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1 G protein-linked P2Y nucleotide receptors are known commonly to stimulate the phosphoinosi-
tide signalling pathway. However, we have previously demonstrated that the cloned P2Y2, P2Y6 and
P2Y1 receptors couple to neuronal N-type Ca2+ channels and to M-type K+ channels. Here we
investigate the coupling of recombinant, neuronally expressed rat- and human P2Y4 receptors
(rP2Y4, hP2Y4) to those channels.

2 Rat sympathetic neurones were nuclear-injected with a P2Y4 cDNA plasmid. A subsequent
activation of rP2Y4 or hP2Y4 by UTP (100 mM) in whole-cell (ruptured-patch) mode produced only
about 12% inhibition of the N-type Ca2+ current (ICa(N)). Surprisingly, in perforated patch mode,
UTP produced much more inhibition of ICa(N) (maximally 51%), with an IC50 value of 273 nM. This
inhibition was voltage-dependent and was blocked by co-expression of the bg-binding transducin
Ga-subunit. Pertussis toxin (PTX) pretreatment also suppressed ICa(N) inhibition.

3 UTP inhibited the M-current, recorded in perforated patch mode, by (maximally) 52%, with
IC50 values of 21 nM for rP2Y4 and 28 nM for hP2Y4. This inhibition was not a�ected by PTX
pretreatment.

4 With rP2Y4, ATP inhibited the M-current (IC50 524 nM, 26 times weaker than UTP), whereas
ATP had no agonist activity at hP2Y4. This suggests a di�erence in agonist binding site between
rP2Y4 and hP2Y4.

5 We conclude that, in contrast to other nucleotide receptors studied, the P2Y4 receptor couples
much more e�ectively to M-type K+ channels than to Ca2+ channels. Coupling to the Ca2+ channels
involves the bg-subunits of Gi/o-proteins and requires a di�usible intracellular component that is lost
in ruptured-patch recording.
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Introduction

The P2Y receptors are G-protein-linked nucleotide receptors
(North & Barnard, 1997). The family of vertebrate P2Y
receptors has nine or so members (depending on the

assignment made of species orthologues) cloned and
recognized (Barnard & Simon, 2001). At the great majority
of these, including the four discussed here, the P2Y1, P2Y2,

P2Y4 and P2Y6 receptors, their agonists stimulate inositol
trisphosphate (IP3) production and mobilization of intracel-
lular Ca2+. P2Y receptor activity has been frequently

observed in non-neuronal cells and in recombinant-trans-
fected cell lines (reviewed by Ralevic & Burnstock, 1998), but
transduction pathways have not been studied for molecularly

identi®ed P2Y receptors in neurones.
An exception to this is that P2Y1, P2Y2 and P2Y6

receptors, when expressed in rat superior cervical ganglion
(SCG) neurones by nuclear injection of each cDNA, couple

with high agonist potency to both N-type Ca2+ channels and
M-type K+ channels (Filippov et al., 1997; 1998; 1999; 2000).
Those studies showed that P2Y receptors inhibit the Ca2+

channel current using apparently distinct G-proteins which
are either sensitive or insensitive to Pertussis toxin (PTX),
while they inhibit the M-channel current using only a PTX-

insensitive G-protein. Since these ion channels can control
neurotransmitter release and excitability, this modulation of
ion channels by nucleotides is likely to be of physiological

importance in the brain if these receptors are expressed there.
Indeed, P2Y1 receptors are expressed in high abundance in
many brain regions and their neuronal localization has been

demonstrated (Barnard et al., 1997; Webb et al., 1998a;
Moore et al., 2000; Moran-Jimenez & Matute, 2000). In
contrast, no evidence was found for P2Y4 expression in brain

neurones, although it occurs in some other cell types in the
brain (Webb et al., 1998b), including neonatal cortical
astrocytes (Lenz et al., 2000). It is therefore of interest to
know if it lacks the ability to couple to those neuronal ion

channels, a question investigated here in the SCG expression
system.

