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Abstract Diadenosine pentaphosphate (Ap5A) belongs to

the family of diadenosine polyphosphates, endogenously

produced compounds that affect vascular tone and cardiac

performance when released from platelets. The previous

findings indicate that Ap5A shortens action potentials

(APs) in rat myocardium via activation of purine P2

receptors. The present study demonstrates alternative

mechanism of Ap5A electrophysiological effects found in

guinea pig myocardium. Ap5A (10-4 M) shortens APs in

guinea pig working atrial myocardium and slows down

pacemaker activity in the sinoatrial node. P1 receptors

antagonist DPCPX (10-7 M) or selective GIRK channels

blocker tertiapin (10-6 M) completely abolished all Ap5A

effects, while P2 blocker PPADS (10-4 M) was ineffec-

tive. Patch-clamp experiments revealed potassium inward

rectifier current activated by Ap5A in guinea pig atrial

myocytes. The current was abolished by DPCPX or terti-

apin and therefore was considered as potassium acetyl-

choline-dependent inward rectifier (IKACh). Thus, unlike

rat, in guinea pig atrium Ap5A produces activation of P1

receptors and subsequent opening of KACh channels

leading to negative effects on cardiac electrical activity.
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Introduction

Diadenosine pentaphosphate (Ap5A) is one of the diade-

nosine polyphosphates (Ap(n)As) that have been recently

considered as a new group of endogenous signaling com-

pounds. Ap5A molecules consist of two adenosine residues

connected with a chain of five phosphate residues (for

review see [1]). Ap(n)As may act as neurotransmitters in

central and peripheral nervous system [2], however the

most well-known source of these compounds including

Ap5A are activated platelets [3]. Thereby, cardiovascular

system is the closest target for Ap(n)As.

Cardiovascular effects of Ap(n)As demonstrate great

complexity depending on the animal species, the type of

preparation and the tested compound. For example,

Ap(n)As relax coronary arterial smooth muscle in pig [4],

but produce marked constriction in human coronary arter-

ies [5]. Therefore, the great diversity and contradictoriness

of data obtained in isolated heart experiments with

Ap(n)As (for review see [6]) is not surprising. The ability

of Ap(n)As to influence cardiac electrical activity and even

increase susceptibility of myocardium to arrhythmias [7] is

beyond any doubt. However, the mechanisms of their

electrophysiological effects are still poorly understood due

to the relative lack of studies done at tissue or cellular

level. Particularly, electrophysiological nature of Ap(n)As

negative chronotropic effect, which was observed in iso-

lated heart of rabbit [7] and guinea pig [8], has yet to be

revealed.

The recent detailed study of electrophysiological effects

produced by Ap5A and adenosine tetraphosphate (Ap4A)

in different regions of rat heart showed principal similarity

of response, shortening of action potentials (APs) in

myocardium from right and left atrium, interatrial septum,

right ventricular wall, and even myocardial sleeves of
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pulmonary veins [9]. AP shortening could be abolished by

antagonists of P2 purine receptors, but was completely

insensitive to P1 selective blocker DPCPX. In the present

short communication, we demonstrate the principally dif-

ferent mechanism of Ap5A-induced AP shortening and

slowing of sinoatrial node pacemaking activity. This

mechanism includes activation of P1 receptors and coupled

GIRK channels and works in guinea pig atrial myocardium,

where the described P2-dependent mechanism seems to be

absent.

Materials and methods

Experiments conform to the Guide for the Care and Use of

Laboratory Animals published by the U.S. National Insti-

tutes of Health (NIH Publication No. 85–23, revised 1996).

The experimental protocol was approved by the Bioethics

Committee of Moscow State University. Male outbred

guinea pigs weighing 270–310 g (n = 23) were held in the

animal house for 4 weeks under a 12-h:12-h light:dark

photoperiod in standard T4 cages prior to the experiment

and fed ad libitum.

