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A novel P2-purinoceptor expressed by a subpopulation of
astrocytes from the dorsal spinal cord of the rat

Cheryl Ho, Janice Hicks & l*Michael W. Salter

Division of Neuroscience, Hospital for Sick Children, *Department of Physiology, University of Toronto, Canada

1 Astrocytes from the dorsal spinal cord express P2-purinoceptors which, when stimulated, produce a

rise in the intracellular level of free Ca2+ ([Ca2+Ji). Previously we have found that the P2y class of
receptor is expressed by nearly all astrocytes from the dorsal horn. To determine whether other
metabotropic P2-purinoceptor classes are also present, in this study we investigated the effects of UTP.
2 Application of UTP (1-500 pM, 5-20 s) produced a transient rise in [Ca2"]i in a subpopulation of
astrocytes. The magnitude of the peak increase in [Ca2"]i was dependent upon UTP concentration and
the ECm( was found to be 5.2 +0.2 MM. Ca2+ responses were maximum at 100 MM UTP.
3 The rise in [Ca2+], in response to UTP was not affected by removal of extracellular Ca2+. On the
other hand, application of the sarcoplasmic-endoplasmic reticulum Ca2+-ATPase inhibitor, thapsigargin,
abolished responses to UTP. These findings indicate that UTP stimulates the release of Ca2+ from a

thapsigargin-sensitive intracellular pool.
4 The Ca2` response to UTP was unaffected by treatment with pertussis toxin, suggesting that UTP
responses may be mediated via a pertussis toxin-insensitive G protein.
5 While all cells tested (n= 52) responded to the P2n-ypurinoceptor agonist, 2-methylthio-ATP, only a

subpopulation of astrocytes (n = 67/93) was responsive to UTP. The presence of UTP-sensitive and UTP-
insensitive cells requires the existence of two discrete types of receptor. One receptor, expressed by UTP-
insensitive cells, appears to be activated selectively by 2-methylthio-ATP.
6 To investigate whether UTP and 2-methylthio-ATP activate a common type of receptor in UTP-
responsive cells, a cross-desensitization strategy was used. Desensitization with prolonged exposure to a

high concentration of 2-methylthio-ATP failed to affect responses to UTP and vice versa, indicating that
receptors activated by UTP are distinct from those activated by 2-methylthio-ATP.
7 The P2-purinoceptor antagonist, suramin (100 MM), blocked Ca2' responses to UTP and to 2-
methylthio-ATP.
8 Pyridoxalphosphate-6-azophenyl-2',4'-disulphonic acid (PPADS), has been reported to block
responses mediated by P2x- and P2y-purinoceptors in other systems and therefore we investigated its
effects on responses to 2-methylthio-ATP and to UTP. PPADS was found to block Ca2+ responses to 2-
methylthio-ATP in a concentration-dependent manner with an IC50 of 0.92±0.1 MM. PPADS also blocked
UTP-evoked responses and the IC50 was 7.2+1.9 MM. At a concentration of 10 MM, PPADS produced a

rightward shift in the dose-response curve for UTP and did not affect the maximum response.

9 Calcium responses evoked by the muscarinic agonist, carbachol, were unaffected either by suramin
(100 MM) or by PPADS (50 MM).
10 The present results indicate the presence of a novel class of metabotropic P2u-purinoceptor in dorsal
spinal astrocytes. In contrast to P2y-purinoceptors, the P2u-purinoceptor is expressed only by a

subpopulation of astrocytes and its sensitivity to suramin and PPADS distinguish this receptor from P2U-
purinoceptors found in other tissues.
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Introduction

Adenosine triphosphate (ATP) has been recognized as an in-
tercellular signalling molecule in the peripheral and central
nervous systems (Phillis & Wu, 1981; Stone, 1981; Burnstock,
1990; Salter et al., 1993). In the peripheral nervous system,
ATP appears to mediate fast excitatory junctional potentials at
neuromuscular synapses in the vas deferens (Sneddon et al.,
1982) and vascular smooth muscle (Sneddon & Burnstock,
1984; Benham, 1989), and at neurone-neurone synapses in the
coeliac ganglion (Evans et al., 1992). In the central nervous
system (CNS), neurones in many regions are excited by ATP
(Phillis & Wu, 1981; Jahr & Jessell, 1983; Fyffe & Perl, 1984;
Salter & Henry, 1985; Illes & Norenberg, 1993) and it has been
implicated as a fast excitatory synaptic transmitter in the

medial habenula (Edwards et al., 1992). Responses to ATP are
not restricted to neurones in the CNS; several other types of
cell have been shown to respond to ATP including astrocytes
(Neary et al., 1988; Pearce et al., 1989; Bruner & Murphy,
1993a; Salter & Hicks, 1994), microglia (Missiaen et al., 1994;
N6renberg et al., 1994) and oligodendrocytes (Kastritsis &
McCarthy, 1993; Salter & Hicks, 1994). The responsiveness of
the non-neuronal cells to ATP and its release from synaptic
terminals (White, 1985) opens the possibility that it may be a
physiological mediator of neurone-to-glia communication
(Barres, 1991). ATP and other nucleotides are known to be
released with cell damage in the CNS, and these may evoke
responses of non-neuronal cells, which are known to be critical
in pathogenesis of and recovery from damage (Fedoroff &
Vernadakis, 1986). Thus, ATP may have multiple roles in in-
tercellular signalling in the CNS.
ATP has been found to produce increases in intracellular

[Ca2"] ([Ca2+]i) in excitable and in non-excitable cells (El-

'Author for correspondence at: Division of Neuroscience, The
Hospital for Sick Children, 555 University Avenue, Toronto,
Ontario, Canada M5G 1X8.