The P2Y4 receptor was cloned ®rst from human placenta

(Communi et al., 1995) and from genomic human DNA
(Nguyen et al., 1995); a similar sequence was demonstrated in
rat heart (Webb et al., 1996; Bogdanov et al., 1998) and was
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also cloned and expressed from rat brain (Webb et al.,
1998b). The rat brain P2Y4 receptor has 84% amino acid
sequence identity with human P2Y4 (90% in the combined

transmembrane regions and extracellular loops) and 50%
homology with the rat P2Y2 receptor. As with the P2Y2

receptor, inositol phosphate accumulation stimulated by
P2Y4 was partially sensitive to Pertussis toxin, suggesting a

parallel involvement of two distinct G-proteins (Communi et
al., 1996). We ®nd now that channel interactions of the P2Y4

receptor provide further information on multiple G-protein

pathways for this receptor.
Another interesting feature here is that ATP and UTP are

equipotent agonists in the Ca2+ mobilization response of the

rat P2Y4 receptor expressed in transfected cell lines, but at
the human P2Y4 receptor, ATP is not an agonist and can
even be an antagonist (Webb et al., 1998b; Kennedy et al.,

2000). The mouse P2Y4 receptor has also been described, and
in this respect behaves as the rat receptor (Lazarowski et al.,
2001; Suarez-Huerta et al., 2001). We have investigated also
whether that agonist speci®city applies in the channel

coupling of the rat and human P2Y4 receptors.

Methods

cDNA Plasmids

The rat P2Y4 receptor (rP2Y4) cDNA was as described
previously (Webb et al., 1998b); the human P2Y4 receptor

(hP2Y4; Communi et al., 1995) was a gift from J.M.
Boeynaems and B. Robaye (Brussels). Each was cloned into
the pcDNA3.1 vector (Stratagene) and checked by re-
sequencing. Plasmids were stored at 7208C for injection in

sterile 10 mM Tris /1 mM EDTA, pH 8 (TE solution).

Cell isolation and DNA injection

Isolation and injection procedures were similar to those
described previously in detail (Filippov et al., 1997; 1998).

Brie¯y, single SCG neurones were isolated from 15 ± 19-day-
old rats. Cells were plated on glass coverslips coated with
laminin/poly-L-lysine and incubated at 378C for 4 ± 6 h prior
to DNA injection. The plasmid, in sterile TE solution (90 ±

118 ng ml71), was microinjected into the nucleus. The
enhanced green ¯uorescent (mutant S65T) protein (GFP)
cDNA in pcDNA3 (Clontech) was co-injected (10 ±

50 ng ml71) to identify later the cells with successful
expression. Transducin Ga subunit cDNA cloned into
pcDNA3 (200 ng ml71) was also co-injected where stated.

These cells were incubated at 378C for 14 ± 24 h prior to
electrophysiological recording.

Electrophysiology and data analysis

Membrane currents were recorded from GFP-labelled
neurones at room temperature (20 ± 228C) in Krebs' solution

continuously-¯owing at 20 ± 25 ml min71, using a discontin-
uous (`switching') ampli®er (Axoclamp 2B) sampling voltage
at 6 ± 8 kHz. Drugs were applied in this same perfusing

solution (bath exchange rate 41 s); this avoids any change in
nucleotide composition due to enzymic action at the surface
of the cells. Voltage commands were generated and currents

digitized and analysed using `pClamp 8' software (Axon
Instruments, Foster City, U.S.A.).
Currents through voltage-gated Ca2+ channels (ICa), which

in these cells were largely N-type (ICa(N); Filippov et al.,
1997), were recorded using the whole-cell (disrupted-patch)
method or a perforated patch method as described in detail
previously (Filippov et al., 1999). The bathing solution for

