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1 The present study was designed to examine the functional role of membrane phosphatidylinositol
4,5-bisphosphate (PtdIns(4,5)P2) in the regulation of the muscarinic Kþ channel (IK,ACh) by extra-
cellular ATP and adenosine in guinea-pig atrial myocytes, using the whole-cell patch-clamp method.

2 Bath application of ATP in micromolar concentrations typically evoked a transient activation of
IK,ACh; a rapid activation phase was consistently followed by a progressive decline even to the baseline
level despite the continued presence of ATP. This progressive decline of IK,ACh was significantly
attenuated either by blockade of phospholipase C (PLC) with compound 48/80 (100 mM) or by
addition of PtdIns(4,5)P2 (50mM) to the cell inside, suggesting that depletion of membrane
PtdIns(4,5)P2 via PLC activation is mainly, if not totally, responsible for the progressive decline of
IK,ACh during the presence of ATP.

3 When atrial myocytes were exposed to wortmannin (50 mM) following ATP (50 mM) application to
impair the resynthesis of PtdIns(4,5)P2, the activation of IK,ACh evoked by subsequently applied ATP
(50 mM) was greatly reduced. Activation of IK,ACh by adenosine (100mM) was partially reduced by
pretreatment of atrial myocytes with ATP (100 mM) and was largely abolished by a further addition
of wortmannin (50 mM) in the presence of ATP (100mM). These results support the view that the
activation of IK,ACh by ATP and adenosine depends on membrane PtdIns(4,5)P2 that is subject to
reduction by extracellular ATP.

4 The present study thus provides functional evidence to suggest that extracellular ATP activates
PLC and thereby depletes membrane PtdIns(4,5)P2 that is critically involved in the activation process
of IK,ACh by its agonists ATP and adenosine in guinea-pig atrial myocytes.
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Introduction

The muscarinic Kþ channel (IK,ACh) is primarily expressed in

atria and conductive tissue of the heart and plays an important

role in mediating negative inotropic, chronotropic and

dromotropic responses to the vagal neurotransmitter acetyl-

choline (ACh) in the heart. In addition to ACh, IK,ACh is

activated by several neurotransmitters and extracellular

signaling molecules, such as adenosine (Belardinelli & Isen-

berg, 1983; Kurachi et al., 1986), somatostatin (Lewis &

Clapham, 1989), endothelins (ETs) (Kim, 1991; Ono et al.,

1994; Yamaguchi et al., 1997), sphingosine-1-phosphate

(Bünemann et al., 1995) and ATP (Friel & Bean, 1990;

Matsuura et al., 1996; Hara & Nakaya, 1997). Previous studies

have provided evidence to support the view that the membrane

receptor for each of these agonists is directly coupled to the

channel proteins through a pertussis toxin (PTX)-sensitive

heterotrimeric G protein GK; thus, the activation of IK,ACh

typically arises through a membrane-delimited pathway

(Soejima & Noma, 1984; Breitwieser & Szabo, 1985; Pfaffinger

et al., 1985; Kurachi et al., 1986).

On the other hand, it was reported that IK,ACh is

substantially inhibited by several agonists acting on membrane

receptors that are assumed to activate a Gq-phospholipase C

(PLC) signaling pathway. These include methoxamine (Braun

et al., 1992), ET-1, ET-3 (Yamaguchi et al., 1997) and ATP

(Matsuura & Ehara, 1996; Hara & Nakaya, 1997). It is well
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known that activation of PLC cleaves membrane phospholipid

phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) into

two second messengers, namely, inositol 1,4,5-trisphosphate

(Ins(1,4,5)P3) and diacylglycerol (DAG), which respectively

releases Ca2þ from intracellular stores and activates protein

kinase C (PKC). However, these studies have suggested that

the inhibition of IK,ACh by methoxamine and ATP is mediated

through the activation of their respective receptors (a1-
adrenergic and P2Y receptors, respectively) and a PTX-

insensitive G protein, but not through the activation of PKC

or an elevation of intracellular Ca2þ . Hilgemann & Ball (1996)

revealed for the first time that membrane PtdIns(4,5)P2 exerts

a direct modulatory action on some kinds of ionic channels

and transporters in cardiac cell membrane. For example,

PtdIns(4,5)P2 acts as an important cofactor for the activation

of both native IK,ACh and heterologously expressed GIRK1/

GIRK4 channels (Huang et al., 1998; Sui et al., 1998; Ho &

Murrell-Lagnado, 1999; Logothetis & Zhang, 1999; Zhang

et al., 1999; Bender et al., 2002), the molecular constituents of

atrial IK,ACh (Krapivinsky et al., 1995; Silverman et al., 1996).

