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1 Previous studies have indicated the expression of multiple P2Y receptors by rat hepatocytes
although they have not been identi®ed. Here we show by reverse transcriptase-polymerase chain
reaction (RT ±PCR) that rat hepatocytes express mRNA encoding all of the four cloned rat P2Y
receptors (P2Y1, P2Y2, P2Y4 and P2Y6).

2 The e�ects of UTP have been examined on single aequorin-injected rat hepatocytes. The [Ca2+]i
transients induced by UTP were indistinguishable from those induced by ATP in the same cell. The
modulatory e�ects of elevated intracellular cyclic AMP concentration were the same on both UTP-
and ATP-induced [Ca2+]i transients.

3 UDP, an agonist at the P2Y6 receptor, failed to induce transients in hepatocytes, indicating that
functional P2Y6 receptors coupled to increased [Ca2+]i are not expressed.

4 The transients evoked by ADP were more sensitive to inhibition by suramin than those induced
by either ATP or UTP. Within an individual cell, the transients induced by ATP and UTP were
inhibited by the same concentration of suramin. This sensitivity of ATP and UTP responses to
suramin suggests action through P2Y2 rather than P2Y4 receptors.

5 Co-application of 30 mM pyridoxalphosphate-6-azophenyl-2',4'-disulphonic acid (PPADS) caused
a decrease in frequency and amplitude of transients induced by ADP. ATP- and UTP-induced
transients also displayed a decrease in amplitude in response to addition of PPADS, but this was
accompanied by an increase in frequency of transients.

6 In conclusion the data presented here are consistent with the co-expression of P2Y1 and P2Y2

receptors by rat hepatocytes.
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Introduction

The nucleotides ADP, ATP, UDP and UTP act as
extracellular agonists at P2 receptors, a family of cell-surface

receptors which has been divided into two classes based on
modes of signal transduction and subsequently molecular
cloning: the ligand-gated ion channels, or P2X receptors; and
G-protein-coupled, P2Y receptors (Burnstock, 1996). There

are a number of subdivisions of both classes which display
di�erential responsiveness to nucleotide agonists (see Boarder
& Hourani, 1998), and in the absence of selective antagonists

this has formed the basis of pharmacological characterization
of these receptors. The ®ve mammalian P2Y receptor subtypes
cloned to date are all coupled to hydrolysis of phosphatidy-

linositol 4,5-bisphosphate and hence to inositol 1,4,5-trispho-
sphate-mediated release of intracellular Ca2+ stores (Boarder
& Hourani, 1998).

In common with many other cell types (Berridge, 1990),
single rat hepatocytes generate repetitive transients in cytosolic
free calcium concentration ([Ca2+]i) when stimulated with
agonists acting through the phosphoinositide signalling path-

way (Woods et al., 1986; 1987), including ADP and ATP
(Cobbold et al., 1988; Dixon et al., 1990). The duration of the

[Ca2+]i transients is dependent on the receptor species being
activated, so that transients of very di�erent duration can be
recorded from the same individual hepatocyte when stimulated
with agonists acting at di�erent receptors (Woods et al., 1987).

Increasing the agonist concentration increases the frequency of
transients without a�ecting the duration of individual
transients (Woods et al., 1986). The observation that ADP

and ATP induce [Ca2+]i transients of very di�erent duration
provided the ®rst indication that these nucleotides were acting
at distinct receptors on rat hepatocytes (Dixon et al., 1990).

The proposal that hepatocytes express multiple P2Y
receptors was strengthened by reports of further di�erences in
the actions of nucleotides both on single cells (Dixon et al.,

1993; 1995a; Green et al., 1994) and populations of rat
hepatocytes (Keppens & De Wulf, 1991; Keppens et al., 1993;
Keppens, 1993). However, the subtypes present have not been
identi®ed. Here we have investigated by RT±PCR, the

expression of mRNA species encoding the four cloned rat
P2Y receptor subtypes. In single cell studies we have
investigated the e�ect of extracellular UTP and compared it

with the e�ect of ATP in the same aequorin-injected
hepatocyte. We have also examined the e�ect of UDP, the
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most potent agonist at the P2Y6 receptor subtype, and the
antagonists suramin and pyridoxalphosphate-6-azophenyl-
2',4'-disulphonic acid (PPADS). These studies provide informa-

tion about the P2Y subtypes expressed by rat hepatocytes.