ICa(N) recordings consisted of (mM): tetraethylammonium
(TEA) chloride 120, KCl 3, MgCl2 1.5, BaCl2 5, HEPES 10,
glucose 11.1 and 0.5 mM tetrodotoxin (pH adjusted to 7.35

with NaOH). Patch electrodes (2 ± 3 MO) were ®lled with a
solution containing (in mM) CsCl 110, MgCl2 3, HEPES 40,
EGTA 3, Na2ATP 2, Na2GTP 0.5 (pH adjusted to 7.4 with

CsOH). Amphotericin B, 0.125 mg ml71, was added to the
pipette solution for perforated-patch recordings. Currents
were routinely evoked every 20 s with a 50 ± 100 ms

depolarizing rectangular test pulse to 0 mV from a holding
potential of 790 mV. Current amplitudes were measured
isochronally 10 ms from the onset of the rectangular test
pulse, i.e., near to the peak of the control current. To

eliminate leak currents, Co2+ was substituted for Ba2+ in the
external solution at the end of each experiment to block all
Ca2+ channel currents and the residual current was digitally

subtracted from the corresponding currents in Ba2+ solution.
M-type potassium currents, IK(M), were recorded as

described in detail previously (Filippov et al., 1998) using a

perforated-patch method. Patch pipettes (2 ± 3 MO) were
®lled with a solution containing (mM) potassium acetate 90,
KCl 20, MgCl2 3, HEPES 40, BAPTA 0.1, 0.125 mg ml71

amphotericin B (adjusted to pH 7.4 by KOH). The bathing
solution contained (mM) NaCl 120, KCl 3, MgCl2 1.5, CaCl2
2.5, HEPES 10, glucose 11.1 (adjusted to pH 7.3 with
NaOH). Neurones were voltage-clamped at 720 mV or

730 mV and M-currents deactivated with 1 s hyperpolariz-
ing steps at 5 s intervals. Current/voltage (I/V) relationships
were obtained using incremental voltage steps of 10 mV

between 710 and 7100 mV; currents were measured at the
end of each hyperpolarizing step. For dose/response curves,
currents were measured at 730 mV from a steady-state I/V

relationship obtained using a ramp voltage command of 20 s
from 720 to 790 mV. Currents measured were leak
subtracted. The leak component of current was estimated in
both cases by extrapolating a linear ®t to the I/V relationship

from the negative potential region, where only ohmic currents
were observed.
Data are presented as means+s.e.mean. Statistical sig-

ni®cance was veri®ed by Student's test (P40.05). Dose ±
response curves were determined using concentrations added
cumulatively, with 1 min exposure times. Curves were ®tted

(using Origin 5.0 software) to pooled data points using the
equation y=ymaxx

nH/(xnH+KnH) where y=observed % in-
hibition, ymax=extrapolated maximal % inhibition, x=nu-

cleotide concentration (mM), K=IC50 (mM) and nH=Hill
coe�cient.

Chemicals

Uridine 5'-triphosphate (UTP) was from Pharmacia Biotech,
molecular biology grade; it was 99.5% pure and free from

adenine nucleotides. ATP was from Boehringer Mannheim
GmbH (Germany) and was freed from nucleotide diphos-
phates by pre-treatment with creatine kinase/creatine phos-

British Journal of Pharmacology vol 138 (2)

Cloned P2Y4 receptors and ion channelsA.K. Filippov et al 401



phate (Filippov et al., 2000). Purity was veri®ed on samples
by HPLC analysis of nucleotides (Sak et al., 2000).
Guanosine 5'-triphosphate (GTP), (7)-norepinephrine (nor-

adrenaline) bitartrate, EGTA, BAPTA, amphotericin B were
all from Sigma. Oxotremorine-M (OxoM) was from RBI-
Sigma, tetrodotoxin from Tocris, Pertussis toxin (PTX) from
Porton Products (U.K.), CoCl2 (AnalaR grade) from BDH

(U.K.) and BaCl2 and CsCl from Aldrich.

