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Background and purpose: Emerging evidence suggests that activation of G-protein-coupled receptors (GPCRs) can be
directly regulated by membrane voltage. However, the physiological and pharmacological relevance of this effect remains
unclear. We have further examined this phenomenon for P2Y1 receptors in the non-excitable megakaryocyte using a range of
agonists and antagonists.
Experimental approach: Simultaneous whole-cell patch clamp and fura-2 fluorescence recordings of rat megakaryocytes,
which lack voltage-gated Ca2þ influx, were used to examine the voltage-dependence of P2Y1 receptor-evoked IP3-dependent
Ca2þ mobilization.
Results: Depolarization transiently and repeatedly enhanced P2Y1 receptor-evoked Ca2þ mobilization across a wide
concentration range of both weak, partial and full, potent agonists. Moreover, the amplitude of the depolarization-evoked
[Ca2þ ]i increase displayed an inverse relationship with agonist concentration, such that the greatest potentiating effect of
voltage was observed at near-threshold levels of agonist. Unexpectedly, depolarization also stimulated an [Ca2þ ]i increase
in the absence of agonist during exposure to the competitive antagonists A3P5PS and MRS2179, or the allosteric enhancer
2,20-pyridylisatogen tosylate. A further effect of some antagonists, particularly suramin, was to enhance the depolarization-
evoked Ca2þ responses during co-application of an agonist. Of several P2Y1 receptor inhibitors, only SCH202676, which has a
proposed allosteric mechanism of action, could block ADP-induced voltage-dependent Ca2þ release.
Conclusions and implications: The ability of depolarization to potentiate GPCRs at near-threshold agonist concentrations
represents a novel mechanism for coincidence detection. Furthermore, the induction and enhancement of voltage-dependent
GPCR responses by antagonists has implications for the design of therapeutic compounds.
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Introduction

G-protein-coupled receptors (GPCRs), also referred to as

seven-transmembrane domain receptors, are a superfamily of

cell surface proteins that play a fundamental role in a wide

range of physiological responses (Pierce et al., 2002). They

account for some 60% of current drug targets, and,

consequently, the mechanisms of GPCR activation and

regulation are of key importance to the pharmaceutical

industry. Although the cell membrane potential is known to

control other major classes of transmembrane proteins,

particularly ion channels and transporters, only recently

has sufficient evidence accumulated to support the concept

that GPCRs can also be directly voltage-dependent (Bolton

and Zholos, 2003; Martinez-Pinna et al., 2005; Ben Chaim

et al., 2006; Stanfield, 2006). Ca2þ release mediated by a

number of Gaq-coupled receptors, including P2Y1, TPa,
5HT2A, M1 and M3, has been shown to be potentiated by

membrane depolarization and inhibited by hyperpolariza-

tion (Ganitkevich and Isenberg, 1993; Mahaut-Smith et al.,

1999; Mason and Mahaut-Smith, 2001; Ben Chaim et al.,

2003; Martinez-Pinna et al., 2004, 2005; Billups et al., 2006).

Gai-coupled muscarinic M2 receptors have also been
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reported to be modulated by depolarization, but with

opposite polarity to Gaq-coupled receptors (Ben Chaim

et al., 2003; Bolton and Zholos, 2003). During activation of

rhodopsin, a prototypical member of the largest subgroup

(class A) of GPCRs, movement of charge can be detected in

the form of the ‘early receptor current’, suggesting that

ligand-induced conformational changes in the receptor

involve an electrogenic process (Sullivan and Shukla,

1999). Furthermore, voltage-dependent charge movements

that are causally linked to a voltage-dependence of receptor

affinity have been reported for M1 and M2 muscarinic

receptors expressed in Xenopus oocytes (Ben Chaim et al.,

2006). However, despite the potential importance of this

phenomenon, particularly in excitable tissues, the condi-

tions under which membrane potential may exert its greatest

impact on GPCR signalling remain unclear.