Methods

Hepatocyte preparation

Hepatocytes were isolated from fed, male Wistar-strain rats
(150 ± 250 g) by collagenase perfusion as described previously
(Woods et al., 1987). Brie¯y, the hepatic portal vein was

cannulated and during an initial Ca2+-free perfusion, the liver
was dissected out of the animal. The liver was subsequently
perfused on a re-circulating basis for 15 min with collagenase

(0.04% w v71) and Ca2+ (3.8 mM). The perfusion rate was
30 ml min71 throughout. A puri®ed population (95 ± 98%) of
parenchymal cells was obtained through di�erential centrifu-
gation.

Reverse transcriptase-polymerase chain reaction

Total RNA was prepared from *46106 primary rat
hepatocytes (n=3) using Trizol, according to the manufac-
turer's instructions, and was treated with RNase-free DNaseI

for 15 min at 378C and then re-extracted with Trizol. First
strand cDNA was prepared from 5 mg RNA using an
oligo(dT) 18 primer and Moloney-murine leukaemia virus

reverse transcriptase in a 40 ml reaction volume, according to
the manufacturer's instructions. Reverse transcriptions were
also performed in the absence of reverse transcriptase as a
control for contaminating DNA. PCR reactions for the four

rat P2Y receptors (P2Y1, P2Y2, P2Y4 and P2Y6) were
performed with speci®c primer pairs designed to amplify
partial cDNAs from each sequence: P2Y1F 5'-
TGGTGGCCATCTCCCCTATTCTCTT-3'; P2Y1R 5'-
ATCTCGTGCCTTCACAAACTC- 3'; P 2Y2F5'-TTCCA-
CGTCACCCGCACCCTCTTATTACT-3'; P2Y2R5'-CG-

ATTCCCCAACTCACACATACAAATGATTG-3'; P2Y4

F5' CTTCTCTGCCTGGGTGTTTGGTTGGTAGTA-3';
P2Y4R 5'-TCCCCCGTGAAGAGATAGAGCACTGGA-3';
P2Y6F 5'-GCCAGTTATGGAGCGGGACAATGG-3';
P2Y6R 5'-AGGAACAGGATGCTGCCGTGTAGGTTG-3'.

PCR reactions were performed using 7.5% (v v71) of each
®rst strand cDNA reaction and 15 pmol of each subtype-

speci®c forward and reverse primer, using 2.5 units of Biotaq
with the bu�er supplied, 200 mM of each deoxy-nucleotide
triphosphate and 1.5 mM MgCl2. Ampli®cation conditions

were 60 s at 948C, 30 s at 608C, 45 s at 728C for 35 cycles and
®nally 10 min at 728C. Control ampli®cations were performed
in parallel using plasmid DNA (5 ng) encoding each receptor

subtype, the 7RT cDNA synthesis and a reaction from which
template was excluded. Ampli®cation products (10 ml) were
resolved on a 2% (w v71) agarose gel by electrophoresis. PCR
products were sequenced directly using an automated DNA

sequencer to con®rm their identity.

Preparation of single cells

After harvesting the cells were incubated at 378C at low density
(*103 cells ml71) in 2% type IX agarose in William's medium

E (WME). Single hepatocytes were transferred to 0.1 mm path
length microslides containing 1% type VII agarose which was
subsequently gelled at 48C for 2 min. The cells were then held
at 378C under a layer of liquid para�n.