Results

P2Y4 coupling to Ca2+ channels

In contrast to P2Y1, P2Y2 and P2Y6 receptors, in whole-cell
mode activation of the rat- or human P2Y4 receptor by the

agonist UTP produced only a marginal inhibition of Ca2+

channel current, ICa(N), up to 12.5+3.2% at 100 mM (Figure
1A,C). Expression of P2Y4 receptors did not prevent
modulation of ICa(N) by endogenous G-protein linked

receptors, since noradrenaline (10 mM) inhibited ICa via a2
receptors by 41.8+4.1% on the same cells.
Surprisingly, in perforated patch mode, UTP (100 mM)

signi®cantly inhibited the ICa(N) current by 45.1+4.3%
(Figure 1B,C). As with the three other P2Y receptors studied
before (Filippov et al., 1997; 1999; 2000), the decrease of

current was accompanied by a slowed current onset (Figure
1B), suggesting that the inhibition was voltage-dependent.
Voltage-dependence was directly con®rmed, since a strong

depolarizing pre-pulse restored current onset and decreased
inhibition from 47.4+4.5% to 21.5+1.5% (Figure 2).
Pertussis toxin (PTX) pretreatment (0.5 mg ml71, over-

night) dramatically decreased ICa(N) inhibition in perforated

patch mode, to only 9.4+2.4% (Figure 1C). This e�ect was
almost as great as the abolition of a2-adrenergic inhibition of
Ca2+ current by PTX in the same cells (Figure 1C).

Together, the voltage-dependence of P2Y4 mediated ICa(N)

inhibition and the e�ect of PTX suggested the involvement of
bg-subunits of mainly PTX-sensitive Gi/Go proteins (Caul-

®eld et al., 1994; Hille, 1994; Ikeda, 1996; Herlitze et al.,
1996; Delmas et al., 1998a, b). To con®rm bg-subunit
involvement, we introduced the transducin Ga subunit
known to bind bg-subunits and con®rmed to do so to

completion when expressed in SCG neurones (Delmas et al.,
1999). Co-expression of transducin here almost completely
prevented the inhibition of ICa(N) by UTP (Figure 2). Hence,

all of the evidence here demonstrated that ICa(N) inhibition
via P2Y4 receptors is mediated by Gbg subunits.
UTP inhibited ICa(N) with IC50 272.6+129.6 nM (Figure

1D). Thus, the potency of P2Y4 coupling to N-type Ca2+

channels is (for native nucleotide agonists) similar to that of
the P2Y2 receptor but of the order of 50 times less than that

of P2Y1 or P2Y6 (reviewed by Brown et al., 2000).

P2Y4 coupling to M-type K+ channels

As found with the P2Y1, P2Y2 and P2Y6 receptors, activation
of the rat- or human P2Y4 receptor by UTP inhibited the M-
current (as recorded in perforated patch mode) (Figure 3). In

recordings of the M-current (Figure 3A), this inhibition was
evident as a decrease of the holding current pre-activated at
720 mV and as a decrease in the amplitude of the

deactivation tails after stepping to hyperpolarizing voltages
(see Methods). Also, the current measured at the end of the
applied hyperpolarizing steps was decreased at all voltages
within the M-current activation range (Figure 3B). No

voltage dependence of the inhibition occurs. The leak-
subtracted current (see Methods) measured at 730 mV was
decreased by 52.0+4.1% (Figure 3C). This inhibition was

similar to that seen with oxotremorine M (OxoM) acting via
endogenous M1 muscarinic receptors. The P2Y4-mediated
inhibition was not a�ected by PTX pretreatment (Figure 3C).