Voltage control of Gaq-coupled receptors has been most

extensively studied in rodent megakaryocytes, where the

lack of ryanodine receptors and voltage-operated Ca2þ

influx greatly simplifies the study of how membrane

potential influences IP3-induced Ca2þ mobilization

(Mahaut-Smith et al., 1999; Mason and Mahaut-Smith,

2001; Thomas et al., 2001). Evidence suggests that the

predominant voltage-sensitive step is located at the level of

the receptor itself rather than a downstream location within

the signalling cascade (Martinez-Pinna et al., 2005). During

activation of P2Y1 receptors, voltage pulses can mobilize

Ca2þ in a graded manner without evidence for a threshold

potential or duration (Martinez-Pinna et al., 2004). Depolar-

izations of only a few millivolts in amplitude and tens of

millisecond duration can modulate Ca2þ release (Martinez-

Pinna et al., 2004), and, thus, it is likely that membrane

potential fluctuations control GPCR activation during

normal cell signalling. However, for the P2Y1 receptor this

potentially important phenomenon has only been studied

using a limited concentration range of a single agonist

species, ADP. We have now examined the extent to which

different agonists and antagonists over a range of concentra-

tions can induce voltage control of P2Y1 receptors in the

megakaryocyte. The results provide new insights into the

physiological and pharmacological significance of voltage-

dependence to a GPCR.

Methods

Cell isolation

Marrow was collected from the femoral and tibial bones

of adult male Wistar rats as described previously

(Mahaut-Smith et al., 1999) in standard external saline (see

below). Type VII apyrase (0.32 U mL�1), a nucleotidase that

limits P2 receptor desensitization, was present during

preparation and storage of cells but omitted during experi-

ments. Megakaryocytes were distinguished on the basis of

their large size and recordings were made 2–12 h after

marrow removal.

Solutions

The standard external saline contained (in mM): 145 NaCl,

5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES and 10 D-glucose titrated

to pH 7.35 with NaOH. The pipette saline contained (mM):

150 KCl, 2 MgCl2, 0.1 EGTA, 0.05 Na2GTP, 0.05 K5fura-2 and

10 HEPES adjusted to pH 7.2 with KOH.

Electrophysiology

Conventional whole-cell patch clamp recordings in voltage-

clamp mode were carried out using an Axopatch 200B

amplifier (Axon CNS Molecular Devices Corporation, Union

City, CA, USA), under the control of a Digidata computer

interface and pClamp software (Axon CNS Molecular Devices

Corporation). Experiments were conducted at the ambient

temperature (20–25 1C) for improved cell viability, although

we have previously shown that voltage control of

P2Y1 receptors also exists at normal body temperatures

(Martinez-Pinna et al., 2004). Depolarization-evoked [Ca2þ ]i
increase was assessed using 80-mV, 10-s duration steps from a

holding potential of –75 mV. Series resistance and capaci-

tance compensation were regularly assessed using a 10-ms,

5-mV square wave test pulse, applied at 20–50 Hz, which had

no significant effect on [Ca2þ ]i.

Fluorescence measurements

Ratiometric fura-2 fluorescence measurements of intra-

cellular Ca2þ were made using standard single-cell

photometric techniques with a monochromator-based

excitation system (Optoscan; Cairn Research Ltd, Kent, UK)

coupled to a Nikon Diaphot inverted microscope (Nikon UK

Ltd, Kingston Upon Thames, UK). Details of our experi-

mental set-up have been described previously (Martinez-

Pinna et al., 2005). Fluorescence signals (340 and 380 nm

excitation, 490–600 nm emission) were sampled and ac-

quired at 100 Hz and exported for conversion to [Ca2þ ]i
within Microcal Origin (Microcal Software Inc., Northamp-

ton, MA, USA) as described previously (Martinez-Pinna et al.,

2005). Average responses are the means±s.e.mean of 6–17

cells, with statistical differences assessed using Student’s

unpaired t-test.

Reagents

Type VII apyrase, ADP, ATP, 2MeSADP, A3P5PS (adenosine

30-phosphate, 50-phosphosulphate), MRS2179 (20-deoxy-

N(6)-methyl adenosine 30,50-diphosphate), suramin (8-(3-ben-

zamido-4-methylbenzamido)-naphthalene-1,3,5-trisulphonic

acid), PPADS (pyridoxal phosphate-6-azo(benzene-2,4-disul-

phonic acid)) and CoA-SH (acetyl CoA) were purchased from

Sigma Aldrich (Poole, UK). SCH202676 (N-(2,3-diphenyl-

1,2,4-thiadiazol-5-(2H)-ylidene) methanamine) was pur-

chased from Calbiochem (Merck Chemicals Ltd, Beeston,

UK) and PIT (2,20-pyridylisatogen tosylate) was a kind gift

from Professor Michael Spedding (Institut de Recherches

Internationales Servier, Suresnes, France). The structures of

the P2Y receptor agonists and antagonists used in this study

are shown in the Supplementary Information. ADP and ATP

were enzymatically treated to remove contaminating levels

of nucleotide disphosphates (in ATP) or nucleotide triphos-

phates (in ADP and 2MeSADP) as described elsewhere

(Hechler et al., 1998; Mahaut-Smith et al., 2000). K5fura-2 was

purchased from Molecular Probes (Leiden, The Netherlands).
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Results