Aequorin preparation

An exhaustive description of the aequorin technique is

provided in Cobbold & Lee (1991). A stock solution of
aequorin was prepared by dissolving 1 mg aequorin in 15 ml of
Ca2+-free bu�er (EDTA 10 mM, PIPES 10 mM, pH 7.0).
Small aliquots (*200 nl) were dialysed on a micro-scale

against injection bu�er (KCl 150 mM, PIPES 1 mM, EDTA
100 mM, EGTA 25 mM), to reduce the concentrations of KCl
and EDTA. The dialysed aequorin was held as a droplet under

liquid para�n.

Microinjection procedure and data acquisition

Freshly-pulled pipettes were ®lled with aequorin by dipping
the tip for a few seconds in the aequorin droplet. Individual

hepatocytes were injected to approximately 0.5% of the cell
volume, and transferred in the microslide to a perfusable cup
held at 378C, positioned under a cooled, low-noise photo-
multiplier, and continuously superfused with WME, to which

agonists were added. Photon counts were sampled every 50 ms
by computer. At the end of an experiment, the total aequorin
content of each cell was determined by discharging the

aequorin by lysing the cell. The data were normalized
retrospectively by computer, by calculating the photon counts
per second divided by the total counts remaining. In vitro

calibration data of the aequorin signal in terms of [Ca2+]i were
calculated by determining the rate of consumption of aequorin
in Ca2+-EGTA bu�ers mimicking the intracellular milieu, with

[Ca2+] ranging from 1078
M to 1075

M, and 1 mM free Mg2+

(Cobbold & Lee, 1991). The computed fractional rate of
aequorin consumption could then be plotted as [Ca2+]i using
exponential smoothing with time constants: for resting [Ca2+]i,

12 s; for transients, 1 s.

Materials

Aequorin was provided by Prof O. Shimomura (Marine
Biological Laboratory, Woods Hole, MA, U.S.A.). Collage-

nase was obtained from Boehringer and WME from Gibco
BRL. Agarose and nucleotides were purchased from Sigma,
suramin from Calbiochem and PPADS from Tocris Cookson.
Intracellular cyclic AMP levels were raised by addition of the

cell permeant analogue of cyclic AMP, dibutyryl cyclic AMP.
A stock solution of UDP (1 mM) was pre-incubated with
hexokinase (10 units ml71; Sigma) and 22 mM glucose for 1 h

to remove contaminating UTP (Nicholas et al., 1996). Biotaq
was purchased from Bioline U.K., Moloney-murine leukaemia
virus reverse transcriptase, RNase-free DNaseI and Trizol were

all obtained from Gibco BRL. Oligonucleotides were
synthesized by Genosys. All other molecular biology reagents
were obtained from Sigma.

Results

Expression of mRNA for P2Y receptor subtypes

cDNA derived from rat hepatocytes was subjected to 35 cycles

of PCR ampli®cation using oligonucleotide primers speci®c for
the four cloned rat P2Y subtypes (P2Y1, P2Y2, P2Y4 and
P2Y6). PCR products with the predicted sizes for each of the

P2Y receptor subtypes were apparent in the reactions that
included RT, but were absent from those that did not (Figure
1), demonstrating expression of transcripts encoding all four
receptors by rat hepatocytes. Products were also absent from
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reactions where exogenous template was not included (data
not shown). The identity of the ampli®ed products was
con®rmed by sequence analysis.

[Ca2+]i responses of single rat hepatocytes to UTP and
UDP

The application of UTP (0.4 ± 8 mM) to 20 single aequorin-
injected hepatocytes resulted in the generation of repetitive
[Ca2+]i transients in every cell. Here we compared the e�ects of

UTP and ATP in the same cell; in 18 out of 20 cells the
transients evoked by UTP were indistinguishable from those
evoked by ATP. This is illustrated in Figure 2 which

additionally depicts the contrasting transients of short
duration which are invariably induced by ADP.