The activation of IK,ACh during exposure to extracellular

ATP is characteristically transient, with a complete abolish-

ment of current activation within B1–2min, despite the

continued presence of the agonist, which has been accounted

for by dual actions of extracellular ATP via two distinct types

of G proteins, as mentioned above (Matsuura & Ehara, 1996;

Matsuura et al., 1996; Hara & Nakaya, 1997). Although the

signaling molecule that acts downstream of a PTX-insensitive

G protein to mediate the inhibitory action of extracellular ATP

has yet to be fully elucidated, it may be expected that depletion

of membrane PtdIns(4,5)P2 via PLC activation is involved

in this process. Accordingly, the objective of the present study

was to examine the functional role of membrane PtdIns(4,5)P2

in the regulation of IK,ACh by its agonists ATP and adenosine

in guinea-pig atrial myocytes. Our results strongly suggest that

the characteristic progressive decline of IK,ACh in the presence

of extracellular ATP involves activation of PLC and con-

comitant depletion of membrane PtdIns(4,5)P2 and that the

activation of IK,ACh by ATP and adenosine is critically

dependent on membrane PtdIns(4,5)P2 that is subject to

depletion by extracellular ATP-induced activation of PLC.

Methods

Isolation of atrial myocytes

All protocols were approved by the institution’s Animal Care

and Use Committee and were performed in compliance

with The Guide for the Care and Use of Laboratory Animals

published by the US National Institute of Health (NIH

publication No. 85-23, revised 1996). Single atrial myocytes

were enzymatically dissociated from the heart of adult Hartley

guinea-pigs using a retrograde Langendorff perfusion method

as described previously (Powell et al., 1980; Ding et al., 2004).

Solutions and chemicals

Normal Tyrode solution contained (in mM): 140 NaCl, 5.4

KCl, 1.8 CaCl2, 0.5 MgCl2, 0.33 NaH2PO4, 5.5 glucose and 5.0

HEPES, and pH was adjusted to 7.4 with NaOH. Whole-cell

IK,ACh was measured during superfusion of atrial myocytes

with normal Tyrode solution containing 0.4 mM nisoldipine

(a generous gift from Bayer, Germany) to block the L-type

Ca2þ channel (ICa,L). Agents added to the external solutions

included ATP (disodium salt; Sigma Chemical Co., St Louis,

MO, U.S.A.), adenosine (sodium salt; Sigma) and wortmannin

(Sigma). The control pipette solution contained (in mM): 70

potassium aspartate, 50 KCl, 10 KH2PO4, 1 MgSO4, 3 Na2-

ATP (Sigma), 0.1 Li2-GTP (Roche Diagnostics GmbH,

Mannheim, Germany), 5 EGTA and 5 HEPES, and pH

adjusted to 7.2 with KOH. The amount of KOH required for

titration, measured in several experiments, was found to

average 24mM. Therefore, the total Kþ concentration in the

control pipette solution was 154mM, and the equilibrium

potential for Kþ (EK) under the present experimental

conditions was calculated to be �88.5mV with the Nernst

equation. The concentration of free Ca2þ and Mg2þ in the

pipette solution was estimated to be approximately

1.5� 10�10
M (pCa¼ 9.8) and 3.7� 10�5

M (pMg¼ 4.4), re-

spectively (Fabiato & Fabiato, 1979; Tsien & Rink, 1980).

PtdIns(4,5)P2 (Calbiochem, San Diego, CA, U.S.A.) and

compound 48/80 (Sigma) were added to the pipette solution

and were allowed to dialyze into the myocyte for 15–20min

before the start of whole-cell current measurements. Wort-

mannin and compound 48/80 were prepared as a 100-mM

stock solution in DMSO. ATP and adenosine were directly

dissolved in the extracellular solution. PtdIns(4,5)P2 was

directly dissolved in the control pipette solution at a

concentration of 50mM with a 30-min sonication on ice.

Whole-cell patch-clamp technique and data analysis

Isolated atrial myocytes were voltage-clamped using the

whole-cell configuration of the patch-clamp technique (Hamill

et al., 1981) with a patch-clamp amplifier (CEZ-2400, Nihon

Kohden, Tokyo, Japan). Borosilicate glass electrodes had

a resistance of 2.0–3.0MO when filled with pipette solu-

tions. Membrane currents were measured at a holding

potential of �40mV or during the voltage ramp protocol

(dV dt�1¼ 0.4V s�1), which consisted of ascending (depolariz-

ing) phase from the holding potential (�40mV) to þ 50mV

followed by a descending (hyperpolarizing) phase to �130mV.

The current–voltage (I–V) relationship was determined during

the descending phase. The activation of the delayed rectifier

Kþ channel (IK) composed of the rapid and slow components

(IKr and IKs, respectively) was expected to be minimal during

the rapid voltage ramp (0.4V s�1) used in the present study. All

experiments were performed at 36711C.