BrIdsh Joumal of Phamacology (1995) 116, 2909 - 2918



C. Ho et al Atoyte express a novel P2purlnoceptor

Moatassim et al., 1992). ATP-evoked responses may be
mediated by the P2 type of purinoceptor (O'Connor et al.,
1991; El-Moatassim et al., 1992). Five pharmacologically dis-
tinct subtypes of P2-purinoceptor have been proposed (Burn-
stock, 1990; O'Connor et al., 1991): P2x, P2yw P2z, P2t and P2u.
The Px-, P2z- and P2,-purinoceptors are ligand-gated ion
channels which are permeable to Ca2' and other cations
(Burnstock, 1990; Bean, 1992). On the other hand, P2y- and
P2u-purinoceptors are metabotropic receptors, and the in-
crease in intracellular Ca2' caused by activating these re-
ceptors is produced by releasing Ca2" from intracellular stores
(Harden et al., 1990). The division between P2y- and P2U-
purinoceptors has been proposed on the basis of the rank order
of potency of ATP and structural analogues, and of UTP
(O'Connor et al., 1991). For P2y-purinoceptors, 2-methylthio-
ATP is more potent than ATP, other ATP analogues, or UTP.
On the other hand, at P2u-purinoceptors, UTP and ATP are
reported to be approximately equipotent and are much more
potent than is 2-methylthio-ATP.

In astrocytes, and other non-neuronal CNS cells, a principal
mechanism by which signals are transduced and transmitted is
by changing [Ca2+]j. Astrocytes from the dorsal spinal cord
(Salter & Hicks, 1994) and other CNS regions (Neary et al.,
1988; Pearce et al., 1989; Bruner & Murphy, 1993a) have been
shown to respond to ATP with a rise in [Ca2+]i. More than
99% of astrocytes respond to ATP and the rank order of po-
tency of adenine nucleotides in producing the increase in
[Ca2+J_ in these astrocytes has been found to be 2-methylthio-
ATP>ATP>ADP>AMP=AMP-PCP=0. The Ca2' re-
sponse evoked by ATP, ADP or 2-methylthio- ATP has been
shown to be due to release of Ca2+ from intracellular stores
which, together with the rank order of agonist potency, suggest
that dorsal spinal astrocytes express P2y-purinoceptors. The
intracellular pool from which Ca2+ is released has been char-
acterized as sensitive to thapsigargin and insensitive to caf-
feine. The intracellular signal transduction pathway leading to
release of Ca2+ has been shown recently to be the phospholi-
pase Cfi/IP3-pathway with coupling via a G-protein that is
insensitive to pertussis toxin (Salter & Hicks, 1995).
We report here that a subpopulation of dorsal spinal as-

trocytes show Ca2' responses mediated by a subtype of P2-
purinoceptor in addition to and distinct from P2y-pur-
inoceptors. The additional receptors are activated by UTP and
are blocked by the P2-purinoceptor antagonist suramin, sug-
gesting that they may be P2u-purinoceptors. In contrast to P2u-
purinoceptor-mediated responses of other tissues, the Ca2+
responses of dorsal spinal astrocytes show a potent and com-
petitive blockade by the recently described P2-purinoceptor
antagonist, pyridoxalphosphate-6-azophenyl-2',4'-disulphonic
acid (PPADS). Thus, the present findings indicate that there is
a novel subtype of P2-purinoceptor which is expressed by a
subpopulation of astrocytes. A preliminary report of part of
the results has appeared (Salter et al., 1995).

Methods

Methods for cell culture, for measuring [Ca2+]i and for drug
application have been described in detail previously (Salter &
Hicks, 1994).

Cell culture

Primary cultures from the dorsal spinal cord were prepared
from foetal Wistar rats (embryonic day 16-18). The foetuses
were removed from time-pregnant females (Charles River) that
had been anaesthetized with ether and killed by cervical dis-
location. Foetuses were transferred to chilled, sterile Hank's
buffered salt solution and were then killed by decapitation. The
spinal cord was removed and the dorsal half of the cord was
dissected by the 'open book' method (Guthrie et al., 1987). The
tissue was incubated in trypsin for 25 min at 370C and tritu-

rated to form a cell suspension. Cells were plated on collagen-
coated Aclar 33C plastic and grown in minimum essential
medium supplemented with 10% foetal bovine serum, 10%
heat inactivated horse serum and 1 u ml-' insulin. Aclar 33C
plastic transmits infrared, visible and near-visible ultraviolet
light making it suitable for use with the ultraviolet-excited
fluorescent dye, fura-2. Four days after plating, the culture was
treated with 5'-fluoro-2-deoxyuridine (25 yg ml-') and uridine
(50 yg ml-1) for 24 h. On day 4 and 8, two thirds of the cul-
ture medium was removed and replaced by fresh media. Cul-
tures were used for recording 6-14 days after plating.