We then investigated the e�ects of elevated cyclic AMP

levels on [Ca2+]i transients evoked by UTP. We have
previously shown that this experimental protocol has di�erent
modulatory e�ects on ADP- and ATP-induced [Ca2+]i
transients (Green et al., 1994). Thus the peak height and

frequency of transients induced by ADP are enhanced,
whereas ATP-induced transients undergo either an increase in
duration of individual transients or conversion into a sustained

rise (Green et al., 1994). In the present study the e�ect of co-
application of 10 mM dibutyryl cyclic AMP on UTP-induced
transients was investigated in seven cells. In six cells the e�ect
was found to be the same as that previously observed for ATP-

induced transients; UTP-induced transients were prolonged
(four cells), or converted into a sustained rise (two cells) as
illustrated in Figure 3. In our previous study we showed that

raising cyclic AMP concentrations by direct activation of
adenylyl cyclase with forskolin had the same modulatory e�ect
on ATP-induced [Ca2+]i transients, thus arguing against a non-

speci®c action of dibutyryl cyclic AMP.
The e�ect of UDP was investigated in three cells. Due to the

high concentrations of agonist used, the UDP stock was

treated with hexokinase to remove contaminating UTP
(Nicholas et al., 1996). In all three cells 100 mM UDP had no
e�ect on [Ca2+]i (data not shown).

E�ects of suramin on [Ca2+]i transients induced by
ADP, ATP and UTP

Experiments with suramin revealed that ADP-evoked [Ca2+]i
transients were more sensitive to inhibition by this antagonist
than those evoked by either ATP or UTP. Thus co-application

of 25 mM suramin to hepatocytes stimulated with ADP resulted
in the inhibition of transients in ®ve out of ten cells as
illustrated in Figure 4. In three out of ten cells this dose of

suramin caused a decrease in frequency of transients and the
remaining two cells were una�ected by this treatment. In
contrast, the same concentration of suramin inhibited ATP-
induced transients in only one/®ve hepatocytes. In three out of

®ve cells the oscillatory response to ATP was una�ected by
25 mM suramin, with the remaining cell displaying transients at
a reduced frequency. UTP-induced transients were una�ected

by 25 mM suramin in two cells as shown in Figure 5.
The di�erential sensitivity to suramin of ADP-induced

[Ca2+]i transients compared with those induced by ATP (or

UTP) is more clearly illustrated at 50 mM suramin. This
concentration of antagonist abolished the ADP-induced
transients in six out of eight cells, with the remaining cells
displaying transients at lower frequency. However, ATP-

Figure 1 RT±PCR analysis of P2Y receptor transcripts present in
primary rat hepatocytes. Agarose gel electrophoresis of PCR
products, see Methods for further details. (M), size markers: 1 Kbp
ladder, appropriate sizes are indicated. For each receptor ampli®ca-
tion lane 1 is a PCR reaction using the appropriate plasmid construct
as template, lanes 2 and 3 incorporate cDNA syntheses where reverse
transcriptase was present or absent respectively. The ®gure is
representative of three independent experiments.

Figure 2 [Ca2+]i transients induced by 1.5 mM UTP in a single
aequorin-injected hepatocyte are indistinguishable in terms of
duration from those induced by 2.5 mM ATP. In contrast 5 mM
ADP induced transients of much shorter duration. The break in
the x-axis represents a period of 15 min during which the cell was
superfused with WME alone. This result is representative of records
from 18 cells.