Current and voltage signals were stored on digital audiotape

using a PCM data recorder (RD-120TE, TEAC, Tokyo,

Japan) for subsequent computer analysis (PC98RL, NEC,

Tokyo, Japan). Data values given in the text and in figures

with error bars represent mean7s.e.m., and n indicates the

number of myocytes studied. Statistical comparisons between

two groups were made using Student’s unpaired t-test.

Comparisons among multiple (nX3) groups were performed

by analysis of variance (single f-factor). Where significant

f-values were obtained, pairwise comparisons of means were

carried out using Tukey’s multiple means comparison test.

Po0.05 was taken as the limit of significance. In the figures,

periods of exposure to various reagents are denoted by

horizontal bars over the current traces.
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Results

A transient nature of IK,ACh activation during exposure
to ATP

Figure 1 shows a representative example of the effect of

extracellular ATP (50 mM) on whole-cell currents measured

at a holding potential of �40mV and during the voltage-ramp

protocol in a guinea-pig atrial myocyte. Addition of 50mM
ATP to the bath evoked a rapid outward shift of the holding

current, which then progressively declined to a steady level

close to the baseline level despite the continued presence of the

agonist (Figure 1a), consistent with previous observations in

the same cell types (Matsuura & Ehara, 1996; Hara & Nakaya,

1997). Figure 1b illustrates superimposed I–V relationships,

recorded using the voltage ramps between þ 50 and �130mV,

under control conditions (1), shortly (2) andB2.5min (3) after

ATP application, and after withdrawal of the ATP (4). To

characterize the membrane currents that are associated with

the initial outward shift of the holding current and its

subsequent decline during exposure to ATP, difference

currents were obtained by digital subtraction of the corre-

sponding current records. The membrane current that under-

lies the outward shift of the holding current, obtained by

digitally subtracting the current record under control condi-

tion from that measured at the time point of the maximal

outward shift of the holding current (Figure 1c, 2-1), has an

inwardly rectifying I–V relationship with a mean reversal

potential of �87.572.5mV (n¼ 6), which is very close to

the estimated EK (�88.5mV). It was previously shown that

pretreatment of atrial myocytes with PTX totally prevents the

activation of the membrane current associated with the

outward shift of the holding current at �40mV during

exposure to ATP (Matsuura et al., 1996). Taken together, it

can be confirmed that extracellular ATP initially activates

IK,ACh in guinea-pig atrial myocytes.

The membrane current responsible for the subsequent

decline of the outward holding current (Figure 1c, 2-3),

determined by digital subtraction of current trace B2.5min

after ATP application from that shortly after ATP application,

was also characterized by the presence of inward rectification

and the reversal potential (�86.472.8mV, n¼ 6) near EK, and

its I–V relationship was nearly superimposable with that of the

membrane current activated by extracellular ATP (Figure 1c,

2-1). Based on these observations, it seems most likely that

IK,ACh was initially activated and was subsequently inhibited

(reduced) during exposure to ATP, causing a characteristic

transient activation of IK,ACh in guinea-pig atrial myocytes.

It was previously demonstrated in guinea-pig atrial myo-

cytes that extracellular ATP activates IK,ACh by a membrane-

delimited pathway involving a PTX-sensitive G protein GK

(Matsuura et al., 1996), analogous to the activation mechan-

ism by ACh and adenosine (Breitwieser & Szabo, 1985;

Pfaffinger et al., 1985; Kurachi et al., 1986). In subsequent

experiments, the signal transduction mechanism mediating the

inhibitory effect of extracellular ATP on IK,ACh was examined.

Based on the analysis of membrane currents in atrial myocytes

during exposure to ATP (Figure 1), the initial outward shift of

the holding current and its subsequent decline during exposure

to ATP can be assumed to respectively reflect the degree of

activation and inhibition of IK,ACh by extracellular ATP. The

inhibitory action of ATP on IK,ACh activated by ATP per se

was therefore quantitatively evaluated by normalizing the

amplitude of the subsequent decline of outward holding

current with reference to the initial outward shift during

exposure to ATP (% decrease).

Involvement of PLC-induced PtdIns(4,5)P2 depletion
in the progressive decline of IK,ACh activation during
exposure to ATP

It was demonstrated in guinea-pig ventricular myocytes that

micromolar concentrations of extracellular ATP stimulates a

P2Y receptor-coupled Gq-PLC signaling pathway and thereby

depletes plasma membrane PtdIns(4,5)P2 that is required for

maintaining the activity of the ATP-sensitive Kþ channels

(Oketani et al., 2002). We therefore tested the possible

involvement of PLC activation and subsequent PtdIns(4,5)P2

depletion in the progressive decline of IK,ACh during exposure

Figure 1 Effect of bath application of ATP on whole-cell currents
in guinea-pig atrial myocytes. (a) Chart record of whole-cell current
(Im) recorded at a holding potential of �40mV and during voltage
ramps between þ 50 and �130mV at 0.4V s–1 (see Methods). Rapid
deflections represent changes in membrane current in response to the
voltage ramps applied before (1), and during exposure to 50 mM ATP
(2 and 3), and after washout of the ATP (4). (b) Superimposed I–V
relationships obtained using the voltage ramps applied at the time
points indicated by numerals (1–4) in (a). (c) Superimposed I–V
relationships for the difference currents obtained by digital
subtraction of current records as indicated.
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to ATP. A commonly used PLC inhibitor U-73122 was