Measurement of intracellular [Ca2+]

Intracellular [Ca2"] was measured optically with the Ca21-
sensitive fluorescent dye, fura-2 (Grynkiewicz et al., 1985). To
load the cells with fura-2, the culture dish was washed with
extracellular recording solution containing (mM): NaCl 140,
KCl 5.4, N-2-hydroxyethylpiperazine sulphonic acid (HEPES)
25, glucose 33, CaCl2 1.3, MgC12 1, tetrodotoxin 0.001;
pH 7.35, osmolarity 310-320 mosM. The cells were then in-
cubated for 1.5 h at 22°C in extracellular recording solution
supplemented with the membrane permeant form of fura-2,
fura-2 AM (2-3 rM) and bovine serum albumin (0.5%).
Subsequently, the culture dish was washed with extracellular
recording solution. With this loading protocol, fura-2 AM was
fully de-esterified and more than 95% of the dye was localized
in a freely-diffusible cytoplasmic compartment (Salter & Hicks,
1995).

The cultures were placed in a recording chamber on a Ni-
kon Diaphot microscope. Excitation light was produced by a
75 W xenon arc lamp and was passed alternatingly through
340 or 380 bandpass optical filters by means of a mirrored
chopper spinning at 60 Hz. The excitation light was trans-
mitted to the culture through a quartz fibre optic cable con-
nected to the epifluorescent adapter of the microscope.
Emitted light was passed through a 510-nm barrier filter and
light intensity was sampled with a photomultiplier tube de-
tector operating in single-photon counting mode. Adjustable
shutters in front of the detector were used to isolate light
emitted from a single cell. The fluorescence signal from a cell-
free region of the dish was used to determine the background
light intensity (Thayer et al., 1988) which was subtracted prior
to calculating [Ca2"]i. The ratio of the intensity of light emitted
with 340 mm and 380 um excitations was used to calculate the
[free Ca2"] using the formula:

[Ca2+] = K*(R - Rmin)/(R - R)

Where K is the product of the dissociation constant for fura-2
and the ratio of bound to free dye at 380 rm, Rmn,,, is the
minimum ratio corresponding to fully unbound dye and Rm.
is the maximum ratio for the fully bound dye. K, R,,, and R,..
were obtained according to the method described by Gryn-
kiewicz et al. (1985). Fluorescence signals were acquired,
stored and analyzed with hardware and software from Photon
Technologies Inc. London, Ontario, Canada. When [Ca2J]i
measurements were not being made, a shutter located in front
of the arc lamp was closed to minimize photobleaching of the
dye and potential damage of the cells.

Selection of cells

Recordings of [Ca2+]i were made from individual astrocytes
selected by morphological criteria described in Salter & Hicks
(1994). As previously shown, such cells express glial fibrillary
acidic protein, and have electrophysiological properties char-
acteristic of astrocytes (Salter & Hicks, 1995). To minimize the
possibility of Ca2l responses due to signalling between cells,
recordings were made from isolated cells in subconfluent re-
gions of the cultures.
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Application of drugs

Drugs were applied either via pressure through glass micro-
pipettes with the tip located 10-30 ym from the cell being
tested or by exchanging the entire bath volume 4-6 times.
Stock solutions of drugs were prepared at 100-10,000x
concentration, and were divided into single-use aliquots which
were stored in a - 70'C freezer. Each aliquot was thawed
immediately prior to use and was diluted in the extracellular
recording solution.

Experiments with pertussis toxin

In order to investigate the effect of pertussis toxin, cultures
were incubated in medium supplemented with 1 yg ml-1 per-
tussis toxin (Sigma) or its vehicle (glycerol 0.5%, Na2HPO4
0.5 mM, NaCl 1 mM-final concentration) for 18-20 h at 370C,
just prior to recording. The cultures were subsequently washed
with extracellular recording solution, loaded with fura-2 AM,
and used as described above. An in vitro ADP-ribosylation
assay was used to confirm that the treatment with pertussis
toxin had caused complete ADP-ribosylation of substrate
proteins (Salter & Hicks, 1995).

Data analysis

For each cell in which concentration-response relationships
were investigated, the magnitude of peak Ca2+ response at
each concentration of agonist (A) was calculated as a percen-
tage of the maximum peak response of that cell. The mean of
the responses of a number of cells was determined at each
concentration and concentration-effect curves were computed
by fitting the mean at each agonist concentration with a lo-
gistic function: E= E.,./(l + ([EC"]/[A])n), where E. is the
maximum effect. Concentration-inhibition data were collected
for PPADS and inhibition curves were constructed by fitting
the mean response amplitude at each concentration with the
equation E= Eo/(I + ([PPADS]/[IC50])1); E0 is the response
amplitude in the absence of PPADS. This equation was suffi-
cient when using 2-methylthio-ATP as an agonist. However,
with UTP, the sum of two logistic equations was required to
account for the potentiation of responses at low concentrations
of PPADS: E,,/(1 +(([PPADS]/al) i)+((Eo-Emnx)/(1 +
([PPADS]/a2)n2), where a, and a2 are the concentrations of
PPADS at which responses were half maximum and the po-
tentiation was half, respectively. The IC5e was determined by
solving this equation for [PPADS] when the response ampli-
tude was EO/2. In each case the best fit was determined by the
least sum of squares using Sigmaplot software (Jandel Scien-
tific, San Raphael CA, U.S.A.). Values for EC50 and IC50 from
the fitted curves are given ± standard error(s.e.).