Agonist concentration-dependence to voltage control of P2Y1

receptor signalling

Our previous studies have shown that voltage control of

P2Y1 receptor-evoked Ca2þ signals in the non-excitable rat

megakaryocyte can be clearly observed during the plateau

phase of the Ca2þ response to ADP (Mahaut-Smith et al.,

1999; Mason et al., 2000; Martinez-Pinna et al., 2004). An

example of this effect is shown in Figures 1a and b, where

step depolarizations from –75 to 5 mV repeatedly induce

intracellular Ca2þ transients. ADP induces this effect via

activation of P2Y1 receptors as no voltage-dependent Ca2þ

increase is observed in P2Y1-deficient megakaryocytes

(Martinez-Pinna et al., 2005). These voltage-dependent

Ca2þ increases are due to an enhancement of IP3-dependent

Ca2þ mobilization as they are still present in Ca2þ -free

medium, are not influenced by dihydropyridines, and

megakaryocytes lack ryanodine receptors (Mahaut-Smith

et al., 1999; Mason and Mahaut-Smith, 2001; Martinez-Pinna

et al., 2005). However, in the present study, experiments were

conducted in Ca2þ -containing medium as the responses to

both agonist and voltage rapidly decline in Ca2þ -free

solution due to depletion of intracellular IP3-dependent

Ca2þ stores. In contrast to a clear effect on the plateau phase

of the ADP-evoked response, the initial agonist-evoked Ca2þ

increase was not enhanced by a depolarizing shift in the

holding potential over a similar voltage range (�75 to

þ7.5 mV; P40.05; Figure 1c). Indeed, a depolarizing shift

in holding potential produced a small, general decrease in

peak initial response, which became significant between the

extreme holding potentials of �102.5 and 7.5 (Po0.05). This

probably reflects the reduced driving force for Ca2þ entry as

the response to agonist results from a combination of store

release and Ca2þ influx (Mahaut-Smith et al., 1999).

To date, experiments have only explored the effect of

membrane potential changes during application of a single

concentration of ADP (1mM), which is close to the reported

EC50 value for Ca2þ responses in platelets (Hall and Hourani,

1993). As shown in Figures 2a and b, depolarization-evoked

Ca2þ increases were induced across a wide range of effective

ADP concentrations, from threshold (0.03 mM) to supra-

maximal (100 mM) levels. However, the depolarization-de-

pendent Ca2þ increase displayed an inverse relationship

with agonist concentration (Figure 2c). The ability of

membrane potential to potentiate P2Y1 receptors, as assessed

from the ratio of the peak initial [Ca2þ ]i increase for

depolarization versus agonist, was on average, 2.43-, 0.55-

and 0.13-fold at 0.03, 1 and 100 mM ADP, respectively. A

further striking observation was that, although a proportion

of cells (30%; 3/10) failed to respond to the lowest

concentration of ADP tested (0.03 mM ADP), all cells (10/10)

displayed a subsequent marked depolarization-evoked

[Ca2þ ]i increase (Figure 2d). These data highlight the fact

that membrane depolarization is most likely to enhance

cellular responses via P2Y1 receptors during exposure to

near-threshold concentrations of agonist.

Influence of agonist potency on voltage-dependence to P2Y1

receptor signalling

P2Y1 receptor agonists display considerable differences in

potency, even between the physiological ligands ADP and

ATP (Hechler et al., 1998; Palmer et al., 1998). Depolarization

was able to potentiate P2Y1 receptors regardless of whether

they were stimulated by a weak, partial agonist such as ATP,

or full, potent agonists such as ADP or 2MeSADP (Figure 3).