Guinea pigs were pretreated with heparin (1000 units/

kg, i.p.) to prevent blood coagulation and anesthetized with

a high dose of sodium pentobarbital (120 mg/kg). The

chest was opened and the heart was rapidly excised and

rinsed with Tyrode solution that contained (in mM): NaCl

118.0, KCl 2.7, NaH2PO4 2.2, MgCl2 1.2, CaCl2 1.8,

NaHCO3 25.0, glucose 11.0, bubbled with carbogen gas

(95% O2 ? 5% CO2), pH 7.4. The right atrium was iso-

lated and pinned endocardial side up to the bottom of the

experimental chamber (3 ml) supplied with Tyrode solu-

tion at 10 ml min-1 (37.5 �C). Then two different types of

preparations were obtained from the right atria. The first

included the intercaval region (containing the sinoatrial

node region) together with crista terminalis and was beat-

ing spontaneously. The second consisted of right auricle

and was paced throughout the experiment with a pair of

silver Teflon-coated electrodes (pacing rate—4 Hz, pulse

duration—2 ms, pulse amplitude—2 times threshold).

After an hour of equilibration, transmembrane potentials

were recorded from the endocardial surface of preparations

with sharp glass microelectrodes (30–45 MX) filled with

3 M KCl connected to a high input impedance amplifier

Model 1600 (A-M Systems, Sequim, WA, USA). The

signal was digitized and analyzed using specific software

(L-card, Russia; DI-Soft, Russia; Synaptosoft, USA).

Stable impalements were maintained during the entire

period of drug application. Changes in the resting potential

and AP duration at 50% repolarization level (APD50) were

measured in right auricle preparations. In preparation

containing sinoatrial node changes in APD50, AP

frequency (heart rate), maximal diastolic potential, and

diastolic depolarization velocity were analyzed.

We used the previously described cell isolation proce-

dure [10] with slight modifications. The hearts were iso-

lated as described in the previous section. The hearts were

attached to a Langendorff apparatus for retrograde perfu-

sion with Ca2?-free solution containing (in mM): NaCl

120, KCl 5.4, MgSO4�7H2O 5, Na-pyruvate 5, glucose 20,

taurine 20, and HEPES 10 at pH of 6.9 adjusted with

NaOH. After an initial perfusion period of 5 min with the

Ca2?-free solution, the hearts were perfused for 6–7 min

with the same solution, supplemented with type II colla-

genase (0.16 mg ml-1) and 20 lM CaCl2. The perfusate

was continuously bubbled with carbogen and the temper-

ature was equilibrated at 37 �C. The right atrium was

separated, chopped, and gently triturated to release the cells

into standard Kraftbrühe medium [10]. The cells were

stored in this medium for 5–6 h.

The whole-cell voltage clamp recording of K? inward

rectifier currents (IKir)was performed using anEPC800-USB

(HEKA Instruments, Germany) amplifier. The myocytes

were superfused in a small recording chamber (RC-26;

Warner Instrument Corp, Brunswick, CT, USA; volume

150 ll) mounted on an inverted microscope with solution

containing (in mmol l-1): 150 NaCl, 5.4 KCl, 1.8 CaCl2, 1.2

MgCl2, 10 glucose, 10 Hepes, with pH adjusted to 7.6 at

20 �C with NaOH at room temperature (24 ± 0.5 �C).
Nifedipine (10-5 M), E-4031 (5 9 10-6 M) and chromanol

293B (5 9 10-5 M) [11] were added to extracellular solu-

tion in order to block ICa, IKr, and IKs, respectively. Patch

pipettes with mean (± SEM) resistance of 2.86 ± 0.27 MX
(n = 66) were pulled from borosilicate glass (Sutter Instru-

ment, CA, USA) using PC-10 puller (Narishige, Japan) and

filled with electrode solution containing (in mmol l-1): KCl

140, MgCl2 1, EGTA 5, MgATP 4, MgGTP 0.03, and

HEPES 10 with pH adjusted to 7.2 with KOH. Pipette

capacitance was compensated after obtaining the seal with a

resistance[2 GX. The whole cell capacitance and access

resistance were completely compensated using the amplifier

manual controls after getting access to the cell interior. The

mean cell capacitance was 32.6 ± 4.4 pF, the mean access

resistance was 8.3 ± 1.9 (n = 23). In order to obtain current

densities, the peak currents were normalized by cell

capacitance.