reported to block IK,ACh in cardiac atrial myocytes, indepen-

dently of its action on PLC (Cho et al., 2001b). Since

compound 48/80 was shown to be effective at inhibiting PLC

activity following P2Y stimulation by extracellular ATP in

guinea-pig cardiac myocytes (Bronner et al., 1987; Oketani

et al., 2002), we evaluated the role of PLC action using this

reagent. In the atrial myocyte dialyzed with compound 48/80

(100mM), bath application of 10mM ATP rapidly shifted the

holding current level (at �40mV) in the outward direction,

which was then followed by a gradual decline to a steady level

that was substantially more outward relative to the baseline

level (Figure 2a). The degree of IK,ACh decrease during

exposure to 10mM ATP was significantly reduced by the

addition of 100mM compound 48/80, compared with that in

control conditions (67.973.8%, n¼ 5 vs 99.670.1%, n¼ 4;

Po0.01; Figure 2b), which supports the view that the

inhibitory action of ATP on IK,ACh involves PLC activation.

Previous whole-cell patch-clamp experiments have proved

that exogenously applied PtdIns(4,5)P2 through a recording

pipette can effectively modulate the function of ionic channels

assumed to be dependent on membrane PtdIns(4,5)P2,

probably after being fused to the plasma membrane (Rohács

et al., 1999; Bian et al., 2001; Meyer et al., 2001; Ford et al.,

2003; Ding et al., 2004). We therefore examined the effect of

intracellular dialysis with 50mM PtdIns(4,5)P2 on IK,ACh

response to ATP. As demonstrated in Figure 2c, the decline

of the outward holding current associated with the reduction

of IK,ACh activation during exposure to ATP was greatly

attenuated in PtdIns(4,5)P2-loaded atrial myocytes. In a total

of four myocytes, the degree of IK,ACh decrease during

exposure to 50mM ATP was markedly attenuated by dialyzing

atrial myocytes with 50mM PtdIns(4,5)P2, compared with that

in control (53.7716.3%, n¼ 4 vs 100.771.7%, n¼ 4; Po0.05;

Figure 2d). These observations are consistent with the view

that the ATP-induced activation of PLC and resultant

depletion of membrane PtdIns(4,5)P2 contribute at least partly

to the progressive reduction of IK,ACh.

Functional role of membrane PtdIns(4,5)P2 that is
subject to reduction by extracellular ATP in the activation
of IK,ACh by ATP and adenosine

We further evaluated the functional role of membrane

PtdIns(4,5)P2 that is subject to reduction by extracellular

ATP in the activation of IK,ACh. It is generally accepted that

micromolar concentrations of wortmannin blocks phosphati-

dylinositol 4-kinase (PtdIns 4-kinase) as well as phosphatidyl-

inositol 3-kinase (PtdIns 3-kinase) and thereby impairs the

replenishment of PtdIns(4,5)P2 following the PLC-coupled

Figure 2 Effect of PLC inhibition or PtdIns(4,5)P2 addition on the progressive decline of IK,ACh during exposure to ATP. (a, c)
Time course of changes in the holding current level at �40mV during B2.5min exposure to ATP at concentrations of 10 mM (a) and
50 mM (c) in atrial myocyte dialyzed with a pipette solution containing either 100 mM compound 48/80 (a) or 50 mM PtdIns(4,5)P2 (c).
The myocyte was stimulated with extracellular ATP 15–20min after rupture of the patch membrane (establishment of whole-cell
mode) with each reagent. (b, d) Percentage decrease of IK,ACh during exposure to ATP at 10 mM (b) and 50 mM (d) in myocytes
dialyzed with control pipette solution (Control) and pipette solution supplemented with either 100mM compound 48/80 (b) or 50 mM
PtdIns(4,5)P2 (d). Percentage decrease was determined at the current levels measured at the end of B2.5min exposure to ATP. Inset
in (a) shows a representative time course of IK,ACh (at �40mV) during exposure to 10 mM ATP, recorded from an atrial myocyte
dialyzed with a control pipette solution. *Po0.05 and **Po0.01 compared with control value (Student’s unpaired t-test).
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receptor-mediated depletion in various cell types (Nakanishi

et al., 1995; Meyers & Cantley, 1997; Willars et al., 1998)

including cardiac myocytes (Xie et al., 1999). In contrast,

nanomolar concentrations of wortmannin selectively inhibits

PtdIns 3-kinase (Nakanishi et al., 1995) and is therefore

expected to have little, if any, significant effect on recovery

from receptor-mediated depletion of membrane PtdIns(4,5)P2.