Figure 1 P2Y4 nucleotide receptors expressed in SCG neurones
after cDNA injection couple to Ca2+ channels in perforated patch
mode but do not couple in whole-cell mode. Ca2+ channel currents
(ICa(N)) were recorded by stepping for 50 ± 100 ms every 20 s from
790 mV to 0 mV and leak-corrected by subtracting currents
remaining after substituting 5 mM Co2+ for Ba2+. Current amplitude
was measured 10 ms from the onset of the test pulse. Records show
superimposed leak-subtracted currents in the absence and presence of
100 mM UTP; plots show the time course of changes in current
amplitude in whole-cell (ruptured patch) mode (A) and in perforated
patch mode (B). Solid bars indicate time of exposure to UTP, Co2+

or 10 mM noradrenaline. (C) Bar charts show the mean inhibition of
ICa(N) amplitude by 100 mM UTP and by 10 mM noradrenaline (NA)
in neurones pretreated with Pertussis toxin (PTX) and in untreated
neurones in whole-cell mode and in perforated patch mode. Bars
show s.e.mean; n=number of cells. (D) Concentration-dependence of
ICa(N) inhibition by UTP in perforated patch mode. Points show
means+s.e.mean of measurements in three cells, concentrations were
added cumulatively, with 1 min exposure times. Curves were ®tted to
pooled data points using Origin 5.0 software to the Hill equation
y=ymax.x

nH/(xnH+KnH) where y=observed % inhibition, ymax=ex-
trapolated maximal % inhibition, x=UTP concentration (mM),
K=IC50 (mM) and nH=Hill coe�cient. Values of Hill constants
(mean+s.e.mean) were as follows: ymax=37.8+4.3%;
K=272.6+129.6 nM; nH=0.8+0.2.
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The inhibition of the M-current by UTP action showed
similar concentration dependence for the rat and human

P2Y4 receptors (Figure 4A). IC50 values were 21.5+4.3 nM
(rat receptor) and 27.8+4.7 nM (human receptor). ATP was
much less e�ective than UTP on the rat receptor in M-

current inhibition (Figure 4A), with an IC50 of 524+273 nM.
The greater variability between cells with ATP was
unavoidable due to some interference from the response to
ATP levels above 1 mM from low but variable levels of

endogenous P2X receptors in SCG neurones (Cloues et al.,
1993). On the human P2Y4 receptor ATP was inactive as an
agonist. For example, 1 mM ATP inhibited the M-current by

17.8+4.7% for rat P2Y4 but by 3.97+2.1% for human P2Y4

(Figure 4B), these values being signi®cantly di�erent (rat) and
not signi®cantly di�erent (human) from controls respectively.

Although ATP has been reported to be an antagonist (KB

708 nM) at human P2Y4 receptors expressed by transfection
into astrocytoma cells (Communi et al., 1996; Kennedy et al.,

2000), in the neurones here any antagonist activity of ATP on
the human receptor was found to be too weak to measure.
Thus, the e�ect of 1 mM UTP in the presence of 1 mM ATP
was indistinguishable from that without ATP (data not

shown). A KB value of the order of 10 mM or greater for ATP
would not be seen in our cells due to the above-mentioned
e�ect of endogenous P2X receptors.

Comparing the actions of preferred agonists on other P2Y
receptors in coupling to the M-type K+ channel (reviewed by
Brown et al., 2000), the potency at P2Y4 is about three times

less than that for the P2Y1 receptor, but it is comparable to

that for the P2Y6 receptor and 75 times greater than that for
the P2Y2 receptor.

Discussion

The results demonstrate that the P2Y4 receptor can, under

appropriate conditions, couple both to N-type Ca2+ channels
and to M-type K+ channels. On the basis of these and our
previous results on other P2Y receptors (P2Y1, P2Y2 and

P2Y6) we can conclude that the ability to couple to these
neuronal ion channels and to inhibit them is a common
attribute of nucleotide P2Y receptors. However, there is a

signi®cant di�erence between the channel coupling of the
P2Y4 receptor and that of the other P2Y receptors studied:
the P2Y4 receptor, alone, couples much more e�ectively to
M-type K+ channels than to Ca2+ channels. M-channels are