Nifedipine (blocker of Ca2? channels), barium chloride

(blocker of inward rectifier currents), 8-cyclopentyl-1,3-

dipropylxanthine (DPCPX, selective antagonist of P1 pur-

ine receptors) and Ap5A were purchased from Sigma (St.

Louis, MO, USA). E-4031 (IKr blocker), chromanol 293B

(IKs blocker) and tertiapin (highly selective IKACh blocker)

were purchased from Tocris (Bristol, UK). Collagenase

type II was purchased from Worthington (Lakewood, NJ,

USA).
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To exclude spontaneous degradation of Ap5A to AMP

and adenosine, both dry substance and 10-2 M stock

solutions of Ap5A were stored at -60 �C. Stock solutions

were stored for not longer than 2 weeks and unfreezed

right before preparation of working solution. Working

solutions of Ap5A were applied to experimental chamber

immediately after preparation.

All data in the text and figures except the original

recordings are presented as mean ± SEM for n experi-

ments. Significance of Ap5A effects on AP parameters and

IKir was evaluated by paired t test. Mann–Whitney test or

t test were used to compare effects of Ap5A in the absence

and presence of blockers. p\ 0.05 was adopted as the

level of statistical significance. The normality of data

arrays was checked using Shapiro–Wilk test.

Results

In paced preparations of guinea pig right atrium, three

concentrations of Ap5A (10-6, 10-5, and 10-4 M) were

tested. In control conditions, the average APD50 was

35.7 ± 2.3 ms (n = 16). While 10-6 M Ap5A was com-

pletely ineffective (data not shown), 10-5 M Ap5A tended

to decrease APD50, although these changes were not sta-

tistically significant (Fig. 1c). 10-4 M Ap5A produced

marked AP shortening (Fig. 1) by 33.2 ± 6.6% of control

APD50 (n = 12, p\ 0.05). The effect developed rapidly,

reaching the maximal level in 2 min after the start of Ap5A

application. No substantial changes in resting membrane

potential were observed.

To reveal the mechanisms of Ap5A-induced AP short-

ening, the selective antagonist of P1 purine receptors

DPCPX, antagonist of P2 receptors PPADS, or highly

selective blocker of acetylcholine-dependent potassium

channels (KACh) tertiapin were added to the experimental

chamber after 5 min of pure Ap5A application. Both

DPCPX (10-7 M) and tertiapin (10-6 M) completely

abolished Ap5A-induced AP shortening (Fig. 1). The AP

waveform after addition of blockers in the presence of

Ap5A did not differ significantly from the control. PPADS

(10-4 M) failed to alter the effect of Ap5A (Fig. 1c, d).

Also, prior pilot experiments with PPADS showed that the

10-4 M of blocker has none of its own effects on electrical

activity in guinea pig atrium.