Antagonist affinity was estimated by using the general form
of the Cheng-Prusoff equation (Leff & Dougall, 1993):

Kb = V[C50]
(2 + ([A]/[EC50] )n)1/n -I

where Kb is the dissociation constant. Data for determining
values of EC50 and n for UTP are reported below; for 2-me-
thylthio-ATP the values used were 0.17 pM and 1.8, respec-
tively (Salter & Hicks, unpublished observations). Values for
concentration are reported in pM except where indicated
otherwise.

Source of drugs

2-Methylthio-ATP and thapsigargin were obtained from
Research Biochemicals Inc., Natick, MA, U.S.A.; fura-2
AM was from Molecular Probes. Suramin was a gift from
Dr J Cobby, Bayer Canada, Etobicoke, ON, Canada.
PPADS was a gift from Dr G. Lambrecht, Frankfurt,
Germany. All other drugs were from Sigma Chemical Co.,
St. Louis, MO, U.S.A.

Results

UTP causes release of intracellular Ca2-

Applications of UTP (1-500 pM, 5-20 s) produced a tran-
sient rise in [Ca2"]i in a subpopulation of dorsal horn astro-
cytes (Figure 1). The peak level of [Ca2]i was reached within
2-5 s and [Ca"+]i gradually returned to baseline levels over the
next 20-40 s. We found that in order to evoke reproducible
responses it was necessary to allow an interval of 3-5 min
between repeated applications of UTP. With this interval the
peak amplitude of the responses declined only 15-20% over
up to 4 h of recording.

The magnitude ofthe Ca2+ response to UTP was dependent
upon concentration in the range tested, 1-100 uM (Figure lb,
c). The UTP concentration producing 50% of the maximum
peak response (EC5e) was found to be 5.2+0.2 pM and re-
sponses were maximum at 100 pM. The concentration-re-
sponse relation obtained from our experiments indicate that
UTP and ATP have a similar agonist potency in astrocytes
(Salter & Hicks, 1994). The sensitivity of these cells to UTP
raised the possibility that these cells express P2u-purinoceptors
in addition to P2y-purinoceptors.

To determine whether extracellular Ca2+ is required to
produce the responses to UTP, we compared responses evoked
in extracellular solution containing 1.3 mM Ca2+ versus those
in solution with no added Ca2" and containing the Ca2+
buffer, EGTA (100 pM). As shown in Figure 2a, UTP-evoked
Ca2+ responses were unaffected by removal of extracellular
Ca2?. On average, responses in the Ca2?-free extracellular
solution were 95+13% (mean+s.e.mean) of control values
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Figure 1 UTP produces a concentration-dependent rise in [Ca2+]j.
(a) The traces are records of [Ca2]Ij from an individual astrocyte
responding to repeated applications of UTP (I0OuM, lOs). UTP was
applied every 5 min to allow for maximum recovery between
applications. (b) In a different cell, UTP was applied at concentra-
tions of 1, 2.5, 5, 10, 50 and 100pM. (c) The graph shows a plot of
concentration-response relationship for UTP. Each data point is the
mean± s.e.mean of the peak response to UTP at each concentration
for 5-7 astrocytes. The solid curve is the best fit of the means to the
logistic equation; the equation of this curve is 95/(1 + (5.2/[UTP]) -).
In (a) and (b) the periods of UTP application are indicated by the
horizontal lines below the [Ca2+1 recordings. The gaps in the
recordings in this figure and all others, indicate periods when
fluorescent signals were not sampled as described in the Methods.

l
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(n = 12 cells). These results suggest that extracellular Ca2" is
not required but rather that the Ca2" response to UTP is due
to release of Ca2+ from an intracellular pool.

The intracellular pool from which Ca2+ is released was
examined by the use of thapsigargin, which is known to inhibit
the activity of endoplasmic reticulum Ca2+-ATPases thereby
causing depletion of Ca2+ (Thastrup, 1990). After application
of thapsigargin (1 IM, 2-15 min) the response to UTP was
abolished as illustrated in Figure, 2b. UTP-evoked responses
were similarly affected in all cells tested (n= 7). Thus, the
source of Ca2' released upon stimulation by UTP appears to
be a pool in the endoplasmic reticulum that is sensitive to
thapsigargin.

Pertussis toxin pretreatment fails to affect UTP-evoked
Ca- responses

For metabotropic receptors that elicit release of Ca2+ from
thapsigargin-sensitive intracellular stores, the receptors are
typically coupled to phospholipase C via heterotrimeric G
proteins (Berridge, 1993). In order to determine whether a G
protein sensitive to pertussis toxin mediates the response to
UTP, we compared responses to a standard application of
UTP (10 AM, 10 s) in cells treated with pertussis toxin versus
with vehicle alone (Figure 3). Cells treated with pertussis toxin
responded to UTP, and the average amplitude of the responses
of cells treated with pertussis toxin (n= 12) was not different
from that of cells treated with vehicle (n=7). These results
suggest that the response to UTP may be mediated by a per-
tussis toxin-insensitive G protein.

agonist at a sub-maximum concentration and compared the
responses before versus after a prolonged application of a high
concentration of other agonist (UTP, 100 pM; 2-methylthio-
ATP, 5 pM). As illustrated in Figure 5, the Ca2+ response
evoked by either agonist desensitized gradually during the
sustained application. Moreover, we found that responses to
test applications of 2-methylthio-ATP persisted after the ap-
plication of 100 IM UTP (Figure 5a, n=9 cells). Conversely,
desensitizing with 2-methylthio-ATP failed to affect responses
to UTP (Figure Sb, n=6 cells). Thus, there was no cross-de-
sensitization, which suggests that two types of receptor are
expressed each of which is selectively activated by one or other
of the agonists.