As demonstrated in Figure 3a–c, 50mM ATP was applied

(for B2min) twice to the same myocyte, with a washout

period of B4min. The peak amplitude of IK,ACh activated by

the second application of ATP (IP2) was 75.873.1% (n¼ 7) of

that activated by the first application of ATP (IP1) under

control conditions (Figure 3a, d). Thus, the IK,ACh response to

50 mM ATP was largely, if not totally, recovered from possible

desensitization during B4min washout period. When 50mM
wortmannin was added to the bath immediately after washout

of the first application of ATP, the ratio of IK,ACh activation

during the first and second applications of ATP (IP2/

IP1¼ 20.674.4%, n¼ 4; Figure 3c, d) became significantly

(Po0.01) reduced, when compared with that in control (IP2/

IP1¼ 75.873.1%, n¼ 7; Figure 3a, d). However, addition of

50 nM wortmannin during an B4-min washout period had no

significant effect on the current ratio (IP2/IP1¼ 76.175.1%,

n¼ 7; Figure 3b, d), when compared with that in control. A

significant (Po0.01) difference was also observed between the

actions of 50 nM and 50 mM of wortmannin on the current ratio

(Figure 3d), which suggests that replenishment of membrane

PtdIns(4,5)P2 via the action of PtdIns 4-kinase takes place

during B4-min washout period and thereby plays an essential

role in contributing to the activation of IK,ACh during the

second application of ATP. Taken together with the results

shown in Figure 2, these findings again suggest that bath

application of 50 mM ATP for a period of B2min is

accompanied by substantial depletion of membrane

PtdIns(4,5)P2 (via PLC activation) required for the activation

of IK,ACh by ATP per se in guinea-pig atrial myocytes.

We then evaluated the functional role of membrane

PtdIns(4,5)P2 that is subject to depletion by extracellular

ATP in the activation of IK,ACh by adenosine. As demonstrated

in Figure 4, atrial myocytes were stimulated by twin-pulse

applications of 100 mM adenosine for 2min with an interval of

B6–8min, during which time atrial myocytes were exposed to

ATP and/or wortmannin to modify PtdIns(4,5)P2 levels in the

plasma membrane. The significance of these reagents was

evaluated by normalizing the peak amplitude of IK,ACh during

the second application of adenosine with reference to that

during the first adenosine application (IP2/IP1). Without ATP

and wortmannin during B6-min washout period (Figure 4a),

an almost similar magnitude of IK,ACh was activated by the first

and second applications of adenosine (IP2/IP1¼ 94.277.1%,

n¼ 4; Figure 4f). This result suggests that a period of B6min

is long enough to allow a full recovery from the short-term

desensitization evoked by A1 receptor stimulation with 100 mM
adenosine. When atrial myocytes were pretreated for 4min

with 50mM wortmannin before the second application of

adenosine (Figure 4b), the value for the current ratio of IP2/IP1
was 79.177.3% (n¼ 6, Figure 4f), which was slightly but

insignificantly (P¼ 0.174) smaller compared with the current

ratio under control conditions. This finding is consistent with

a previous study that showed that wortmannin (100 mM) alone

did not significantly affect the activation of IK,ACh by ACh

(10mM) in mouse atrial myocytes (Cho et al., 2001a) and

Figure 3 Effect of wortmannin on the activation of IK,ACh by extracellular ATP. (a) An atrial myocyte was stimulated with twin-
pulse applications of 50 mM ATP with an interval of B4min, as indicated by horizontal bars. (b, c) Following the first stimulation
with 50 mM ATP, the atrial myocyte was then exposed to wortmannin at a concentration of 50 nM (b) or 50 mM (c) for B4min and
was again stimulated with 50 mM ATP, as indicated. (d) Summary data for current ratio of IP2/IP1, obtained by normalizing the peak
amplitude of IK,ACh during the second application of ATP (IP2) with reference to that during the first ATP application (IP1),
expressed as percentage. Asterisks represent P-values according to Tukey’s multiple means comparison test (**Po0.01). There was
no significant difference between the control and wortmannin (50 nM) groups, but the difference was significant (Po0.01) when the
wortmannin (50mM) group was compared with either the control or wortmannin (50 nM) group.
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suggests the following two points. Firstly, the inhibition of

PtdIns 4-kinase alone for a period of 4min does not result in

depletion of membrane PtdIns(4,5)P2 associated with reduc-

tion of IK,ACh activation. Secondly, stimulation of adenosine

receptors, which are predominantly of the A1 subtype in atrial

cell membrane, does not effectively activate a Gq-PLC

signaling pathway leading to depletion of membrane

PtdIns(4,5)P2 and inhibition of IK,ACh (Chen & Bache, 2003).