In the experiments with sinoatrial node preparations, we

have registered electrical activity of primary pacemaker

type, which is characterized by a smooth transition from

diastolic depolarization to the upstroke of AP and relatively

low velocity of AP upstroke [12]. Similarly to working

atrial myocardium, 10-6 M Ap5A was ineffective in the

pacemaker, while 10-5 M Ap5A tended to shorten APs and

decelerate the rhythm (Fig. 2d, e). Only 10-4 M Ap5A

produced significant slowing of sinus rhythm (Fig. 2a–c,

e), which was accompanied by AP shortening at 50%

repolarization level (Fig. 2d), reduction of diastolic depo-

larization velocity (Fig. 2g) and hyperpolarization, which

was estimated as negative shift of maximal diastolic

potential (Fig. 2f). Tertiapin (10-6 M) abolished all men-

tioned effects of Ap5A on pacemaking electrical activity

(Fig. 2b, d–g). DPCPX (10-7 M) was almost similarly

effective (Fig. 2a, d, e, g), but failed to produce statistically

significant block of Ap5A-induced hyperpolarization

(Fig. 2f). PPADS (10-4 M) was completely ineffective

(Fig. 2c–g).

Since tertiapin, which is highly specific for KACh

channels [13], completely blocked Ap5A effects in both

working and pacemaking guinea pig myocardium, we

hypothesized that activation of these channels underlie the

observed effects. To test this hypothesis, patch-clamp

recording of IKir currents was conducted in isolated guinea

pig atrial myocytes.

The family of mammalian cardiac inward rectifiers

consists of three distinct currents: (1) the background

inward rectifier current (IK1), (2) the acetylcholine-depen-

dent inward rectifier (IKACh) and (3) the ATP-sensitive

current (IKATP) [14]. However, IKACh and IKATP are absent

in normal conditions, when the muscarinic receptors are

not stimulated and intracellular ATP content is not too low.

Therefore, in basal conditions, we recorded only IK1 with

strong inward component at potentials more negative than

K? equilibrium potential. The outward component of that

current had a maximum at around -60 mV and was

completely absent at potentials more positive than

-20 mV (Fig. 3).

In 14 of 16 tested myocytes, application of 10-4 M

Ap5A activated additional current, which had not only

substantial inward component, but an outward compo-

nent, which persisted at 0 mV and even at positive

potentials (Fig. 3a, d). This current obviously belongs to

the inward rectifier family, because almost all other

prominent currents were blocked in our protocol; more-

over, 1 mM BaCl2t could completely block it together

with IK1. After BaCl2 application, only the leakage current

was registered. The Ap5A-induced current demonstrated

current–voltage dependence typical for IKACh. Since this

current was completely blocked by 10-6 M tertiapin

(Fig. 3a, c, d), very selective for KACh channels, we

conclude that Ap5A in fact activates IKACh. Note that

tertiapin did not affect IK1. This current could also be

completely abolished by the addition of P1 blocker

10-7 M DPCPX (Fig. 3b–d). In a few pilot experiments

with P2 blocker PPADS, we observed complete absence

of its effect on Ap5A-induced IKACh (data not shown).

Thus, P1 purine receptors mediate IKACh activation by

Ap5A.
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Discussion

This is the first investigation, to our knowledge, of Ap5A’s

effects on the electrical activity of working atrial myo-

cardium and sinoatrial node of guinea pig. Although the

negative chronotropic effect of Ap5A in the isolated guinea

pig heart was first noticed by Brandts et al. [8] almost two

decades ago, the electrophysiological nature of Ap5A-in-

duced rhythm slowing has never been studied in guinea pig

or any other mammal. Here we demonstrate that Ap5A, at

least in high concentration (10-4 M), produces the marked

slowing of diastolic depolarization which, together with

negative shift of maximal diastolic potential, leads to

bradycardia. This mechanism is very similar to the well-

known bradycardic effect of acetylcholine [15] and there-

fore the strong block of Ap5A effect by tertiapin is not

surprising.

The Ap5A-induced changes in AP waveform have never

been shown in guinea pig atrial muscle. In ventricular

tissue, both nanomolar [16] and micromolar [17] concen-

trations of Ap5A were shown to increase AP duration.

Taking into account the shortening of atrial APs by Ap5A

[9] observed in another species (rat), such discrepancy

between response to Ap5A in atrial and ventricular myo-

cardium of guinea pig seems to be not a big trouble.

Ventricular muscle greatly differs from the atrial by

expression level of various ionic channels and receptors.

