly different except for LVC group. APDy, in distal regions of SVC and PV
myocardium was significantly longer in comparison with the value in LA working
myocardium and was 63.4 £ 13.7 ms (n = 18) in SVC, 60.1 £ 18.9 ms (n =8) in PV
and 32.7+10.3 ms (r=7) in LA (»p =0.0001 and p = 0.0025, respectively), in LVC
APDy,was very close to the value in LA: 37.6 + 15.2 ms (n = 7), (Fig. 1, B).

Unlike the AP duration, there were no differences in RMP values under basal
conditions (p > 0.05). RMP values were as follows: —=78.4 + 4.0 mV (n=7) in LA, —
79.1£6.2 mV (n=28) in PV, -82.7+4.3 mV (n=28) in SVC, and —80.0 + 3.6 mV
(n="7)in LVC (Fig. 1, C).



648 A.D. IVANOVA, V.S. KUZMIN

Table 1. The electrophysiological characteristics in thoracic veins and atrial myocardial tissue
under basal conditions

LA PV SVC LVC
Vinae V/s 203.9 £ 30.0 233.0 + 56.5 2292 +73.8 2232+ 117.6
APDy,, ms 32.7+10.3 60.1+18.9" 63.4+13.7" 37.6+15.2
RMP, ms —784+4.0 -79.1+£6.2 -82.7+43 -80.0+3.6

** — p=0.0025, *** — p=0.0001 vs LA, ordinary one-way ANOVA with Dunnett’s post hoc multiple com-
parisons test.

A
0~
-20 4
z
o 40
=
-60
.80 - - — —
LA PV SvC LvC
—
30 ms
B C
*%
40 kkk 25
- *k |
TE 30 1 20
ng § £ 15
T 20 o
E 3 Z0
£ |
g 10 5
ES
0 0 T T
LA PV SvC LvC LA PV svC LvC
D
0+
.20 -
z
a -40
E \
-60 -
-80 -
—
100 ms

Fig. 2. Action and resting membrane potentials in the thoracic vein cardiac tissue and atrial
working myocardium under chloroquine (5 uM) application. A — representative examples of
AP prolongation under chloroquine action, black traces — control conditions, red traces —
chloroquine; B — % of AP duration (AAPDy) under chloroquine action relative to the control
values; C — depolarization of resting membrane potential (ARMP) under chloroquine applica-
tion in the left atrium (LA), pulmonary vein (PV), right and left superior vena cava (SVC and
LVC) preparations. ** — p=0.0072, *** — p=0.0005, Ordinary one-way ANOVA with
Dunnett’s post hoc multiple comparisons test. D — example of triggered high-frequency burst
of AP in SVC preparation under chloroquine action
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Action potentials and resting membrane potential in thoracic vein and atrial
myocardium under chloroquine application. Chloroquine (5 uM) caused an APDy,
increase in atrial and vein preparations to a different degree (Fig. 2, A). The APDy,
increase (AAPDg)) was 10.3+7.8% (n=6) in LA, 23.7+£6.2% (n=06) in PV,
27.7+3.4% (n=06) in SVC, and 23.7 £ 6.2% (n=15) in LVC preparations. AAPDy,
under chloroquine application was significantly greater in PV, SVC and LVC prepa-
rations in comparison with LA (p = 0.0005, p = 0.0072 and p = 0.0072, respectively)
(Fig. 2, B).

The chloroquine application resulted in a significant slowdown (p < 0.05) of the
AP upstroke: V.x was reduced by 71.9 £51.7 V/s (n==6) in LA, 1184 +62.7 V/s
(n=6)inPV,104.2+56.4 V/s (n=16)in SVC, and 96.7 £ 73.6 V/s (n = 6) in LVC.

The chloroquine application also resulted in RMP shift to more positive values
in comparison with the RMP level under control conditions (p < 0.05) in all prepara-
tions: ARMP was 45+69 mV (n=7) in LA, 188+5.7 mV (n=7) in PV,
128 +£3.6 mV (r=6) in SVC, and 18.2+7.5 mV (n=6) in LVC preparations.
The degree of chloroquine-induced depolarization was similar in all types of myo-
cardial preparations (Fig. 2, C).

In some SVC preparations (33% out of all experiments), after 7-10 min of chlo-
roquine application we observed episodes of high-frequency spontaneous activity,
the appearance of early and delayed afterdepolarizations: “bursts” consisted of 3—12
spontaneous AP (Fig. 2, D).