13 times more sensitive than Ca2+ channels in this case,
whereas at other P2Y receptors there was, with a given
agonist, either no di�erence or it was small and in the

converse direction (Table 1). Further, the coupling of P2Y4

(but not of the other P2Y receptors ) to the Ca2+ channels is
so vulnerable that it can be observed only in perforated patch

recording mode, where intracellular composition is preserved,
in contrast to the losses by di�usion occurring in whole-cell
mode. This indicates that the P2Y4 receptor action to close

Figure 2 bg-subunits are responsible for P2Y4 mediated inhibition
of Ca2+ channel current. (A) records show superimposed ICa(N)

obtained with a double-pulse voltage protocol (top trace) in the
absence (control) and presence of 100 mM UTP in cells injected with
P2Y4 cDNA alone (upper records) or together with cDNA for
transducin (lower records). (B) The bar-charts show the mean per
cent current inhibition (measured after 10 ms at 0 mV command
potential) produced by UTP before (Prep. 0) and after (Prep. 90) the
+90 mV prepulse in cells injected with P2Y4 cDNA alone (two ®rst
columns) or together with transducin cDNA (two last columns). Note
that the prepulse signi®cantly decreased P2Y4 mediated inhibition of
ICa(N) and eliminated the slowing of the kinetics demonstrating
voltage-dependence of the e�ect in cells expressing P2Y4 alone.
However practically no ICa(N) inhibition and no voltage-dependence
can be seen in cells where bg-subunit bu�ering transducin was co-
expressed with P2Y4 receptor.

Figure 3 Expressed P2Y4 nucleotide receptors couple to the M-type
K+ channels in SCG neurones. (A) traces show the superimposed
membrane currents recorded in perforated-patch mode using a
standard voltage protocol for M-type K+ current (M-current)
measurements (see Methods). M-current was pre-activated by holding
the membrane potential at 720 mV, then deactivated with a series of
1 s hyperpolarizing steps in increments of 10 mV at 5 s intervals. The
dotted line indicates the zero current. Note that UTP decreased an
outward current at the holding potential and reduced the amplitude
of the deactivation tails during the steps. (B) The graph shows the
current amplitude at the end of each 1 s step measured as change
from zero current from records in A. Note that UTP reduced the
outward recti®cation of the current ± voltage curve positive to
770 mV. (C) Bar charts show mean inhibition of M-current at
730 mV by 100 mM UTP and by 10 mM oxotremorine-M (OxoM) in
P2Y4 expressing neurones. The e�ect of UTP is shown in neurones
pretreated with PTX and in PTX-untreated neurones. The e�ect of
OxoM in PTX-untreated neurones is shown for comparison. M-
current was leak-subtracted (see Methods). Bars show s.e.mean;
n=number of cells. Note that PTX pretreatment did not a�ect P2Y4

mediated inhibition of M-current.
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the Ca2+ channel requires the presence of some intracellular

component(s).
It can also be noted that this contrast between the coupling

of the other P2Y receptors to the N-type Ca2+ channel and

the lack of it with the P2Y4 receptor, when all are compared
in whole cell patch-clamping, con®rms that the channel
couplings seen in this neuronal expression system are not

some artefact of an overloading of a foreign receptor, since
those e�ects are seen to di�er greatly between P2Y subtypes.
That di�erence occurs despite the approximately similar

levels of P2Y expression in each case, as judged by the rather
similar maximum extents of inhibition of the M-channel or
Ca2+ channel in all cases (Table 1). Further, both here and
with the other P2Y receptors, that maximum is well below

100% and is similar or less than that attainable by activation
of the native a2-adrenergic or M1 muscarinic receptors in the
same cells (Figures 1C, 3C).

