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Pyrimidinoceptor-mediated activation of phospholipase C and
phospholipase A2 in RAW 264.7 macrophages
1W.W. Lin & *Y.T. Lee

Department of Pharmacology, *Center for Cardiovascular Research, College of Medicine, National Taiwan University, Taipei,
Taiwan

1 As well as the presence of P2Z purinoceptors previously found in macrophages, we identified
pyrimidinoceptors in RAW 264.7 cells, which activate phospholipase C (PLC) and phospholipase A2
(PLA2).
2 The relative potency of agonists to stimulate inositol phosphate (IP) formation and arachidonic acid
(AA) release was UTP = UDP > > ATP, ATPyS, 2MeSATP. For both signalling pathways, the EC50
values for UTP and UDP (3 uiM) were significantly lower than that for ATP and all other analogues
tested (> 100 yM).
3 UTP and UDP displayed no additivity in terms of IP formation and AA release at maximally
effective concentrations.
4 UTP-, but not ATP-, evoked AA release was 60% inhibited by pertussis toxin (PTX), while
stimulation of IP formation by both agonists was unaffected. Short-term treatment with phorbol 12-
myristate 13-acetate (PMA) led to a dose-dependent inhibition of IP responses to UTP and UDP, but
failed to affect the AA responses. Removal of extracellular Ca2+ inhibited the PI response to UTP, but
abolished its AA response.

5 ATP-induction of these two transmembrane signal pathways was decreased in high Mg2+-containing
medium but potentiated by the removal of extracellular Mg2'.
6 Suramin and reactive blue displayed equal potency to inhibit the IP responses of UTP and ATP.
7 Both UTP and UDP (0.1- 100 pM) induced a sustained increase in [Ca21], which lasted for more

than 10 min.
8 Taken together, these results indicate that in mouse RAW 264.7 macrophages, pyrimidinoceptors
with specificity for UTP and UDP mediate the activation of PLC and cytosolic (c) PLA2. The activation
of PLC is via a PTX-insensitive G protein, whereas that of cPLA2 is via a PTX-sensitive G protein-
dependent pathway. The sustained Ca2+ influx caused by UTP contributes to the activation of cPLA2.
RAW 264.7 cells also possess P2z purinoceptors which mediate ATP4--induced PLC and PLA2
activation.
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Introduction

P2 purinoceptors are cell surface receptors and extracellular
adenosine 5'-triphosphate (ATP) may serve as a mediator of
cell-to-cell communication by interacting with P2 pur-
inoceptors. According to the selective agonists, P2 pur-
inoceptor subclasses include P2x, P2y, P2u, P2z and P2T
(Fredhoim et al., 1994; Harden et al., 1995). P2X pur-
inoceptors are ion channels directly gated by ATP, and a,fl-
methylene ATP (a,#-MeATP) and fl,y-methylene ATP (fl,y-
MeATP) are the most potent agonists. P2Y purinoceptors
belong to the family of guanosine 5'-triphosphate (GTP)
binding protein-coupled receptors, which activate phosphoi-
nositide (PI)-specific phospholipase C (PLC) or inhibit ade-
nylyl cyclase (Barnard et al., 1994; Lin & Chuang, 1994), the
most potent agonist being 2-methylthio-ATP (2MeSATP).
P2U purinoceptors share many features of P2Y purinoceptors
and have equal affinity for ATP and UTP. P2z purinoceptors
have been identified as nonspecific pores permeable to solutes
of molecular weight up to 900, the most potent agonist being
ATP in its fully dissociated form (ATP4). P2T purinoceptors
are adenosine 5'-diphosphate (ADP)-specific receptors in
platelets.

Uridine 5'-triphosphate (UTP), in addition to acting on P2U
purinoceptors, was also proposed to exert its effects after
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binding to uridine nucleotide-selective G protein-linked re-
ceptors (pyrimidinoceptors) (Seifert & Schultz, 1989). Pyr-
imidinoceptors-that are activated specifically by UTP rather
than ATP have been suggested to exist in rabbit basilar and ear
arteries (Von Kugelgen et al., 1987; Von Kugelgen & Starke,
1990), the isolated perfused rat liver (Haussinger et al., 1987),
rat sympathetic ganglia (Connolly & Harrison, 1994), NG108-
15 neuroblastoma (Lin, 1994; Reiser, 1995) and C6-2B rat
glioma cells (Lazarowski & Harden, 1994).

In phagocytic cells, activation of PI-PLC and phospholi-
pase A2 (PLA2) signalling pathways are amongst the earliest
events triggered by inflammatory stimuli, and are believed to
play a role in triggering or modulating chemotaxis, secre-
tion, phagocytosis and superoxide release (Elsbach & Weiss,
1988). It has been suggested that significant amounts of
extracellular ATP, released from injured tissues and plate-
lets, may accumulate locally at vascular sites of thrombus
formation and infection/inflammation, and thus modify the
function of phagocytes present at such inflammatory sites.
UTP, which is also an endogenous nucleotide released from
platelets (Goetz et al., 1971), might be involved in the in-
flammatory events. In phagocytic cells, the PI turnover and
Ca2+ mobilization caused by ATP has been observed in
some cell types, such as human neutrophils, neutrophil/
monocyte progenitor cells (Dubyak et al., 1988; Cowen et
al., 1989), mouse peritoneal macrophages (Pfeilschifter et al.,
1989), and mouse J774 macrophages (Greenberg et al.,
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1988). Moreover, PLA2 activation by ATP was also de-
monstrated in human neutrophils (Cockcroft & Stutchfield,
1989), HL-60 cells (Xing & Matter, 1992), and mouse peri-
toneal macrophages (Pfeilschifter et al., 1989). Although the
signalling pathways of ATP have been extensively studied,
not much information about the signalling and function of
UTP is available.
Two distinct types of P2 purinoceptors for extracellular