Discussion

In the present study, the electrophysiological properties of the rat right and left
superior vena cava and pulmonary vein myocardial tissue was compared with the
atrial working myocardium. We showed that under basal conditions and constant
electrical pacing the AP duration both in caval and pulmonary veins is longer than in
the left atrium except for the left superior vena cava. Several electrophysiological
mechanisms can underline the prolonged AP in thoracic veins, including an increased
depolarizing current Ic,; or less pronounced repolarizing currents I, I, or I, as
well as the differences in the Na“/Ca®" activity.

It is known that caval vein and sinoatrial node pacemaker cardiomycetes derive
from the same precursor cells. These precursor cells express extremely low level of
the transcriptional factor Nkx2-5 that facilitates the working myocardium electro-
physiological phenotype [16]. During prenatal and early stages of postnatal devel-
opment, the caval vein myocardium is thought to undergo the “atrialization” process:
the level of Nkx2-5 increases, the expression of “pacemaker” genes of Cx30.2, Cx45,
HCN4 proteins decreases, while the expression of working myocardium genes of
KIR2.X, Nayl.5 channels increases [17]. The prolonged AP in SVC may result from
an incomplete atrialization process, which, in turn, leads to a lower density of
KIR2.X channels and decreased Ik, curent. The similar AP duration in LA and LVC
could indicate more completed atrialization compared to SVC.

The pulmonary myocardium is formed from a distinct lineage of precursor cells,
different from the lineage that forms the sinus node [18-20]. In contrast to the sinus
node precursors, the pulmonary myocardium expresses transcription factor Nkx2-5 and
has the working phenotype. However, in abnormal development, under a reduced dose
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of Nkx2-5, the pulmonary myocardium converts into a pacemaker phenotype [21].
Thus, the decrease of Nkx2-5 in pulmonary vein myocardium can also lead to the
lower Ik density.

To find out whether the thoracic veins myocardium has a lower density of Ik,
we performed the series of experiments with a selective Ix; blocker chloroquine.
In our experiments, Ix; channels blockade led to a more pronounced increasing of AP
duration more in the caval and pulmonary veins myocardial tissue in comparison
with the atrial working myocardium. As in all cases the blocker concentration was
the same, we suppose that the larger APD increase in the thoracic veins indicates that
this concentration was enough to inhibit a significant portion of KIR2.X channels,
while the less prolongation effect points that it was not enough for the left atrium
myocardium.

In addition, we showed that the Ix; blockade leads to the appearance of high-
frequency triggered activity that is a well-known electrophysiological reason of atrial
fibrillation initiation in human. High-frequency AP bursts can result from AP pro-
longation. The decreased repolarization due to low Ix; leads to reactivation of inward
sodium or calcium currents which, in turn, results in an early afterdepolarization and
trigger [22].

Also, the AP upstroke velocity was reduced by Ig; inhibition in our experiments.
That shows that under certain conditions there is a chance of appearance of the slow
conduction and re-entry circuit initiation.

Therefore, we can suggest that the decreased Ix; can be the reason of certain
electrophysiological properties in the thoracic veins myocardial tissue such as unsta-
ble resting membrane potential, the ability to produce spontaneous AP and initiate
the ectopic foci that act as sources for atrial fibrillation initiation.
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AHHOTALUA

MmuokapuaipHasi TKaHb BeH OPIOIIHO# 1MOJIOCTH (TIOJIBIX U JISTOYHBIX) SIBIISETCS] HICTOYHUKOM JK-
TONMUYECKOW aKTMBHOCTH, NpPHBOJILIeH K (opmupoBanuio GuOpwuimMu npencepauid. ApUTMOreH-
HOCTB BBIIICYKa3aHHBIX BEH MOKET OBITh CBSI3aHA C YPOBHEM KaJHEBOTrO TOKA aHOMAJBHOTO BBINPSIMIIE-
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Tax B KOHTPOJBHBIX yCIOBUSX yposeHb I1I1 He pasmuuancs cpemu pa3HBIX y9acTKOB MHOKapzaa. Jlu-
TenbHOCTH [1]] OBblNa 3HAYNTENBHO BHINIE B MHOKapAWATBHON TKaHHU TOJIBIX BEH 10 CPABHEHHUIO C TaKO-
BOIl B JIEBOM IpeJcepAud B KOHTPOJIBHBIX YCJIOBHAX. JleliCTBHE XJIOPOXMHA BBI3BAJIO 3HAYUTEIBHO
Oousbiiee M3MeHeHne JauuTenbHocTH [1]] B MuokapananbHOM TKaHU BeH, 4YeM B pabodyeM MHOKapje Jie-
Boro npencepaus. IlomydeHHble NaHHBIE MO3BOJSAIOT 3aKIIOYUTh, YTO MUOKApAUaibHas TKaHb TOpa-
KaJIbHBIX BEH 00/1a1aeT MeHbIIEH IIOTHOCTRIO Toka 1K 1.
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