Suramin blocks Ca-` responses to UTP and to
2-methylthio-ATP

Suramin, a trypanocidal drug, is known to be a broad spec-
trum competitive inhibitor of P2-purinoceptors (Dunn & Bla-
keley, 1988; Hoiting et al., 1990; Inoue et al., 1991). We found
that application of suramin (100 1M) in the bath solution
blocked the Ca2" response to UTP as shown in the example in
Figure 6a. Washing out the solution containing suramin led to
complete recovery of the UTP-evoked increase in [Ca2+1i, in-
dicating the effect of suramin was reversible. Suramin also
reversibly blocked the Ca2+ response to 2-methylthio-ATP
(Figure 6b). Our results indicate the Ca2" response elicited by
UTP is mediated by a subtype of P2-purinoceptor.

Comparison of astrocytes responding to UTP versus
2-methylthio-ATP

We have reported that dorsal spinal astrocytes express P2y-
purinoceptors on the basis that 2-methylthio-ATP is more
potent than is ATP (Salter & Hicks, 1994). The EC50 for 2-
methylthio-ATP is near 0.2 pM and thus it is also more potent
than is UTP. Also, 2-methylthio-ATP causes release of Ca2+
from a thapsigargin-sensitive intracellular pool. We therefore
considered the possibility that responses to UTP might be
mediated via P2y-purinoceptors. As a first step in investigating
the subtype of receptor mediating the response to UTP, we
tested cells with 2-methylthio-ATP and with UTP as illustrated
in Figure 4. We found that all astrocytes tested responded to 2-
methylthio-ATP (0.5-5 pM; n = 52). On the other hand, only
72% of the astrocytes tested responded to applications ofUTP
(10-100 pM; 67 of 93 cells). Before being considered non-re-
sponsive to UTP (Figure 4b), each cell was tested at a con-
centration of 100 pM as this was the concentration producing
maximum responses in sensitive cells. These data indicate that
there are two subpopulations of dorsal horn astrocytes which
may be distinguished on the basis of sensitivity to UTP.

Responses to UTP and 2-methylthio-ATP do not
cross-desensitize

That there is a subpopulation ofcells lacking responses to UTP
and yet responsive to 2-methylthio-ATP suggests that the re-
sponses are not mediated by a single type of receptor. It is
possible that cells in one subpopulation might express re-
ceptors that may be activated by either UTP or 2-methylthio-
ATP whereas receptors expressed by cells in the other sub-
population might be insensitive to UTP. An alternative pos-
sibility is that there might be two types of receptor selectively
activated by UTP or by 2-methylthio-ATP, and that cells in
the former subpopulation express both types while in the latter
subpopulation express only receptors sensitive to 2-methyl-
thio-ATP. In attempting to distinguish between these two
possibilities, we challenged UTP-sensitive cells with the one
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FIgure 2 UTP evokes the release of Ca2+ from a thapsigargin-
sensitive intracellular store. (a) Recordings of [Ca2+ I from a single
astrocyte are shown. On the left, UTP (5OpM, IOs) was applied as
indicated in extracellular recording media containing 1.3mM Ca2 .
In the period between the recordings, the bath solution was replaced
with media with no added Ca2+ and containing 0.1 mM EGTA. UTP
was applied to the same cell after a 10min interval. (b) The control
Ca2+ response to the application of UTP (50,uM, 10s) in another
astrocyte is shown on the left. Thapsigargin (1 FM) was applied from
a pipette to the cell for a 2min interval. The record on the right
shows the response to the application of UTP 15mm after the
application of thapsigargin.
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Figure 3 UTP-evoked responses are unaffected by pertussis toxin. Responses to application of UTP (50Mm, lOs) are shown for a
cell treated with pertussis toxin for 20 hours (a) or another cell treated with vehicle alone (b). (c) The peak values of [Ca21],
(means±s.e.mean) are plotted in the histogram. The difference between the means was not statistically significant P>0.l0, Student's
t test.
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Figure 4 Only a subpopulation of dorsal spinal astrocytes responds to UTP. (a) An example of a cell responding to UTP and to 2-
methylthio-ATP. UTP (1001Mm, 10s) and 2-methylthio-ATP (5jMm, 10s) were applied as indicated. (b) Recordings from a cell that
responded to 2-methylthio-ATP but not to UTP. (c) The histogram illustrates the percentage of astrocytes responding to UTP (total,
93 cells) or to 2-methylthio-ATP (total, 52 cells).