However, at a concentration of 1mM, the amplitude of the

depolarization-evoked response varied enormously between

these three agonists, displaying the relative order

ATP4ADP42MeSADP (Figure 3d), which is opposite to their

established order of potency at the P2Y1 receptor (Hechler

et al., 1998; Palmer et al., 1998). Although 1mM 2MeSADP

induced only a small depolarization-evoked response

(58±28 nM, n¼ 7), lowering the concentration of this potent

agonist to near its reported EC50 value (10 nM; Palmer et al.,

1998) resulted in a robust voltage-dependent [Ca2þ ]i
increase (364±61 nM, n¼ 6), which was not significantly
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Figure 1 Depolarization transiently and repeatedly enhances P2Y1

receptor-evoked Ca2þ responses after exposure to the physiological
agonist ADP. (a, b) Intracellular Ca2þ recording (top panels) from a
megakaryocyte under whole-cell voltage clamp during exposure to
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voltage steps from �75 to 5 mV (lower panels) repeatedly stimulated
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different from that induced by 1mM ADP (257±23 nM,

n¼17, P40.05; Figure 3d). The differences in depolariza-

tion-evoked response between agonist species and concen-

tration could not be explained by variations in [Ca2þ ]i level

at the point of application of the voltage step, as this

was comparable for 10 nM 2MeSADP (126±18 nM), 1 mM

2MeSADP (150±14 nM) and 1 mM ATP (119±22 nM), and

only slightly higher for 1mM ADP (204±51 nM). Overall,

the data suggest that the ability of an agonist to induce

voltage-dependence to P2Y1 receptor signalling is primarily
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dependent upon its concentration relative to the EC50 rather

than on its potency per se.

Ability of orthosteric P2Y1 receptor antagonists to induce

voltage-dependent Ca2þ mobilization in the absence of agonist

To explore the potentiation of P2Y1 receptors by membrane

depolarization further, we examined the effects of a variety

of compounds with antagonistic action at this GPCR. An

unexpected finding was that MRS2179 and A3P5PS both

induced the ability of depolarization to mobilize Ca2þ ,

despite having no influence on their own on [Ca2þ ]i (Figures

4a and b). This effect of membrane potential requires the

presence of P2Y1 receptors, as it was not observed in

megakaryocytes from P2Y1-deficient mice (IS Gurung and

MP Mahaut-Smith, unpublished observations). MRS2179

and A3P5PS are structurally related to ATP and ADP (see

Supplementary Information) and act as orthosteric anta-

gonists by competing for the agonist recognition site with-

out inducing a detectable downstream receptor response

(Boyer et al., 1998; Jin et al., 1998). No significant voltage-

dependent Ca2þ release was detected in the absence of

agonist for the non-selective P2 receptor antagonists PPADS

and suramin (Figure 4b), which are structurally unrelated to

ADP and ATP and thus will display less ability to bind to the

agonist recognition site (see Supplementary Information).

However, the ability to induce voltage-dependence to the

P2Y1 receptor was not observed for all adenosine nucleotide

analogues that act as competitive P2Y1 antagonists, as this

effect was not observed for CoA-SH (Coddou et al., 2003)

(Figure 4b). This may be due to the ability of bulky acetyl

b-mercaptoethylamine and pantothenate units on its

b-phosphate to limit access to the agonist-binding pocket

(Coddou et al., 2003).

Effects of combined agonist and antagonist application on voltage

control of P2Y1 receptor signalling

As the outcome of many therapeutic interventions

ultimately depends upon the actions of antagonists in the

presence of a native agonist, we also tested the effect of

combining ADP with various P2Y1 antagonists on voltage

control of Ca2þ release. Robust depolarization-evoked Ca2þ

increases were observed upon co-application of MRS2179,

A3P5PS, PPADS, CoA-SH or suramin (each at 10 mM) and 1 mM

ADP (Figure 5). In the case of MRS2179 and A3P5PS, a

proportion of the response to depolarization could be due to
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the action of the antagonist alone, as described above.

However, despite causing only a small reduction in agonist

response, 10 mM PPADS, CoA-SH and suramin significantly

amplified the depolarization-evoked Ca2þ release compared

with that in the presence of ADP alone (Figures 5a and b,

Po0.05 for PPADS and CoA-SH, and Po0.01 for suramin).

This unexpected effect was particularly marked for suramin

(Ki at P2Y1 of 4.9±1.6mM; Waldo et al., 2002), where the

depolarization-evoked Ca2þ increase was larger than that

observed during exposure to any concentration of agonist

alone (average 769±146 nM, n¼8 compared with

426±46 nM, n¼10 for 0.03 mM ADP; see Figures 2c and 5a).

One explanation for this effect is that the competition

between agonist and antagonist results in a shift in agonist

binding to near-threshold levels, thereby increasing the

voltage-dependent response as described above. In addition,

as it is unclear precisely how suramin inhibits P2Y receptors

(Boyer et al., 1994; Ralevic and Burnstock, 1998), this

compound may enhance P2Y1 voltage-dependence through

further undetermined mechanisms.