In other cases of rat receptor inhibitory coupling to M-
channels, only a voltage-independent e�ect through a PTX-
insensitive G-protein is involved (Brown et al., 1989; Ikeda et

al., 1995; Jones et al., 1995). This has been identi®ed as the a-
subunit of Gq or G11 (Jones et al., 1995; Haley et al., 1998;
2000). This ®ts the observations on M-channel inhibition by
the P2Y4 receptor and by the other PLC-linked P2Y

receptors we have previously studied. In contrast, almost all
of the P2Y4 modulation of Ca2+ channels is sensitive to PTX.
This, plus its voltage-dependence and its abolition by

transducin Ga co-expression, show the involvement of G
protein bg-subunits, in a direct membrane-delimited action on
the Ca2+ channel. The parent trimeric G protein is presumed

to be one or more of the Go or Gi subtypes, on the basis of
the identi®cations made in parallel behaviour found in rat
SCG neurones with several other receptor types (Delmas et
al., 1999; Jeong & Ikeda, 2000).

When the P2Y4 receptor was expressed by transfection into
astrocytoma cells (Communi et al., 1996) it was reported that
its activation (via UTP) of PLC to form IP3 comprises a

PTX-sensitive (*60% ) and a PTX-insensitive component.
For the PTX-insensitive component of the same response
(due to native P2Y receptors in rabbit smooth muscle cells,

Figure 4 Comparison of UTP- and ATP e�ects on M-current in neurones expressing rP2Y4- and hP2Y4 receptors. (A)
Concentration ± dependence of M-current inhibition by UTP in neurones pre-injected with rP2Y4 cDNA or with hP2Y4 cDNA. Also
e�ect of ATP on rP2Y4 is shown. M-current was recorded using a ramp-voltage protocol, leak-subtracted and measured at 730 mV
(see Methods). Representative original current records before and after adding increasing concentrations of UTP at hP2Y4 are
shown in the inset. Points show means+s.e.mean of measurements in 3 ± 5 cells; concentrations were added cumulatively, with 1 min
exposure times. Curves were ®tted to pooled data points using Origin 5.0 software to the Hill equation (see legend to the Figure
1D). Values of constants (mean+s.e.mean) were as follows: UTP (hP2Y4): ymax=55.3+1.7%; K=27.8+4.7 nM; nH=0.8+0.1;
UTP (rP2Y4): ymax=43.3+1.6%; K=21.5+4.3 nM; nH=0.8+0.1; ATP(rP2Y4): ymax=40.6+5.9%; K=523.7+276.5 nM;
nH=0.8+0.2. (B) Bar charts show mean inhibition of M-current at 730 mV by 1 mM UTP and 1 mM ATP in neurones pre-
injected with hP2Y4 cDNA, or with rP2Y4 cDNA. Bars show s.e.mean; n=number of cells.

Table 1 Sensitivities of M-type K+ currents (M-current) and N-type Ca2+ currents (ICa(N)) in rat sympathetic neurones to agonists
activating expressed P2Y receptors

M-current* ICa(N)
1IC50

2Inhmax
1IC50

2Inhmax

Receptor Agonist (nM) (%) (nM) (%) Reference

P2Y1 ADP 6.9 59 8.2 64 Filippov et al., 2000
P2Y2 UTP 1500 61 500 64 Filippov et al., 1997; 1998
P2Y4 UTP 4105 12.5 This study

UTP 21.5 52 273* 51* This study
P2Y6 UDP 30 63 5.9 53 Filippov et al., 1999

1Mean IC50 from dose ± response curves. 2Maximum inhibition. *Perforated patch.
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activatable by either UTP or ATP ), evidence was obtained to
assign it to PLC-b1 coupling via Gaq/11, and to assign the
PTX-sensitive component to PLC-b3 coupling via Gbgi3
(Murthy & Makhlouf, 1998). This illustrates how, in our
case, the activated P2Y4 receptor could use G-protein bg
subunits in an IP3 pathway and in PTX-sensitive closure of a
Ca2+ channel. It has not been proven that the PLC

stimulation actually mediates the latter event, although
evidence has been provided to suggest that activation of the
PLC/IP3/Ca