Effects of PPADS on Ca-` responses to UTP and to
2-methylthio-ATP

PPADS has been reported to antagonize P2x-purinoceptor-
mediated responses in the guinea-pig vas deferens (McLaren et

al., 1994), rabbit urinary bladder (Ziganshin et al., 1993) and
rabbit isolated blood vessels (Ziganshin et al., 1994), and P2Y-
mediated responses in turkey erythrocytes (Boyer et al., 1994).
In contrast, it has been found that the response to UTP in the
rabbit aorta smooth muscle is unaffected by PPADS (Zigan-
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Figure 5 Responses to 2-methylthio-ATP and UTP do not cross-
desensitize. (a) 2-Methylthio-ATP (0.5 yM) was applied as indicated
by the thick bar horizontal below the trace. After a 5 min recovery
period, UTP (l00 Mm, thin bar) was applied for 7min. When [Ca2+]i
had returned to the pre-application level, 2-methylthio-ATP was
applied again. The double slash indicates a 5 min period during which
[Ca2+], was not sampled; the UTP application was continuous
throughout this period. (b) In another cell, the response to a test
application of UTP (lO Mm, 10 s) is shown on the left. Five min later,
2-methylthio-ATP (5pM) was applied continuously until [Ca2+1]
returned to the control level. UTP (10 IM, 10 s) was re-applied as
shown on the right.

shin et al., 1994) suggesting that it may differentially antag-
onize P2y- and P2x-versus P2u-purinoceptor-mediated effects.
We therefore investigated the effects of PPADS on responses
to 2-methylthio-ATP and UTP. Agonist concentrations of 1
and 10 MM were used, respectively, as these were submaximum
and the peak Ca2+ responses evoked at these concentrations
were approximately equal.
We found that PPADS depressed Ca2+ responses to 2-me-

thylthio-ATP and to UTP while having no effect on baseline
level of [Ca2+], (Figure 7). As illustrated in Figure 8, the de-
crease of the Ca2+ responses was dependent upon the con-
centration of PPADS and that required to produce 50%
inhibition of the response to 2-methylthio-ATP was calculated
as 0.92+0.14 MM. The IC50 for the blockade of UTP-evoked
responses was 7.2+1.9 MM. Thus, the apparent Kb's for
PPADS were 0.18 and 4.3 MM for inhibition of responses to 2-
methylthio-ATP and UTP, respectively. At concentrations of
10-100 nM PPADS had an additional effect on responses to
UTP; these responses were potentiated with the greatest po-
tentiation observed at a PPADS concentration of 10 nM.

As shown in Figure 8d, application of PPADS at a con-
centration of 10 pM produced a rightward shift in the con-
centration-response relationship for UTP. The ECse for UTP
was increased by PPADS from 5.2+0.5 to 13+2.2 IM
whereas the maximum response to UTP was not affected.
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Figure 6 Suramin blocks Ca2+ responses to UTP and to 2-
methylthio-ATP. (a) UTP was applied before (left), during (middle)
or after (right) bath application of suramin (100.jM). In (b) suramin
(100 Mm) was tested on responses to 2-methylthio-ATP in another
cell. The dotted lines below the recordings indicate periods during
which suramin was applied.
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Figure 7 PPADS reversibly depresses Ca2" responses to UTP and
2-methylthio-ATP. Responses of an astrocyte to the application of
UTP (lIOMm, IOs) or to 2-methylthio-ATP (IMm, 10 s) in control
extracellular recording media are shown on the left. The bath
solution was replaced with extracellular recording media containing
5 uM PPADS, and UTP and 2-methylthio-ATP were re-applied. After
washing out PPADS, UTP and 2-methylthio-ATP were applied as
shown on the right.

Lack of effect of suramin or PPADS on responses to
carbachol

In order to examine the selectivity of suramin and PPADS, we
tested these compounds on Ca2+ responses evoked by the
muscarinic agonist, carbachol, which is known to cause release
of Ca2+ from an IP3-sensitive intracellular pool (Berridge,
1993). Carbachol (100 MM) elicited reproducible increases in
[Ca2+], in approximately 30% of dorsal spinal astrocytes. In
the presence of suramin (100 MM) responses to carbachol were

2914



C. Ho et al expres a novel P2-puraeptor

not different from the control level (104±4.8%; n=5 cells).
Similarly, carbachol-evoked responses were not significantly
affected (94± 6.1% of control; n= 4) by PPADS (50 uM).

Discussion

In the present study, we demonstrate that astrocytes from the
dorsal spinal cord express two discrete P2-purinoceptors linked
to release of stored intracellular Ca2+. The Ca2+ responses
were evoked by 2-methylthio-ATP or by UTP and we observed
that all cells tested were sensitive to 2-methylthio-ATP whereas
only about 70% responded to UTP. During prolonged ex-
posure to a high concentration of either ligand, the Ca2" re-
sponse gradually desensitized but we found no cross-
desensitization in the response to the other nucleotide. That
Ca2+ responses were evoked by the other agonist indicates
further that the desensitization could not be attributed to de-
pletion of intracellular Ca2" stores. Responses to 2-methyl-
thio-ATP and to UTP were found to be blocked by suramin.
The responses were also blocked by PPADS which was ap-
proximately 25 fold more potent in blocking responses to 2-
methylthio-ATP than responses to UTP. Neither surmin nor
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PPADs affected the responses to carbachol. The simplest ex-
planation for these findings is that 2-methylthio-ATP and UTP
selectively activate distinct receptors to mediate the Ca2" re-
sponses, and furthermore, that the receptors activated by 2-
methylthio-ATP are expressed by all of the cells while UTP-
sensitive receptors are expressed by only a subpopulation of
cells.
We find that the Ca2" responses were evoked by UTP at