Figure 3 E�ect of elevated intracellular cyclic AMP concentration
on [Ca2+]i transients induced by UTP. Application of the cell-
permeant analogue of cyclic AMP, dibutyryl cyclic AMP (dbcAMP),
resulted in the conversion of transients induced by 2.5 mM UTP into a
sustained rise in [Ca2+]i.
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induced transients were inhibited in only two out of eight
hepatocytes by 50 mM suramin. The remaining six cells
continued to produce transients, (Figure 5) although their

frequency was decreased in ®ve. Similarly, UTP-induced
[Ca2+]i transients were una�ected by 50 mM suramin in two
cells as shown in Figure 5. This ®gure additionally illustrates
that in an individual cell the same concentration of suramin was

required to inhibit transients induced by both ATP and UTP.
At higher concentrations (75 ± 100 mM) suramin abolished

the ATP- and UTP-induced [Ca2+]i transients in all cells (see

Figure 5). This was not due to a non-speci®c e�ect of suramin
on the phosphoinositide signalling pathway as transients
induced by the a1-adrenergic agonist, phenylephrine were

una�ected by the application of 100 mM suramin in three cells
(data not shown). The e�ects of suramin were largely
reversible; the observed decrease in frequency or abolition of

transients was reversed in 12 out of 16 cells, with transients

produced at the original frequency upon removal of suramin
(see Figures 4 and 5).

E�ects of PPADS on [Ca2+]i transients induced by
ADP, ATP and UTP

The e�ect of 30 mM PPADS was investigated in ®ve cells

producing transients in response to ADP. This concentration
of PPADS has previously been shown to competitively block
the rat P2Y1 receptor (Schachter et al., 1997). As illustrated in

Figure 6, co-application of PPADS resulted in a prompt
decrease in frequency of transients in all ®ve cells, and a
concomitant decrease in peak height was seen in four of these

cells. The e�ects of PPADS were largely reversible; peak height
was restored in all ®ve cells upon removal of PPADS.
However, as depicted in Figure 6, transient frequency only

partially recovered.

Figure 4 Inhibition of ADP-induced [Ca2+]i transients by suramin.
A single hepatocyte responded to 1 mM ADP with typical transients
of short duration. The application of 25 mM suramin led to the
prompt inhibition of transients. Transients were restored when
suramin was removed.

Figure 5 E�ect of suramin on transients induced by UTP and ATP. Transients evoked by 3 mM UTP in a single hepatocyte were
una�ected by the application of 25 or 50 mM suramin, but were inhibited when the concentration was increased to 75 mM. In the
same cell the transients induced by 3 mM ATP were similarly una�ected by 50 mM suramin, but were blocked by 75 mM suramin.
Inhibition of transients induced by ATP and UTP by the same concentration of suramin was observed in three out of three cells.
The break in the x-axis represents a period of 30 min during which the cell was superfused with WME alone.

Figure 6 E�ect of PPADS on transients induced by ADP. The
application of 30 mM PPADS to a single hepatocyte responding to
2 mM ADP resulted in a decrease in frequency and amplitude of
transients. When PPADS was removed transient amplitude was
restored, but recovery of transient frequency was only partial.
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A similar decrease in peak height was observed for
transients induced by ATP (two out of three cells) or UTP
(three out of three cells). However, in contrast to the decrease

in frequency of ADP-induced transients, co-application of
30 mM PPADS led to an increase in frequency of ATP- (three
out of three cells) or UTP-induced [Ca2+]i transients (three out
of three cells) as illustrated in Figure 7. These e�ects were not

reversed upon removal of PPADS in the continued presence of
agonist. However, following a 10 ± 15 min wash, re-application
of agonist gave rise to transients at the original frequency and

amplitude in every cell (data not shown). The same
concentration of PPADS had no e�ect on either the frequency
or peak height of transients induced by phenylephrine (three

out of three cells; data not shown).

Discussion

The molecular biology studies described here demonstrate that
transcripts for all four of the cloned rat P2Y receptors (P2Y1,

P2Y2, P2Y4 and P2Y6) are expressed by rat hepatocytes.
However, results from single cell studies suggest that not all of
these transcripts are translated into functional receptors, or

that these receptors are expressed but are coupled to a
signalling pathway other than [Ca2+]i. A similar ®nding was
reported by Scho¯ et al. (1999) for two human hepatoma cell

lines, Hep G2 and HuH-7; mRNA for all four of the P2Y
receptors for which they tested was detected, yet the results of
Ca2+i studies demonstrated that not all of these were

functionally expressed.

