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Abstract—Diadenosine polyphosphates (DAP) are now considered as a new class of endogenous regulatory
cardiotropic compounds. In previous studies DAP were demonstrated to affect cardiac electrical activity and
contractility in various animal species including rats. DAP decreased the action potential duration and
reduced the contractility of the rat myocardium. At the same time, DAP did not affect repolarizing potassium
currents (I, Ixacns Lio1> Ixur), Which normally participate in repolarization after the action potentials (AP),
and had a little effect on L-type calcium current in isolated rat cardiomyocytes. However, in addition to these
ionic currents, AP duration can be regulated via chloride currents. In this study the presence of a transient
inward calcium-dependent chloride current I, has been shown in rat ventricular myocardium and an influ-
ence of DAP on this current has been demonstrated for the first time. lonic currents were recorded in isolated
rat ventricular cardiomyocytes using whole-cell patch clamp method. Action potentials were recorded in iso-
lated preparations of rat right ventricle with sharp glass microelectrodes. In the absence of Na* and K* and
in the presence of potassium current blockers 4-aminopyridine (5 X 10~3 M) and tetracthylammonium
(1.5 x 10~2 M) transient outward current was present in ventricular myocytes. This current was sensitive to
non-selective chloride channel blocker 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS, 107> M),
L-type calcium current blocker nifedipine (10~> M), and a selective blocker of calcium-dependent chloride
channels 6-(1,1-dimethyl ethyl ethyl)-2-[(2-furanyl carbonyl)amino]-4,5,6,7-tetrahydrobenzo[b]thiophen-3
carbonic acid (CaCCinh-A01, 10~> M). In the presence of diadenosine tetraphosphate (Ap4A, 10~* M) in the
external solution the peak amplitude of the current increased by 44 = 11%. Diadenosine pentaphosphate
(Ap5A) and NAD™ failed to produce any significant effects on the current density. In isolated preparations of
rat ventricular myocardium DIDS (10~ M) and CaCCinh-A01 (10~> M) blocked the Ap4A-induced accel-
eration of repolarization. Thus, the effects of Ap4A on cardiac electrical activity in rats are at least partially

mediated by its influence on the amplitude of repolarizing chloride current I,.
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INTRODUCTION

Diadenosine polyphosphates (DAP) are purinergic
compounds, considered now as a new class of endog-
enous signaling molecules. DAP molecules consist of
two adenosine bases linked by several (2—7) phos-
phoric acid residues [1, 2]. DAP are synthetized by
specific enzymatic systems in different tissues includ-
ing peripheral and central nervous system, where they
function as neurotransmitters [3]. In mammals, acti-
vated platelets are the most important source of DAP,
which indicates cardiovascular system as a direct target
for DAP [4]. Presynaptic nerve terminals can also

Abbreviations: AP, action potential; DAP, diadenosine poly-
phosphates; TEA, tetraecthylammonium; 4-AP, 4-aminopyridine.

secrete NAD* — a purinergic compound, structurally
similar to DAP and causing certain cardiotropic
effects [5, 6]. According to the latest data, DAP and
NAD" can be released as cotransmitters together with
catecholamines, regulating heart function [7].

The effects of DAP in cardiovascular system depend
on the animal’s species, age, type of organ or tissue and
the structure of the molecule used. Thus, depending on
the number of phosphoric acid residues, DAP can cause
vasodilatation or vasoconstriction of resistive arteries [8].
In rat myocardium, both DAP and NAD" act via differ-
ent subtypes of purinergic receptors at different stages of
ontogenesis, which determines the difference in effects in
animals of different age [9, 10].
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In our previous studies we have shown that DAP
and NAD" reduce action potentials (AP) duration in
rat atrial and ventricular myocardium [6, 11]. Such
changes in the bioelectrical activity are usually medi-
ated by modulation of transmembrane ionic currents.
Nevertheless, the experiments using patch clamp
method did not reveal any pronounced effects of DAP
or NAD™ neither on repolarizing potassium currents,
nor on L-type calcium current in isolated rat cardio-
myocytes [12, 13]. In this regard, we hypothesized that
DAP and NAD™ effects in rat myocardium could be
mediated by their influence on ionic current of another
nature — namely, on repolarizing chloride current.