concentrations similar to those required to produce responses
to ATP (Salter & Hicks, 1994), suggesting that UTP and ATP
are approximately equipotent. UTP-evoked responses were
unaffected by desensitizing concentrations of 2-methylthio-
ATP, indicating that 2-methylthio-ATP may be weak or in-
active at receptors stimulated by ULTP. Thus, the rank order of
agonist potency appears to be UTPATP> > 2-methylthio-
ATP, and the receptors activated by UTP therefore correspond
to the established classification for the P2u subtype of receptor
(O'Connor et al., 1991). Activation of these receptors in dorsal
spinal astrocytes appears to elicit release of Ca2+ by generating
inositol trisphosphate (IP3) because UTP-evoked responses
were eliminated by thapsigargin which is known to cause de-
pletion of an EP3-sensitive pool in these cells (Salter & Hicks,
1995). Astrocyte Ca2' responses to UTP were blocked by
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Figure 8 Concentration-dependence of the blockade of responses to UTP and 2-methylthio-ATP by PPADS. (a) UTP-evoked
responses are shown for one astrocyte in extracellular recording media containing PPADS in an ascending series of concentrations
(0, 1, 5, 10 and 20Aym). (b) For another astrocyte, 2-methylthio-ATP (1 ism, l0s) was applied with PPADS concentrations of 0, 0.1,
0.5, 1 and 5puM. (c) Concentration-dependence of effects of PPADS on responses to UTP (0) or 2-methylthio-ATP (0) is shown in
the g~r~h. Each data point is the mean±s.e.mean for 5-7 cells. The equations for the smooth curves are 99.5/(+([PPADS]/
0.92)*) for 2-methylthio-ATP and 120/(1 + ([PPADSJ/4.6)078)-20/(1 + ([PPADSJ/0.00295) for UTP. (d) The effect of PPADS on
the concentration-response relation for UTP is illustrated in the graph. Data are plotted for UTP applied without (0) or with (a)
PPADS (10 pM). The equations for the curves are 92/(1 + (5.6/[UTPJD6) and 91/(1 + (13[UTPPD-4), respectively. In (c) and (d), the
Cae responses are expressed as a percentage of the peak response evoked in the absence of PPADS.
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suramin which has been reported to inhibit responses mediated
by P2u-purinoceptors in DDT1 MF-2 (Hoiting et al., 1990;
Sipma et al., 1994) and C2C12 (Henning et al., 1992) cell lines,
in rat lactotrophs (Carew et al., 1994) and gondatrophs (Chen
et al., 1994). Thus, the blockade by suramin is consistent with
P2u-purinoceptors mediating the UTP-evoked response.

Responses to UTP were also blocked in a concentration-
dependent and reversible manner by PPADS. The rightward
shift in the concentration-response relationship for UTP and
the lack of effect on the maximum responses are consistent
with the possibility that inhibition by PPADS is competitive.
PPADS has been reported to inhibit competitively P2x-pur-
inoceptor-mediated responses in rabbit isolated blood vessels
(Ziganshin et al., 1994), rabbit urinary bladder (Ziganshin et
al., 1993), rat vagus nerve (Trezise et al., 1994) and guinea-pig
vas deferens (McLaren et al., 1994) and P2y-mediated re-

sponses in turkey erythrocytes (Boyer et al., 1994). But the
present report is the first evidence that PPADS may competi-
tively inhibit responses mediated by P2upurinoceptors. The Kb
we have found for inhibiting astrocyte Ca(2+ responses of
4.3yM is similar to the values of 1-3yM reported for in-
hibiting responses mediated by P2x-or P2y-purinoceptors.

At concentrations 1-2 orders of magnitude lower than
those producing inhibition of the Ca2" responses, PPADS
caused a small but consistent increase in the UTP-evoked re-
sponse. At these lower concentrations PPADS had no effect on
Ca2+ responses evoked by 2-methylthio-ATP indicating that
the potentiation was neither attributable to altered in-
tracellular pumping, buffering or sequestration of Ca2' nor to
a measurement artefact. Nor could the potentiation be ac-
counted for by a possible partial agonist action of PPADS
because at no concentration did it affect the basal level of
Ca2 . It remains possible that the potentiation by PPADS
might be due to an allosteric interaction with the receptor or to
enhanced receptor-effector coupling or to depressing mechan-
isms, other than those mechanisms mentioned above, that
might oppose the rise inCa2+. The potentiation observed at
low concentrations of PPADS may be relevant to calculation
of the ICm value. If the potentiation is independent of the
inhibition and would add 20% to the peak response at all
PPADS concentrations, then the ICm and Kb should be re-

calculated as 4.6 and 2.7 pM, respectively. PPADS has been
found to potentiate P2x-purinoceptor-mediated responses in
the guinea-pig vas deferens, indicating that this action is not
restricted to P2U-purinoceptors.