Effect of allosteric modulators on voltage control of P2Y1 receptor

signalling

A number of reports have recently highlighted the enormous

pharmacological potential of compounds that act via an

allosteric mechanism because, in contrast to orthosteric

ligands, they are not restricted by a structural requirement

to bind within or near the agonist recognition site (see for

example Christopoulos and Kenakin, 2002). We therefore

investigated the voltage-dependent actions of PIT, an

allosteric enhancer of P2Y1 receptor responses, and the

thiadiazole compound SCH202676, suggested to be an

allosteric inhibitor of a number of GPCRs (Fawzi et al.,

2001; Gao et al., 2004a). At a concentration known to

potentiate P2Y1 receptor responses (1 mM) (King et al., 1996),

PIT had no effect on [Ca2þ ]i at a constant holding potential

(data not shown). However, it induced depolarization-

evoked release of Ca2þ in the absence of agonist

(Figure 6a). It also allowed robust Ca2þ responses to

depolarization in the presence of ADP (Figure 6a). In

contrast, SCH202676 (10 mM) was unable on its own to

induce depolarization-evoked Ca2þ responses. Importantly,

SCH202676 virtually eliminated the voltage-dependent

Ca2þ response to 1mM ADP (Figure 6a), even when co-

applied with the agonist (Figure 6b). To date, this represents

the only compound with a proposed antagonistic action at

P2Y1 receptors that is capable of inhibiting the depolarization-

evoked Ca2þ increase induced by ADP.

Discussion and conclusion

GPCR-dependent cellular signalling normally results from

the binding of an extracellular agonist to a specific recogni-

tion site on the receptor. The concept that members of this

major family of surface receptors are also controlled by the

transmembrane potential has been around for some

time (Itoh et al., 1992; Ganitkevich and Isenberg, 1993;

Bolton and Zholos, 2003), but only recently supported by

substantial experimental evidence (Mahaut-Smith et al.,

1999; Ben Chaim et al., 2003, 2006; Martinez-Pinna et al.,

2005). The present study now provides evidence for situa-

tions where a change in membrane voltage may exert its

most significant effect on signalling via P2Y1 and similar

receptors, both physiologically and pharmacologically. First,

although depolarization can potentiate P2Y1 receptor-

evoked Ca2þ responses following exposure to a wide range

of agonist concentrations, the greatest potentiating effect of

voltage is observed at the lowest effective agonist concentra-

tions. Given the widespread presence of P2Y1 in adult and

developing tissues (Burnstock and Knight, 2004), and the

fact that ATP is co-secreted with acetylcholine or noradrena-

line in a variety of excitable tissues (Burnstock, 2004), this

effect of membrane potential represents a potentially

important means whereby purinergic responses can be

modified by electrogenic influences, such as ionotropic

receptor activation or trains of action potentials. Depolariz-

ing steps are also able to induce Ca2þ responses in the

presence of a subthreshold agonist concentration

(Figure 2d), therefore, voltage control of GPCRs can be

considered as a mechanism of ‘coincidence detection’.

Coincidence detection between cellular signalling pathways

may have roles in multiple physiological responses, ranging

from secretion to synaptic plasticity (Denk et al., 1996; Kang

et al., 2005). A second consequence of the voltage-depen-

dence to P2Y1 receptors is its induction or amplification by

antagonists. This could contribute to side effects when

blockers are used therapeutically or as pharmacological

tools. In this respect, it is worth noting that suramin is

widely used as an antiparasitic, anti-HIV and anticancer
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agent and is recognized to have a number of side effects

(Voogd et al., 1993).

One noticeable property of the [Ca2þ ]i response induced

by depolarizing voltage steps is that it takes the form of a

transient increase or a brief series of spikes (Figures 1–5; see

also Mahaut-Smith et al., 1999; Mason et al., 2000). To some

extent, this temporal pattern may reflect the properties of

the underlying IP3-dependent Ca2þ mobilization process.

However, a series of depolarizing steps can repeatedly induce

Ca2þ spikes, and hyperpolarizations can repeatedly induce

transient decreases in [Ca2þ ]i from an elevated agonist-

induced plateau level (Mason et al., 2000; Martinez-Pinna

et al., 2004). These properties suggest that P2Y1 receptors

more readily detect a change in transmembrane potential as

opposed to the steady-state potential, which may explain

why there was no detectable effect of a depolarizing shift in

the holding potential on the initial P2Y1 receptor response

(Figure 1). As depolarizations exert a greater potentiating

effect on IP3-dependent Ca2þ release compared with the

inhibitory influence of equivalent amplitude hyperpolariza-

tions (Martinez-Pinna et al., 2004), the ability to detect a

change in membrane potential would allow physiological

voltage waveforms such as action potentials to more

effectively amplify signalling via voltage-dependent

Gaq-coupled receptors. Indeed, cardiac action potentials are

able to stimulate [Ca2þ ]i transients via P2Y1 receptors at a

slow frequency of 0.2 Hz, and when applied at a normal

resting frequency (e.g., 1 Hz) result in a sustained plateau

increase in [Ca2þ ]i (Martinez-Pinna et al., 2004).