For example, in guinea pig, the sensitivity to acetylcholine

is many times greater in atrium than in ventricle [18].

In the present study, we provide clear evidence of IKACh
and P1 receptor involvement in mediation of Ap5A effects

in the atrial myocardium. P1 receptors are coupled with Gi

proteins, which activate GIRK channels responsible for

IKACh via bc-subunit [19]. The activation of IKACh by

typical P1 agonist, adenosine, has been reported in atrial

myocytes from several mammalian species [19, 20] and is

known to produce electrophysiological effects similar to

what we have shown for Ap5A. The fact that both IKACh
activation by Ap5A and changes in electrical activity

induced by this compound could be blocked by either

tertiapin or DPCPX proves the hypothesis that P1 receptors

mediate Ap5A’s effects similarly to adenosine effects in

guinea pig atrium. The completeness of this block together

with high selectivity of tertiapin, peptide blocker isolated

Fig. 1 Effects of Ap5A on the action potential (AP) waveform in the

working myocardium of guinea pig right atrium. a–c Original

recordings of APs in three different representative preparations of

guinea pig right auricle. APs recorded in control conditions, under the

action of Ap5A (10-4 M) alone or together with P1 blocker DPCPX

(a), IKACh blocker tertiapin (b), or P2 blocker PPADS (c) are

superimposed. d Comparison of mean (±SEM) values of AP duration

at 50% repolarization level in control conditions (n = 16), in the

presence of Ap5A (10-5 M n = 5, 10-4 M n = 12) alone or together

with DPCPX (n = 6), tertiapin (n = 6) or PPADS (n = 6). An

asterisk indicates a statistically significant difference (p\ 0.05,

paired t test) from the control value. Ampersand Significant difference

between the columns (p\ 0.05, Mann–Whitney test)
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from bee venom [13], make us sure that no other type of

receptors participate in mediation of the described Ap5A

effects. Also, DPCPX is known as a selective P1 antagonist

[21]. In rat myocardium, where Ap(n)A’s effects are P2-

dependent, DPCPX failed to attenuate Ap5A-induced AP

shortening even slightly [9]. At the same time, P2 antag-

onist PPADS taken in quite high concentration (10-4 M)

completely failed to alter the intensity of Ap5A’s effects in

both the working atrial myocardium and pacemaker of

guinea pig heart. In rat, where the effects of Ap(n)A are P2-

dependent, 10-4 M PPADS completely abolished them [9].

Such great difference between the influence of DPCPX and

PPADS in guinea pig and rat atrial myocardium allows to

conclude that P2 receptors do not participate in realization

of Ap5A-dependent cardiac electrophysiological effects in

guinea pig.

At the same time, the presence of P2 receptors in guinea

pig atrium cannot be denied, since Hoyle et al. [22] have

demonstrated their involvement in the negative inotropic

response to Ap5A. The same study claims Ap(n)A acti-

vation of P1 receptors as another mechanism of negative

inotropy. Our data supports and explains this conclusion,

since shortening of AP obviously leads to suppression of

contractile activity. However, unlike the effects on cardiac

contractility, electrophysiological effects of Ap5As are

completely P1-dependent.

It is well known that soluble and membrane-binded

ectohydrolases and ectonucleotidases (NT5 or CD73,

Fig. 2 Effects of Ap5A on the

electrical activity of guinea pig

sinoatrial node (SAN). a–
c Original traces of electrical

activity recorded in the central

part of SAN in three different

representative preparations.

Traces recorded in control

conditions, under the action of

Ap5A (10-4 M) alone or

together with P1 blocker

DPCPX (a), IKACh blocker
tertiapin (b) or P2 blocker

PPADS (c) are superimposed.

d–g Comparison of various

parameters of pacemaker

electrical activity in control

conditions (n = 11), in the

presence of Ap5A (10-5 M

n = 5, 10-4 M n = 11) alone

or together with DPCPX

(n = 6), tertiapin (n = 5) or

PPADS (n = 5). An asterisk

indicates a statistically

significant difference (p\ 0.05,

paired t test in d, e, g; Wilcoxon

test in g) from the control value.