On the other hand, when an atrial myocyte was exposed to

100 mM ATP for B4min before the second application of

adenosine (Figure 4c), the current ratio of IP2/IP1 became

significantly (Po0.01) reduced compared with that in control

(55.976.2%, n¼ 8 vs 94.277.1%, n¼ 4; Figure 4f). This

reduction of the current ratio by the presence of ATP was

further significantly (Po0.01) potentiated by the concomitant

presence of 50mM wortmannin (IP2/IP1¼ 17.171.5%, n¼ 5;

Figure 4e, f), but was not appreciably affected by 50 nM

wortmannin (IP2/IP1¼ 63.378.7%, n¼ 3; Figure 4d, f). These

results may be interpreted to suggest that resynthesis of

PtdIns(4,5)P2 mediated by PtdIns 4-kinase takes place even

during exposure to ATP, which is effective at activating IK,ACh

in atrial myocytes (Figure 4c).

It has previously been demonstrated in guinea-pig atrial

myocytes that extracellular ATP in micromolar concentrations

Figure 4 Effect of pretreatment with wortmannin and/or ATP on adenosine-evoked IK,ACh. (a) Adenosine (100 mM) was twice
added to the same myocyte with an interval of B6min, which elicited IK,ACh of almost similar magnitude. (b) Following the first
stimulation with 100 mM adenosine, an atrial myocyte was exposed to 50 mM wortmannin for B4min and subsequently stimulated
with 100mM adenosine. (c–e) The atrial myocytes were exposed to 100 mM ATP (c), 100 mM ATP plus 50 nM wortmannin (d) or
100mM ATP plus 50 mM wortmannin (e) for B4min before the second application of 100mM Ado. (f) Current ratio of IP2/IP1,
obtained by normalizing the peak amplitude of IK,ACh during the second application of 100mM adenosine (IP2) with reference to that
during the first adenosine application (IP1), from the experimental protocols shown in (a–e). Asterisks represent P-values according
to Tukey’s multiple means comparison test (**Po0.01). Note that there was no significant difference in the current ratio (IP2/IP1)
between the ATP alone and the ATP plus wortmannin (50 nM) application groups, but the difference was highly significant
(Po0.01) when the ATP plus wortmannin (50mM) application group was compared with either the ATP alone or ATP plus
wortmannin (50 nM) application group (f).
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substantially inhibits IK,ACh preactivated by ACh and

adenosine (Matsuura & Ehara, 1996; Hara & Nakaya, 1997).

In the experiment demonstrated in Figure 5, the inhibitory

action of extracellular ATP on IK,ACh preactivated by

adenosine was characterized. Bath application of 100mM
adenosine evoked a rapid outward shift of the holding current

by activating IK,ACh (Figure 5a), which had an inwardly

rectifying I–V relationship with mean reversal potential

of �86.372.4mV (n¼ 6; Figure 5c, 2–1), a value very close

to the estimated EK (�88.5mV). Subsequent application

of 100mM ATP in the presence of adenosine initially increased

the outward holding current and then decreased it to

near baseline levels within 1min (Figure 5a). The initial

outward shift of the holding current appears to be due

to a further activation of IK,ACh by extracellular ATP (Hara

& Nakaya, 1997). The membrane currents inhibited by

ATP, obtained by an appropriate digital subtraction of

the corresponding current traces, also had an inwardly

rectifying I–V relationship with a mean reversal potential

of �86.172.6mV (n¼ 6; Figure 5c, 2–3), thus confirm-

ing that extracellular ATP inhibited the adenosine-activated

IK,ACh.

The degree of ATP inhibition of the adenosine-activated

IK,ACh was evaluated by normalizing the amplitude of IK,ACh

(at �40mV) inhibited by ATP (obtained by subtracting the

holding current level during exposure to ATP from

that immediately before ATP application) with reference to

that activated by adenosine (obtained by subtracting the

current level under control conditions from that immediately

before ATP application). In a total of six myocytes, ATP

at 100 mM inhibited the adenosine (100mM)-activated IK,ACh by

91.2710.4%, which is similar to the degree of inhibition

of IK,ACh activated by 100mM ATP per se (100.872.4%,

n¼ 6, data not shown; refer to Figure 2b, d). It was frequently

found (four out of six myocytes) that, during exposure to

ATP with adenosine, the holding current level (at �40mV)

slightly but gradually shifted in the outward direction

after reaching a peak inward shift (Figure 5a), due to

the reactivation of IK,ACh, as evidenced by the inwardly

rectifying I–V relationship with a reversal potential

of �91.274.4mV (n¼ 4, Figure 5c, 4–3). The ATP-evoked

inhibition of adenosine-activated IK,ACh was thus found

to be gradually attenuated even in the presence of ATP. The

concomitant addition of 50 mM wortmannin together with ATP

was confirmed to consistently abolish such a gradual attenua-

tion of the ATP-evoked inhibition of IK,ACh preactivated by

adenosine (data not shown).