At the present time, several repolarizing chloride
currents are known, some of them can be found in
mammalian cardiomyocytes. The pattern of cardiac
bioelectrical activity can be modulated by protein
kinase A activated chloride current (Ig pga), by
stretch-activated chloride current (I¢; swgrp) and by
calcium-dependent chloride current (I c,, also
known as L,,) [14, 15]. Under normal conditions, in
the absence of adrenergic stimulation transient cal-
cium-dependent current I, makes the greatest contri-
bution to bioelectrical activity of the myocardium [16].
Calcium-dependent chloride current, previously
described in isolated working cardiomyocytes from
rabbits [17] and mice [18], is defined as outward tran-
sient current resistant to tetracthylammonium and 4-
aminopyridine (potassium currents blockers), but
sensitive to calcium L-type current blocker nifedipine
[17]. Nevertheless, I,,, was not described in rat myo-
cardium previously.

In the present study we have for the first time
described transient current I, in rat ventricular myocar-
dium and investigated its regulation by purinergic com-
pounds P! ,P*-di(adenosine-5")tetraphosphate (Ap4A),
P!,P*-di(adenosine-5")pentaphosphate (Ap5A) and
NAD" in ventricular myocytes isolated from rat.

MATERIALS AND METHODS

Ventricular myocytes were isolated from outbred
male rats weighing 150—200 g as was described earlier
[19]. Prior to the experiments the animals were anes-
thetized with intraperitoneal injection of ketamine
(80 mg/kg) and xylazine (10 mg/kg). In addition to
the anesthetics, rats were injected with heparine
(1000 ME/kg) to prevent blood coagulation. The ani-
mals were decapitated, the heart was quickly excised,
mounted onto Langendorff apparatus and retrogradely
perfused with the following isolation solution (mM):
NaCl 116; KCI 4; NH,PO, 1.7; NaHCO; 25; MgCl,
0.5; taurine 20; sodium pyruvate 5; glucose 11; bovine
serum albumin 1 mg/kg; pH 7.4 maintained by aera-
tion with carbogen (95% O,, 5% CO,) at 37°C. After

7 min, the perfusion was switched to isolation solution

containing 0.5 mg/mL collagenase II (Worthington,
USA), 0.1 mg/mL protease XIV (Sigma Aldrich,
USA), and 1073 M CaCl,. After 25—30 min the perfu-
sion was stopped, the ventricles were dissected and
gently triturated for mechanical isolation of cardiomyo-
cytes in Kraft—Briihe solution (mM): monopotassium
glutamate, 50; KCl, 30; KH,PO,, 30; MgSO, - 7H,0, 3;
taurine, 20; EGTA, 0.5; HEPES, 20; glucose, 10;
pH 7.2 (KOH). This solution was used to store the
cells for 6—7 h at room temperature. The experiments
were performed in accordance with actual require-
ments of the local legislation on the proper handling of
laboratory animals.

Ionic currents were recorded in the whole-cell con-
figuration of the patch-clamp method using amplifier
EPC-800 (HEKA Elektronik, Germany). Cardiomy-
ocytes were placed in RC-26 experimental chamber
(Warner Instruments, UK) and were constantly super-
fused with modified Tyrode’s solution (mM): NMDG-
Cl 126; CsCl 5.4; MgCl, 1; CaCl, 2; HEPES 10; glicose
10; pH 7.4 (CsOH) at room temperature (24 = 1°C),
containing also potassium currents blockers 4-amino-
pyrydine (4-AP, 5 mM) and tetraecthylammonium
(TEA, 15 mM) [20]. The patch pipettes were made of
borosilicate glass without filament (Sutter Instru-
ment, USA) using PIP-6 puller (HEKA Elektronik,
Germany) and filled with the following pipette solu-
tion (mM): Cs-aspartate, 110; CsCl, 20; MgCl,, 1;
EGTA, 0.1; Mg-ATP, 5; Na-GTP, 0.03; HEPES, 10;
pH 7.4 (CsOH). The resistance of pipettes tips was 2—
3 MOhm. Thus, the extracellular concentration of CI~
was 137.4 mM and intracellular concentration was
20 mM, which is close to physiological concentrations
of CI~ [21]. Before the registration of ionic currents,
cell capacity, pipette capacity, and access resistance
were compensated. The data were recorded and pro-
cessed using WinWCP 4.8.6 (University of Strathclyde,
UK) and Clampfit 10.3 (Molecular Devices, USA)
software. The amplitude of transient current I, was
defined as the peak amplitude of the current blocked
by DIDS (10~ M) and CaCCinh-A01 (10— M). Cur-
rent amplitude was normalized to cell capacitance
(pA/pF).