Evidence from our laboratory using P2Y1 receptor-defi-

cient cells (Martinez-Pinna et al., 2005), and from Ben Chaim

et al. (2003, 2006) using heterologously expressed muscarinic

receptors, suggest that the main voltage sensor lies at the

level of the receptor rather than a downstream component of

the GPCR signalling cascade. It is clear that the ligand-free

form of the P2Y1 receptor is not significantly voltage-

dependent (this study, Mahaut-Smith et al., 1999 and

Martinez-Pinna et al., 2004, 2005). In terms of underlying

mechanism, the requirement for bound ligand and also the

inverse relationship between voltage-dependence and ago-

nist concentration can be accounted for by voltage control of

affinity and/or efficacy. The absolute meaning of these terms

can vary between laboratories, but affinity is probably best

defined as the ability of a ligand to bind to the inactive

receptor, and efficacy is best defined as the ability of a ligand

to induce events downstream of its initial binding (e.g.,

configurational change and heterotrimeric G-protein activa-

tion) that lead to a functional response (Colquhoun, 1998).

The induction of a voltage-dependent Ca2þ response by the

competitive, orthosteric antagonists MRS2179 and A3P5PS

without agonist is most readily explained by an increase in

efficacy. Theoretically, an enhancement of affinity could

contribute by increasing the number of occupied receptors

to a level that can produce a response. However, a role for

enhanced affinity seems unlikely as A3P5PS and MRS2179

lack agonist activity at human P2Y1 even at high concentra-

tions (Boyer et al., 1996; Camaioni et al., 1998). In addition,

in our experiments these antagonists were applied at 10 mM, a

concentration considerably higher than their reported

equilibrium constants at P2Y1 (Waldo et al., 2002; Waldo

and Harden, 2004), and thus where the receptors are already

at maximal occupancy. It is also noteworthy that the

allosteric modulator PIT can induce voltage-dependent

Ca2þ release, yet this compound does not alter binding of

a P2Y1-specific ligand (Spedding et al., 2000; Gao et al.,

2004b). This would suggest that simple alteration of ligand

affinity is not required for the action of voltage on P2Y1

receptors, although it may still contribute for some agonists/

antagonists. Ben Chaim et al. (2003, 2006) have proposed a

mechanism whereby voltage shifts muscarinic receptors

between high- and low-affinity states as a consequence of a

voltage-induced change in conformation of the receptor.

In support of their hypothesis, Ben Chaim et al. (2003, 2006)

detect a change in agonist binding for muscarinic receptors

in radiolabelled ligand studies of multiple oocytes exposed

to different external Kþ concentrations. The Kþ dependence

of ligand binding correlates with a voltage-dependent

shift in ACh-induced downstream signalling for M1 and M2

receptors. However, for P2Y1 receptors, this approach cannot

be employed as the receptor is influenced by external Kþ in a

manner independent of membrane potential changes (Pitt

et al., 2005). Clearly, more direct measurements of agonist

binding and efficacy are required at the single-cell level to

advance our understanding of P2Y1 receptor voltage-

dependence. GPCR intrinsic efficacy can be directly mea-

sured in real time in single cells using FRET (fluorescence

resonance energy transfer) between fluorophores in

positions that detect an agonist-induced conformational

change (Lohse et al., 2003). However, to date no such

detector has been developed for a P2Y receptor. FRET can also

be used to assess GPCR affinity, via interactions between a

fluorescent ligand and an N-terminally tagged fluorophore

(Ilien et al., 2003). Unfortunately, fluorescent P2Y1 ligands

suitable for FRET pairing are not currently available.

In conclusion, the present work demonstrates that

voltage-dependent potentiation of P2Y1 receptors is greater at

low compared with high agonist concentrations, and there-

fore represents a novel mechanism for coincidence detec-

tion. Furthermore, several common P2Y receptor antagonists

can induce or amplify depolarization-evoked Ca2þ increases,

therefore this phenomenon can also be considered as a

potential side effect during therapeutic treatments.
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