Discussion

The activation of IK,ACh by micromolar concentrations of

extracellular ATP is characterized by its complete transient

nature, arising from total abolishment of the current activation

within B1–2min despite the continued presence of the agonist

(Figure 1). A rapid activation phase of IK,ACh by extracellular

ATP was previously shown to arise from stimulation of a P2Y

receptor, leading to a membrane-delimited, GK-mediated

channel activation (Matsuura et al., 1996; Hara & Nakaya,

1997). The present study confirms that the subsequent

progressive decline of IK,ACh activation in the presence of

extracellular ATP is significantly attenuated either by blocking

the PLC activity with compound 48/80 or by exogenously

adding PtdIns(4,5)P2 to the cell interior (Figure 2). Taken

together with the previous reports showing that extracellular

ATP markedly inhibits IK,ACh preactivated by ACh, by

stimulating P2Y receptor coupled to a PTX-insensitive G

protein (presumably Gq) (Matsuura & Ehara, 1996; Hara &

Nakaya, 1997), these findings strongly suggest that P2Y

receptor-mediated reduction of membrane PtdIns(4,5)P2 via

G protein-PLC activation is involved in the characteristic

progressive decline of IK,ACh during exposure to ATP.

Molecular biological studies have indicated that electrostatic

interaction of PtdIns(4,5)P2 with positively charged amino acid

residues in the proximal C terminus of GIRK channels is

required for gating by bg subunits of GK (Huang et al., 1998;

Sui et al., 1998; Zhang et al., 1999).

The present study found that the progressive decline of

IK,ACh during exposure to 50 mM ATP can be substantially

(B50%, Figure 2c, d) but not fully prevented by loading

PtdIns(4,5)P2 to the cell inside through a recording pipette. As

judged from the similarity of the activation mechanism of

IK,ACh by ACh and ATP (Soejima & Noma, 1984; Breitwieser

& Szabo, 1985; Pfaffinger et al., 1985; Kurachi et al., 1986;

Figure 5 Inhibition of adenosine-evoked IK,ACh by extracellular
ATP. (a) Chart records of whole-cell currents (Im) recorded at a
holding potential of �40mV and during voltage ramps applied
before (1), and during exposure to 100 mM adenosine (2), and after
further addition of 100 mM ATP (3 and 4). The rapid deflections in
the current recording reflect the imposition of voltage-ramp
protocols. (b) Superimposed I–V relationships measured during
the voltage ramps applied at the points indicated by numerals (1–4)
in (a). (c) Superimposed I–V relationships for the difference currents
obtained by digital subtraction of current records as indicated.
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Matsuura et al., 1996; Hara & Nakaya, 1997), it is possible

that, in addition to PtdIns(4,5)P2 hydrolysis, some of cellular

and molecular mechanisms that are associated with the acute

(fast) desensitization of the ACh-activated IK,ACh, such as the

nucleotide exchange and hydrolysis cycle of G proteins

(Chuang et al., 1998), may also be involved in the progressive

decline of the ATP-induced IK,ACh. Thus, further investigations

will be necessary to fully elucidate the mechanism of the

progressive decay of IK,ACh in the presence of ATP in atrial

myocytes.

The present study also assesses the functional consequence

of the PLC-induced PtdIns(4,5)P2 depletion and its resynthesis

mediated via PtdIns 4-kinase, in the activation of IK,ACh

in atrial myocytes. It has been reported that wortmannin

at micromolar concentrations, but not at nanomolar concen-

trations, potently inhibits PtdIns 4-kinase that catalyzes

phosphorylation of phosphatidylinositol (PtdIns) to phospha-

tidylinositol 4-phosphate (PtdIns(4)P), and thereby disrupts

synthesis of PtdIns(4,5)P2 in plasma membrane (Nakanishi

et al., 1995). The present experiments demonstrate that the

activation of IK,ACh by the second application of ATP was not

appreciably affected by pretreatment of 50 nM wortmannin,

but was largely abolished by that of 50mM wortmannin

(Figure 3). Similarly, the activation of IK,ACh by adenosine was

partly reduced by pretreatment of either ATP or ATP plus

50 nM wortmannin, but was almost totally abolished by the

concomitant presence of ATP plus 50 mM wortmannin

(Figure 4). The present study thus provides evidence to suggest

that the activation of IK,ACh by its agonists ATP and adenosine

is critically dependent on membrane PtdIns(4,5)P2 that is

subject to depletion by extracellular ATP.