Action potentials (AP) were recorded in prepara-
tions of rat right ventricle using sharp glass microelec-
trodes as described earlier [22]. Right after the exci-
sion, the heart was rinsed with physiological solution
of the following composition (mM): NaCl 130; KCI
5.6; NaH,PO, 0.6; MgCl, 1.1; CaCl, 1.8; NaHCO; 20;
glucose 11; pH 7.4 maintained by aeration with carbo-
gen. Then the preparation of the right ventricle was
isolated and pinned to the bottom of experimental cham-
ber, endocardial side up, and superfused with Tyrode
solution at 10 mL/min (temperature 37 *+ 0.5°C). Trans-
membrane potentials were recorded after 2 h of adap-
tation. The experiments were performed using sharp
glass microelectrodes (tip resistance 20—50 MOhm)
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Fig. 1. Transient chloride current I, in rat ventricular cardiomyocytes. (a) Representative recordings of net outward transient
current in control conditions and its 4-AP-resistant component, referring to as I, current. (b) Representative recordings of I,
current in control conditions and in the presence of non-selective chloride channels blocker DIDS (107 M). (c) Representative
recordings of I, current in control conditions and in the presence of L-type calcium current blocker nifedipine (10_5 M).
(d) Representative recordings of I;,, current in control conditions and in the presence of selective calcium-dependent chloride
channels blocker CaCCinh-A01 (10_5 M). The appropriate stimulation protocols are provided in the panels.

made of borosilicate glass capillaries (Sutter Instru-
ment, USA) using P-30 puller (Sutter Instrument,
USA) and filled with KCI solution (3 M). The poten-
tials were recorded using 1600 amplifier (A-M Sys-
tems, USA) and PowerGraph Professional 3.0 soft-
ware (L-Card, Russia). During the processing of the
recorded data, AP duration at 50% and 90% levels of
repolarization (APDS50 and APD90, respectively)
were evaluated.

In the present study we used the following chemi-
cals: P',P*-di(adenosine-5")tetraphosphate ammonium
salt (Ap4A, Sigma, USA); P!,P*-di(adenosine-5")penta-
phosphate ammonium salt (Ap4A, Sigma, USA);
NAD" (AppliChem, Germany); nonselective
blocker of chloride permeability 4,4'-diisothiocyana-
tostilbene-2,2'-disulfonic acid (DIDS, Sigma, USA);
4-aminopyridine (4-AP, Santa Cruz, Biotechnology,
USA); selective blocker of calcium-dependent chlo-
ride channels 6-(1,1-dimethylethyl)-2-[(2-furanylcar-
bonyl)amino]-4,5,6,7-tetrahydro-benzo[b]thiophene-
3-carboxylic acid (CaCCinh-A01, Tocris Bioscience,
UK); nonselective chloride channels blocker niflumic
acid (Sigma, USA); tetracthylammonium chloride
(TEA, MERCK, Germany).

All results are presented as mean * standard error
ofthe mean (SE) for n experiments. Statistical analysis
was performed using GraphPad Prism 6.0 software

(GraphPad Software, USA). The normality of sam-
pling distribution was evaluated using Pearson test.
The statistical significance of the effects of DAP,
NAD™ and chloride currents blockers were revealed
using one-way repeated measures analysis of variance
(one-way ANOVA), followed by Bonferroni test. The
differences between groups were considered statisti-
cally significant at p <0.05.

RESULTS AND DISCUSSION

In rat ventricular cardiomyocytes at potentials
more positive than —40 mV one can register transient
outward current I,,, characterized by big amplitude
and defining a fast repolarization phase of AP. How-
ever, after the replacement of Na* ions with NMDG
and K" ions with Cs* and in the presence of TEA
(15 mM) and 4-AP (5 mM), the transient outward
current induced by cell repolarization does not disap-
pear completely. Since in the described experimental
conditions only calcium and chloride currents remain
unblocked, we can suppose the presence of transient
repolarizing chloride current I, in rat ventricular
myocardium (Fig. 1a).

According to the results of the previous studies,
chloride current I, is calcium-dependent: its ampli-

tude depends on the free Ca?* concentration in the
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Fig. 2. Current—voltage characteristics of the transient chloride current I, in rat ventricular myocytes. (a) Representative record-
ings of I, current at different holding potentials. (b) Current—voltage curve of the I;,, current. Amplitude of the transient current
li,» was determined as a peak amplitude of the current obtained after subtraction of the current recorded in the presence of the

blocker (DIDS, 107> M; CaCCinh-A01, 107> M).

cytoplasm. Thus, I,,, current was induced using step
protocol with first 20-ms depolarizing step at —10 mV
for calcium L-type current activation. It allowed us to
achieve relatively high Ca?* level in the cytoplasm and,
therefore, to activate 1, current at the second step of
the protocol [18]. We have demonstrated that 4-AP-
resistant component of the I, current can be com-
pletely blocked by nonselective blocker of chloride
channels and transporters DIDS (10~ M), calcium
L-type blocker nifedipine (10> M), and selective
blocker of calcium-dependent chloride channels
CaCCinh-A01 (10~ M), while niflumic acid (10~ M)
was ineffective. It proves the chloride nature and cal-
cium-dependence of the studied current and makes it
possible to identify it as I, current (Figs. 1b, 1c, 1d).