The present observations that PPADS competitively in-
hibits responses mediated by P2u-purinoceptors contrasts with
the report from Ziganshin et al. (1994) that PPADS has no

effect on P2u-purinoceptor-mediated relaxation in the rabbit
aorta. PPADS has also been found to depress UTP-evoked
increases in cyclic GMP in a neuroblastoma x glioma cell line
(Reiser, 1995). These findings suggest that there may be a

heterogeneityof P2u-purinoceptors with subtypes distinguish-
able on the basis of sensitivity to PPADS. That P2u-pur-
inoceptors may be heterogeneous is also suggested by
differences in sensitivity to blockade by suramin in various
preparations. In addition to our findings that suramin blocks
the UTP-evokedCa2+ responses in astrocytes, it has been
found to block P2u-purinoceptor-mediated responses in neu-

ronal and muscle derived cell lines (see above). On the other
hand, P2u-mediated responses in bovine (Wilkinson et al.,

1993; 1994) and rabbit (Chinellato et al., 1994) aorta are re-

portedly resistant to suramin. P2u-purinoceptors also show
differences in G protein coupling. P2U-purinoceptor-mediated
responses that are unaffected by pertussis toxin have been re-

ported in pituitary cells (Davidson etal., 1990), as well as in the
present study, which indicates coupling via pertussis toxin in-
sensitive G proteins such as GqIGii (Berridge, 1993). In con-
trast, pertussis toxin has been found to-inhibit, partially or

completely, P2u-purinoceptor mediated responses in epithelial
cells (Brown etal., 1991), a muscle cell line (Sipma etal., 1994),
and with recombinant P2u-purinoceptors from neuroblastoma
cells (Erb et al., 1993). This suggests that P2-purin'oceptors

may also couple to GJiGoG proteins. The differences in sensi-
tivity to antagonists and in signal transduction mechanisms
raises the possibility -that there are pharmacologically and
molecularly distinct subtypes of P2u-purinoceptors.
A cDNA encoding for functional P2u-purinoceptors has

been cloned from mouse neuroblastoma cells (Lustig et al.,
1993). From the predicted primary amino acid sequence it has
been suggested that the cloned P2u-purinoceptor has seven
transmembrane spanning domains typical of G-protein cou-
pled receptors. Northern blotting analysis has indicated that
the P2u-purinoceptor is widely expressed but the level of ex-
pression is much lower in the CNS than in other tissues such as
heart, liver or kidney. Given that the majority of dorsal spinal
astrocytes respond to UTP and that UTP-evoked responses
have also been reported in astrocytes from the cerebral cortex
(Bruner & Murphy, 1993b), it is likely that P2u-purinoceptors
in the CNS may be abundant. Thus, while it is possible that the
molecular identity of the receptor mediating the presently re-
ported Ca2' responses to UTP may be the cloned P2-pur-
inoceptor, it seems likely that receptor may be a related protein
expressed highly in the CNS.
An additional finding in the present study is the blockade of

ca2+ responses to 2-methylthio-ATP by PPADS. From the
rank order potency found in our prior study (Salter & Hicks,
1994) it appears that responses evoked by 2-methylthio-ATP
are mediated by P2y responses. It has been reported that ac-
tivation of phospholipase C via P2y-purinoceptors in turkey
erythrocytes is blocked by PPADS (Boyer et al., 1994) at
concentrations similar to those used in the present study. But,
PPADS does not affect P2y-purinoceptor-mediated inhibition
of adenylate cyclase in C6 glioma cells (Boyer et al., 1994) nor
P2y-mediated relaxation in the rabbit mesenteric artery (Zi-
ganshin et al., 1994). From studies on the potency of ATP
analogues it has been recently proposed that there are subtypes
of P2y-purinoceptor (Burnstock et al., 1994). This is supported
by comparison of the present results and other recent studies
on the sensitivity of P2y-mediated responses to PPADS.

It is clear that dorsal spinal astrocytes express two phar-
macologically distinct metabotropic P2-purinoceptors, yet both
are coupled to release of Ca2" from thapsigargin-sensitive in-
tracellular stores through the activation of a pertussis toxin-
insensitive G protein. Co-expression of P2y- and P2u-pur-
inoceptors has been reported in other tissues including the
superior cervical ganglion (Connolly, 1994), bovine aortic en-
dothelial cells (Motte etal., 1993; Wilkinson etal., 1993), PC12
cells (Raha et al., 1993) and aortic smooth muscle (Ziganshin
et al., 1994). The functional role for two classes of P2-pur-
inoceptor on astrocytes remains to be determined. Astrocytes
are known to be involved in diverse processes within the CNS
and Ca2+ signalling in these cells may represent an information
processing system which parallels and modulates that in neu-
rones (Cornell-Bell etal., 1990; Dani etal., 1992). Along with a
variety of functions, there is well-known diversity of astrocyte
phenotype and a number of subclassifications of astrocytes
have been proposed (Raff et al., 1983; Miller & Szigeti, 1991;
Dave et al., 1991). The differential expressionof P2-pur-
inoceptor subtypes in astrocytes illustrates the heterogeneity in
this cell type. It is conceivable that astrocytes in the two sub-
populations identified in the present study might have distinct
roles in physiological or pathological processes within the
CNS.

In conclusion, our results indicate that astrocytes express a
subtype of P2u-purinoceptor activated by UTP and blocked by
suramin and by PPADS. This receptor is coupled to release of
Ca2+ from a thapsigargin-sensitive intracellular pool via a
pertussis toxin-insensitive G protein. The P2u-purinoceptor
expressed by astrocytes is distinct from the P2y-purinoceptor
subtype also expressed by these cells. The presence of two
discrete metabotropic P2-purinoceptors on astrocytes may
have significant implications for physiological and pathologi-
cal processes within the central nervous system. These re-
ceptors are potential new targets for the development of novel
therapeutic agents for modulating CNS function.
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