Evidence for expression of P2Y1 receptors by rat
hepatocytes

Similarities in the [Ca2+]i transients evoked by ADP and 2-
MeSATP in single aequorin-injected rat hepatocytes indicate

that these nucleotides act at a common receptor, which has an
agonist pro®le characteristic of the P2Y1 receptor (Dixon et al.,
1995b). In populations of rat hepatocytes the e�ects of ADPbS
resemble those of 2-MeSATP, again consistent with action
through a P2Y1 receptor (Keppens & DeWulf, 1991; Keppens
et al., 1993). P2Y1 receptor mRNA has been detected in rat
liver (Tokuyama et al., 1995) and the RT±PCR studies

reported here con®rm the expression of transcripts for the
P2Y1 receptor by rat hepatocytes. Scho¯ et al. (1999) detected

mRNA for the P2Y1 receptor in the human hepatoma cell
lines, Hep G2 and HuH-7. These cells were however,
unresponsive to ADP, indicating that functional receptors

were not expressed. Cell lines derived from hepatomas di�er
substantially in their properties to primary hepatocytes, and
di�erences in receptor expression are therefore not unexpected.
Unfortunately, although primary human hepatocytes were

also included in their study, the e�ect of ADP on this cell type
was not determined (Scho¯ et al. 1999).

[Ca2+]i transients induced by ADP were more readily

abolished by suramin than those evoked by either ATP or
UTP. This is consistent with ADP acting at the P2Y1 receptor;
antagonism by suramin is most potent at this P2Y subtype

(Boarder & Hourani, 1998). The rat P2Y1 receptor is
competitively inhibited by PPADS in both native (Hansmann
et al., 1997; Ralevic & Burnstock, 1996; Vigne et al., 1998) and

transfected systems (Schachter et al., 1997). The inhibitory
e�ects of PPADS on ADP-induced transients therefore also
indicate that the e�ects of ADP are mediated by a P2Y1

receptor. In a recent study Vigne et al. (1998) reported that in

rat brain capillary endothelial cells and rat ileal myocytes,
inhibition of the P2Y1 receptor by PPADS was only observed
when cells were pre-equilibrated with the antagonist; PPADS

was inactive when added at the same time as ADP. Here,
PPADS acted promptly to modulate ADP-induced [Ca2+]i
transients when co-applied with agonist; the reason for this

di�erence is unclear.

Evidence for expression of P2Y2 receptors

Keppens et al. (1992) reported similarities in the e�ects of ATP
and UTP on populations of rat hepatocytes and concluded
that these agonists act at a common receptor. Primary human

hepatocytes have also been shown to respond similarly to ATP
and UTP (Scho¯ et al., 1999). Here we show that within the
same individual hepatocyte, ATP and UTP induce [Ca2+]i
transients that are indistinguishable in terms of duration.
Furthermore, transients induced by both nucleotides were
modulated similarly by elevated intracellular cyclic AMP

levels. The observed modulatory e�ect is in contrast to the
e�ect on transients induced by either ADP (Green et al., 1994)
or 2-MeSATP (Dixon et al., 1995b). The possible mechanisms
underlying the receptor-speci®c regulation of the hepatocyte

Ca2+ oscillator by increased cyclic AMP levels have been
discussed previously (Green et al., 1994). The similarity in the
modulation of ATP- and UTP-induced transients is consistent

with the proposal that these nucleotides share a receptor(s) on
rat hepatocytes. This is further strengthened by the demonstra-
tion that the same concentration of suramin is required to

inhibit transients induced by both ATP and UTP in an
individual cell, and also by the similarity of the e�ect of
PPADS.