Figure 2 demonstrates the current—voltage rela-
tionship of the I, current recorded in isolated rat ven-
tricular myocytes. Though the amplitude of the cur-
rent in rat ventricular myocardium was quite low in
comparison to that in murine ventricular myocar-
dium, the shape of the current—voltage characteristics
completely fits the curve obtained in earlier experi-
ments on isolated murine cardiomyocytes [18]. At
membrane potentials more positive than —40 mV the
current had an outward direction; its amplitude
increased with membrane depolarization. At holding
potentials more negative than —50 mV the current had
an inward direction, but its amplitude was much lower.
However, due to low Ca?* concentration in cytoplasm,
the I, current may hardly exert a significant influence
on cardiac electrical activity at these membrane
potentials.

To study how DAP and NAD™ influence chloride
current I, in isolated rat ventricular cardiomyocytes,

we added Ap4A, Ap5A and NAD™ to the extracellular
solution (10~* M) and registered the current at 40 mV.

According to the published data, at this holding poten-
tial I,,, has maximum amplitude, while I,; current is
almost absent. We evaluated the magnitude of the cur-
rent by its peak amplitude after subtraction of the cur-
rent recorded in the presence of blocker. The ampli-
tude of the current was normalized to cell capacity.
The application of Ap4A caused a statistically signifi-
cant increase in the current amplitude by 44 + 11%
(p =0.0065, n =7). The effect of Ap4A was reversible.
Ap5A (n = 6) and NAD™ (n = 6) did not induce any
statistically significant changes in I,,, magnitude or
kinetics (Figs. 3a, 3b). Thus, among all the studied
P2Y receptor agonists, only Ap4A exerted a pro-
nounced effect on I,.

To estimate the contribution of Ap4A-induced
enhancement of I, to Ap4A-induced changes in the
electrical activity of myocardium we performed a
series of experiments using standard technique of
intracellular AP recording with sharp glass microelec-
trodes (Figs. 3c, 3d). In the course of the experiment,
an isolated preparation of rat right ventricle was super-
fused for at least 5 min with physiological solution
containing DIDS (10~ M) or CaCCinh-A01 (107> M)
to achieve a complete blockade of calcium-dependent
chloride channels. After that the preparation was sup-
plied with physiological solution containing the
blocker together with Ap4A (107> M). Previous studies
showed that 5-min perfusion of a myocardium prepa-
ration with DAP causes pronounced and reversible
changes in its electrical activity [11]. In the present
study, in the presence of DIDS (n =6) or CaCCinh-A01
(n =7) Ap4A did not induce any statistically signifi-
cant changes in the AP duration in isolated prepara-
tion of rat right ventricle. Therefore, we can conclude
that the effects of Ap4A in rat ventricular myocardium
are at least partially mediated by the Ap4A influence
on the amplitude of chloride current I,,.
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Fig. 3. The influence of DAP and NAD™ on transient chloride current Iy, in rat ventricular myocytes. (a) Representative recordings

of I;,, current in control conditions and in the presence of Ap4A (1074 M). (b) Ito> amplitudes in control conditions and in the pres-
ence of ApdA (107* M, n = 7), Ap5A (107* M, n = 6) or NAD+ (10~* M, n = 6); **p < 0.01, ****p < 0.0001, one-way ANOVA.
(c) Action potentials in isolated preparation of rat right ventricle in control and in the presence of DIDS (10’4 M, n = 6) or DIDS
(10_4 M) together with Ap4A (10_5 M, n = 6). (d) Action potentials in isolated preparation of rat right ventricle in control and in
the presence of CaCCinh-A01 (10~> M, n = 7) or CaCCinh-A01 (10~> M) together with Ap4A (107> M, n="7).

We have previously shown that DAP and NAD™ are
not only able to decrease AP duration in isolated
preparations of rat myocardium; these compounds
also suppress the contractility of isolated rat heart and
calcium waves in isolated rat cardiomyocytes [6, 11, 23].
In rat ventricular cardiomyocytes Ap4A did not have a
pronounced effect on the L-type calcium current, the
amplitude of which due to the features of electrome-
chanical coupling mechanism defines the force of the
myocardium contractions. Considering the demon-
strated enhancement of calcium-dependent chloride
current I, in the presence of Ap4A, it can be assumed
that since this current contributes to early repolariza-
tion of cardiomyocytes, its enhancement can lead to a

decrease in the AP duration at the levels of depolarization
25% and 50% and, consequently, to a decrease in plateau
phase duration due to a decreased Ca?" influx [24].