2+ pathway may be involved in the PTX-

insensitive inhibition of M current by UTP via native P2Y
receptors that is seen in long-term cultures of ganglion cells
from newborn rats (Bo®ll-Cardona et al., 2000). These two

responses ± PTX-insensitive inhibition of ICa(N) and IK(M) ±
frequently operate in parallel but may, or may not, use
similar downstream signalling pathways (Hille, 1994). How-

ever, the initial transduction stages for the P2Y4 receptor
must be more complex than has hitherto been described,
since they show the ®rst example of a requirement for a
di�usible intracellular component as a co-factor of a bg-
subunit e�ect on Ca2+ channels. Such bg action would be
expected, instead, to be direct and entirely membrane-
delimited (reviewed by Hille, 1994; Ikeda, 1996; Kaneko et

al., 1999). A broad family of di�usible regulators of G-
protein signalling (RGS) is now known (Hepler, 1999), but
thus far their actions on channel responses are known only as

negative regulations. The identity of the positively-acting
factor here will be of interest.
We have observed that, at the rat P2Y4 receptor, both

UTP and ATP are agonists in inhibiting the M-current
whereas, at the human P2Y4 receptor, UTP is an agonist but
ATP is not. This unusual speci®city di�erence is not due to
the linkage to this ion channel, since it was found earlier with

other transductions, i.e. the mobilization of intracellular Ca2+

in P2Y4-transfected cells (Webb et al., 1998b; Kennedy et al.,
2000) and Xenopus oocyte P2Y4 expression (Bogdanov et al.,

1998). This indicates a di�erence within the nucleotide
binding site of the rat and human P2Y4 receptors.
With expressed rat P2Y4 receptors UTP was 26 fold more

e�ective than ATP in inhibiting the M-current, but only
about 2 fold more e�ective in mobilization of intracellular

Ca2+ (Webb et al., 1998b; Kennedy et al., 2000). The lower
ATP potency here cannot be explained by ATP metabolism
since we applied fresh nucleotide solutions for each

measurement, in continuous and fast superfusion over cells
at a low density. Also, UTP was 10 ± 30 times more e�ective
in inhibiting the M-current than in its intracellular Ca2+

response in rat P2Y4-transfected cells, a con®rmation that

there was no more nucleotide triphosphate degradation in
our experiments than in the latter case. The marked
di�erence in the agonist potency ratio for the two actions

does not favour PLC-b activation being the direct precursor
of the M-channel closure for this receptor (cf. Bo®ll-Cardona
et al., 2000), and further tests of the mechanism of the latter

are indicated.
As noted in the Introduction, the P2Y4 receptor has not so

far been shown to occur in central neurones, unlike P2Y1 and

P2Y6, but is prominent in the brain ventricular system,
cardiac and skeletal muscles, some smooth muscles and some
other peripheral sites. It is, therefore, not surprising that its
coupling to the neurone-speci®c N-type Ca2+ channel via G-

protein bg-subunits, imposed on it here, is far less e�cient
than with those other two P2Y receptors, as cited in Results.
Its coupling to the M-type K+ channel is, exceptionally, far

stronger than to the Ca2+ channel. The M-type channel is
now known to be constituted of KCNQ subunits (Wang et
al., 1998; Selyanko et al., 1999; Schroeder et al., 2000).

Members of that subunit family are prominent in other
channels in, e.g., the cardiac sites of P2Y4 receptors. Since all
members of this family can be inhibited by Gq/11-coupled

receptors (Selyanko et al., 2000; Schroeder et al., 2000), M-
channel closure may be a manifestation of the normal non-
neuronal role of the P2Y4 receptor; this may explain its
ability to couple strongly to the M-channel when introduced

in a neurone. This proposal can be tested after co-expressing
P2Y4 and each of a series of KCNQ subunits or their
combinations in a null host cell line.

We thank Christian Lowson for tissue culture. This work was
supported by the Wellcome Trust.
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