It has recently been shown that in common with the P2Y2

receptor, the rat homologue of the P2Y4 receptor is activated
equipotently by ATP and UTP (Bogdanov et al., 1998; Webb
et al., 1998). This is in contrast to the human P2Y4 receptor

which displays a marked preference for UTP over ATP
(Communi et al., 1995; Nguyen et al., 1995). Expression by rat
hepatocytes of either (or both) of these subtypes could then

account for the e�ects of ATP and UTP. Indeed transcripts for
both of these receptor subtypes were detected in the RT±PCR
studies described here. However, the antagonist suramin o�ers

some means of discriminating between the involvement of
P2Y2 or P2Y4 receptors. Thus the rat P2Y4 receptor has been
shown to be insensitive to suramin (Bogdanov et al., 1998). In
contrast, the rat P2Y2 receptor is inhibited by suramin (Chen et

Figure 7 E�ect of PPADS on ATP-induced transients. The
application of 30 mM PPADS to a single cell led to a decrease in
amplitude of the transients induced by 2.5 mM ATP. This was
accompanied by an increase in the frequency of transients.
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al., 1996) albeit at higher concentrations than required to
antagonize P2Y1-mediated e�ects (Schachter et al., 1997). The
inhibition of ATP- and UTP-induced [Ca2+]i transients by 75 ±

100 mM suramin therefore suggests that these responses are
mediated by P2Y2 rather than P2Y4 receptors, although a
contribution to the ATP/UTP response by the P2Y4 receptor
can not be completely discounted.

mRNA encoding the P2Y6 receptor was detected by RT±
PCR. However, the lack of e�ect of UDP, the most potent
agonist at this P2Y subtype (Nicholas et al., 1996), suggests

that these transcripts are not translated into functional
receptors in rat hepatocytes.

PPADS has previously been reported to be ine�ective at

both P2Y2 and P2Y4 receptors (Charlton et al., 1996a,b;
Bogdanov et al., 1998). The e�ect of PPADS on ATP- and
UTP-induced [Ca2+]i transients described here therefore

apparently contradicts these earlier ®ndings. However, the
modulatory e�ects observed in single cells may be masked in a
population of cells. Thus considering the total Ca2+ mobilized,
the increase in frequency of transients will compensate for the

decrease in amplitude of individual transients, so that overall
the total Ca2+ released may be unchanged. This study indicates
that caution should be exercised in the use of PPADS as a

selective antagonist for the P2Y1 receptor; ATP- and UTP-
induced e�ects may not be refractory to this antagonist as
suggested by population studies.

With the limited tools available to investigate P2Y receptor
expression it is not possible to determine de®nitively which
receptors are expressed by a given cell type. However, the use

of single cells as described here avoids some of the
complications that a�ict this ®eld. The single hepatocyte is
held in isolation from any other cells, and is constantly

superfused with medium which provides a continuous supply
of fresh agonist and simultaneously removes any breakdown
products. Hydrolysis and inter-conversion of nucleotides by
extracellular enzymes which must be accounted for in a cell

population, is therefore not an issue (Harden et al., 1997). In
addition, the [Ca2+]i transients studied are generated at
concentrations of agonist very close to the threshold for a

response. This threshold concentration is similar for all
nucleotide agonists which evoke transients. It is therefore
extremely unlikely that the e�ects described are due to

nucleotides contaminating the agonist stock which is a
complicating factor in the interpretation of studies employing
high doses of nucleotides (Nicholas et al., 1996; Leon et al.,

1997). In conclusion these studies provide evidence that rat
hepatocytes co-express P2Y1 and P2Y2 receptors. However,
involvement of the P2Y4 receptor in the response to ATP and
UTP can not be fully discounted. The de®nitive test of these

conclusions awaits the advent of receptor-speci®c antibodies
and selective ligands/antagonists.
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T.E. Webb and A.K. Green), and to Dr Michael Boarder for
providing facilities for the molecular biology studies. This paper is
dedicated to the memory of Dr Antonio Sanchez-Bueno.
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