The main contenders to be molecular correlates of
calcium-dependent chloride current are anoctamines
(Ano, also known as TMEM16A channels), bestro-
phines and the CLCA family [25, 26].

It is unlikely that the discovered current is medi-
ated by proteins of CLCA family, since these channels
differ from the classic calcium-dependent chloride
current in their biophysical properties (thus, CLCA
channels can be activated by cell depolarization with-
out an increase in the intracellular Ca?* concentration
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and have linear current—voltage relationship) and
expression patterns [27].

Ano family includes 10 different proteins, never-
theless, only Anol and Ano2 can mediate calcium-
dependent chloride current in physiological condi-
tions; the functions of the other members of Ano fam-
ily are unclear [28, 29]. Anol is expressed in murine
myocardium and mediate calcium-dependent chlo-
ride current in ventricular cardiomyocytes isolated
from mice [20]. The data on similar studies performed
on rat myocardium are not available for the present
moment. Ano2 is expressed in olfactory epithelium,
but no data are available on its expression in mamma-
lian myocardium [28]. Bestrophines are expressed in
human, canine and murine myocardium and form
functional channels in cardiac cells [30—32]. Anoct-
amines and bestrophines differ in their sensitivity to
non-selective chloride channels blockers. Thus, the
concentration of half-maximum inhibition (ICs,) of
Anol channels by niflumic acid is about 7.5 X 10~¢ M,
when for bestrophin 1 channels (Best1) ICs, is higher,

more than 10~* M. On the contrary, bestrophines are
more effectively inhibited by DIDS (ICs, about 4 %
10~® M) in comparison to anoctamines (ICs, about
5.5 x 10~* M) [25]. Thus, considering the sensitivity of
the studied current to DIDS and niflumic acid, it can
be assumed that its molecular correlate is rather chan-
nels of the bestrophines family, than anoctamines.

The possibility that the described current is trans-
ported by Cs* cations instead of Cl~ ions through non-
selective cation channels of the TRP family, is
excluded due to the sensitivity of the current to selec-
tive blocker CaCCinh-A01.

Taking into account the receptor mechanism,
mediating DAP effects in mammalian myocardium, it
was previously shown that purinergic P2Y receptors,
but not P1 and P2X receptors contribute to that [33].
Among P2Y purinergic receptors the highest level of
expression in mammalian myocardium was demon-
strated for P2Y1, P2Y2, P2Y6 and P2Y11 receptors
coupled with Gg-proteins [34]. It is known that G-
protein-coupled P2Y receptors are able both to initiate
protein kinase C signaling cascade and to activate
nitric oxide- (NO-) dependent signaling pathway [35,
36]. In the previous study performed by our research
group it was shown that the blockers of NO-dependent
signaling pathway did not affect the effects of Ap4A
and Ap5A in isolated rat heart, while protein kinase C
blocker and non-selective blocker of phosphodiester-
ases prevented those effects [23]. It allows us to con-
clude that the effects of DAP in rat myocardium are
mediated by the G -protein-coupled P2Y receptors and
the following activation of signaling pathway including
protein kinase C and certain phosphodiesterases.

Noteworthy, that in experiments on cells from
other mammalian organs (bronchial smooth muscle

cells, renal tubular epithelial cells) the activation of
P2Y receptors (including P2Y2 receptors found in rat
myocardium) leads to an increase in calcium-depen-
dent chloride current mediated by channels of Ano
family [37, 38]. However, in the described cases the
increase in the amplitude of calcium-dependent chlo-
ride current occurs due to the activation of its channels
by an increase in the intracellular Ca2*. On the con-
trary, in rat ventricular myocardium the activation of
P2Y receptors by the DAP application was accompa-
nied by negative inotropic effect due to a decrease of
calcium transients and, consequently, a decrease in
the intracellular Ca?* level [23]. Thus, the purinergic
activation of calcium-dependent chloride current in
rat cardiomyocytes is mediated by a different signaling
mechanism.

The obtained results suggest the contribution of the
I, current to the bioelectrical activity of rat ventricu-
lar myocardium in normal conditions and evidence for
the possibility of its regulation by purinergic agonists.
These data allow us to complement the existing model
of AP generation and regulation in rat working myo-
cardium. Nevertheless, further studies employing
molecular biology techniques are required to clarify
the molecular correlates of the I,,, current in rat heart
and to find possible ways of the I, regulation.
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