Ampersand Significant

difference between the columns

(p\ 0.05, t test in d, e; Mann–

Whitney test in f, g)
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CD39, CD203) may hydrolyze such nucleotides as NAD,

ATP, and ADP down to AMP, adenosine and inorganic

phosphates. Extracellular degradation of dinucleotide

polyphosphates has been also shown in various tissues. The

central role in hydrolysis of Ap(n)As belongs to

pyrophosphatases/phosphodiesterases [23]. In guinea pig

heart, activation of P1 purine receptors by Ap(n)As-derived

adenosine has been suggested as a mechanism of Ap(n)As

action [8]. In the same study, Ap5A, unlike adenosine,

failed to induce IKACh in isolated guinea pig atrial cells,

allowing to conclude that P1-mediated Ap(n)As effects are

in fact produced by adenosine, the product of Ap(n)As

degradation. Our findings directly argue this conclusion,

since Ap5A was shown to activate IKACh via P1 receptors

stimulation in isolated atrial myocytes, where tissue

pyrophosphatases/phosphodiesterases are not present. The

possible reason for this discrepancy between two studies

may be due to the different state of myocytes after enzy-

matic isolation. Longer enzymatic digestion can lead to

degradation of membrane receptors, including the P1

receptors, and abolish the normal response to Ap5A. In our

experiments, two myocytes also demonstrated complete

insensitivity even to the highest Ap5A concentration.

Possible presence of adenosine in our Ap5A solutions due

to spontaneous Ap5A degradation was excluded by using

special conditions of Ap5A storage and dilution (see

Materials and methods section).

The physiological significance of presented findings

might seem questionable since quite-high micromolar

concentrations of Ap5A were used. However, despite low

concentrations of Ap(n)As in blood serum, their local level

in myocardium may reach high amounts. For example, Luo

et al. [24] have estimated concentrations of Ap(n)As

including Ap5A in myocardial secretory chromaffin gran-

ules from human heart. They appeared to be in the range of

0.5 mM. Thus, we suppose that Ap5A concentrations used

in the present study might be physiologically relevant,

although exact estimation of extracellular Ap5A concen-

trations is a goal for future investigations.

Thus, in guinea pig atrial myocardium, Ap5A produces

negative effects (AP shortening, sinus rhythm deceleration)

via stimulation of P1 receptors and subsequent IKACh
induction. This mechanism of Ap(n)As effects on cardiac

electrical activity has not been described in mammals and

Fig. 3 Effects of Ap5A on the total inward rectifier K? current (IKir,

including the background IK1 and the IKACh) in atrial myocytes of the

guinea pig heart. a, b Original current–voltage curves of IKir recorded

in two different representative atrial myocytes in control conditions,

during application of 10-4 M Ap5A and after subsequent application

of a IKACh blocker tertiapin (10-6 M) or b antagonist of P1 receptors

DPCPX (10-7 M). The current was elicited by hyperpolarizing

voltage ramp shown in the inset. The current–voltage curves were

built after subtraction of leakage current recorded after addition of

1 mM BaCl2 in the end of each experiment (c, d). Comparison of

mean (±SEM) values of IKir measured at -120 mV (c) and 0 mV

(d) in control conditions (n = 14), in the presence of Ap5A (10-5 M

n = 7, 10-4 M n = 14) alone or together with DPCPX (n = 7) or

tertiapin (n = 7). An asterisk indicates a statistically significant

difference (p\ 0.05, paired t test) from the control value
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is alternative to P2-dependent effects of Ap(n)As found in

rat heart. Our findings demonstrate striking species-speci-

ficity of Ap(n)As cardioregulatory effects.
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