The present experiments also demonstrate that whereas

extracellular ATP at 100 mM almost completely (91.2710.4%,

n¼ 6; Figure 5) inhibits IK,ACh preactivated by 100mM
adenosine within B1min, pretreatment of atrial myocytes

with the same concentration of ATP for 4min only partially

(44.176.2%, n¼ 8; Figure 4c, f) reduces the activation of

IK,ACh by the same concentration of adenosine. However, the

adenosine-evoked activation of IK,ACh can be largely

(82.971.5%, n¼ 5; Figure 4e, f) abolished by further adding

50 mM wortmannin during exposure to ATP. It has been

demonstrated in SH-SY5Y human neuroblastoma cells that

stimulation of M3-muscarinic receptor with carbachol (1mM)

rapidly decreases membrane PtdIns(4,5)P2 level via PLC

activation to B25% of control level within 1min (Willars

et al., 1998). This study further shows that when 10 mM
wortmannin is added to inhibit PtdIns 4-kinase together with

carbachol, membrane PtdIns(4,5)P2 level following a 10-min

stimulation of M3-muscarinic receptor is further decreased

below the levels seen in the presence of carbachol alone,

suggesting that the resynthesis of PtdIns(4,5)P2 does take

place via PtdIns 4-kinase during the time period of M3-

muscarinic receptor stimulation. The significant difference

in the degree of ATP inhibition of the adenosine-evoked IK,ACh

in the absence and presence of 50 mM wortmannin (Figure 4c,

e) is therefore likely to be due to the occurrence of

PtdIns(4,5)P2 replenishment by PtdIns 4-kinase during the

agonist stimulation. The present observation that the

ATP inhibition of IK,ACh preactivated by adenosine is not

sustained, but is somewhat attenuated in a wortmannin

(50mM)-sensitive manner during the presence of ATP (Figure 5)

might also reflect the occurrence of PtdIns(4,5)P2 resynthesis

accompanied by reactivation of IK,ACh even during the PLC

stimulation by ATP.

In recent years, it was demonstrated in mouse atrial

myocytes that membrane PtdIns(4,5)P2 depletion caused

by the PLC-coupled M1 (or M3/M5) muscarinic receptors does

not lead to the inhibition of IK,ACh, whereas reduction

of PtdIns(4,5)P2 evoked by a1-adrenergic receptors (through

PLC activation) does significantly inhibit IK,ACh (Cho et al.,

2002). This observation strongly suggests that the IK,ACh

proteins are preferentially co-localized with a1-adrenergic
receptor but not with M1 (or M3/M5) muscarinic receptor

in mouse atrial myocytes. Extracellular ATP (100 mM)

consistently evokes an almost full inhibition of IK,ACh

preactivated by ACh (96.378.1% inhibition, n¼ 5;

see Matsuura & Ehara, 1996) and adenosine (91.2710.4%

inhibition, n¼ 6; Figure 5), while ET-1 (10–100 nM) and

phenylephrine (100 mM) maximally inhibit IK,ACh preactivated

by M2 receptor stimulation by B80% (Yamaguchi et al., 1997;

Meyer et al., 2001). ATP thus appears to be one of the most

potent agonists to activate PLC and thereby affect the level of

membrane PtdIns(4,5)P2 closely related to the regulation of

IK,ACh in atrial myocytes.

It is interesting to note that the activation of IK,ACh by

ET-1 and ET-3 is almost completely transient despite the

continued presence of the agonists in guinea-pig atrial

myocytes (Yamaguchi et al., 1997). It has been suggested

that while ET-1 and ET-3 directly activate IK,ACh via GK

(Kim, 1991; Ono et al., 1994), ET-1 also evokes phosphoinosi-

tide hydrolysis presumably by activating a Gq-PLC pathway

in cardiac myocytes (Hattori et al., 1993). Thus, it is likely

that bath application of both ATP and ETs simultaneously

activates two distinct signaling pathways in the plasma

membrane to exert opposite actions on IK,ACh in

atrial myocytes, namely, an activation of GK leading to

membrane-delimited channel openings and the stimulation

of PLC (presumably via Gq) which depletes membrane

PtdIns(4,5)P2 and thereby causes channel closure. In general,

the agonist-mediated regulation of ion channel through a

direct G protein interaction takes place much more rapidly

than that involving the metabolic reaction via the activation of

effector enzyme of G protein, such as adenylyl cyclase (AC)

and PLC (Osterrider et al., 1981; Yatani & Brown, 1989).

Consistent with this prediction, activation of IK,ACh by ATP

and adenosine reaches its peak response within several

seconds, whereas the inhibitory action of ATP on IK,ACh takes

place over several tens of seconds (see Figure 1a, 3a–c and

4c–e). It is therefore highly probable that, during exposure

of atrial myocytes to ATP or ETs, IK,ACh is rapidly activated

through a membrane-delimited pathway, which is subse-

quently inhibited primarily by depletion of membrane

PtdIns(4,5)P2 that gradually occurs through the PLC-mediated

hydrolysis. In recent years, experimental evidence has been

presented to indicate that ET-1 potently inhibits IK,ACh

preactivated by ACh by depleting membrane PtdIns(4,5)P2

through a stimulation of ETA receptor in rat atrial myocytes

(Meyer et al., 2001).
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