ATP have been shown in BAC 1.2 F5 and J774 macrophages.
One is the P2Z purinoceptor and the other, capable of acti-
vating PI-PLC and inducing Ca2+ mobilization, is presently
unknown (Greenberg et al., 1988; El-Moatassim & Dubyak,
1992). The goal of the current work was to identify the P2
purinoceptor subtypes which mediate PI turnover, and ara-
chidonic acid (AA) release in mouse RAW 264.7 macrophages.
This cell line displays many of the properties of mature mac-
rophages (Raschke et al., 1978) and possesses cytosolic PLA2
(cPLA2) (Channon & Leslie, 1990). The identification of the
signalling pathways mediated by nucleotides in macrophages
may provide information to delineate further their physiolo-
gical and pathological roles.

Methods

Cell culture

RAW 264.7 cells, generously provided by Dr Yen-Jen Sung
(Department of Anatomy, National Yang-Ming Univ. School
of Medicine), were grown in 35-mm Petri dishes at 37°C in
Dubecco's modified Eagle's medium (DMEM) supplemented
with 10% foetal calf serum, 100 u ml-' penicillin and 100 pg
ml-' streptomycin, in a humidified atmosphere of 95% air and
5% CO2.

Measurements of PI turnover

The hydrolysis of PI was measured as the accumulation of
inositol phosphates (IP) in the presence of 10 mM LiCl as de-
scribed previously (Lin & Chuang, 1994). Confluent cells on
35-mm Petri dishes were labelled with [3H]-myo-inositol
(2.5 jpCi per dish) in the growth medium for 24 h. The cells
were then washed with physiological saline solution (PSS,
composition in mM: NaCl 118, KCl 4.7, CaCl2 1.8, MgCl2 1.2,
KH2PO4 1.2, glucose 11 and HEPES 20, pH 7.4) containing
10 mM LiCl and incubated at 37°C for 20 min. After this
preincubation, the indicated drugs were added and then in-
cubated for another 30 min. The reaction was terminated by
aspiration of the reaction solution and addition of ice-cold
methanol. The cells were scraped and [3H]-IP was isolated by
using an AG-1X8 (formate form, 100-200 mesh, Bio-Rad,
Richmond, CA) column and eluted with 0.2 N ammonium
formate/0. 1 N formic acid. PSS was used for the measurement
of PI turnover and AA release, unless otherwise indicated. In
the 'Ca2+-free' conditions, Ca2+ ions in PSS were omitted and
1 mM EGTA was supplemented. In "Mg2+-free" and 'high
Mg2+' conditions, Mg2+ ions were either omitted or increased
to 9 mM.

[3H]-AA release

Cells in 35 mm dishes were incubated in 5% CO2 for 24 h with
0.3 pCi ml-' [3H]-AA in DMEM. After being labelled,
monolayers were washed three times with PSS and incubated
in PSS containing 0.5% fatty acid-free bovine serum albumin.
Cells were then stimulated by the agonist at 37°C for 30 min,
unless otherwise indicated. When stated, pretreated drugs were
added to the cells 20 min before the treatment with the ago-
nists. At the end of the incubation, media were removed and
centrifuged at 250 g for 5 min to remove floating cells, and the
radioactivity in the supernatant was measured. Monolayers
were solubilized for determination of total [3H]-AA in-
corporation.

Measurement of [Ca2+]i
Cells grown on glass slides were loaded with 3 gM fura-II/AM
and pluronic F-127 (0.02% v/v) in DMEM medium at 37°C for
45 min. Fluorescence was monitored on a PTI M-series spec-
trofluorometer with dual excitation wavelengths of 340 and
380 nm and emission wavelength of 510 nm. [Ca2+]i was cal-
culated by the equation described by Grynkiewiez et al. (1985).

Materials

Cell culture media and supplements were obtained from Gibco
BRL (Grand Island, NY). [3H]-myo-inositol (20 Ci mmol-')
and [3H]-AA (100 Ci mmol-') were purchased from New
England Nuclear (Boston, MA). Reactive blue, 2MeSATP,
a,fl-MeATP and 3,'y-MeATP were obtained from RBI (Natick,
MA), and all other chemicals were obtained from Sigma. FPL
67156 (6-N,N-diethyl-D-fl, y-dibromomethylene ATP) was
kindly provided by Dr P. Leff (Fisons plc., U.K.).

Statistical analysis

Each experiment was performed in duplicate and reproduced
several times (n refers to the number independent experiments).
Data are presented as mean + s.e.mean values. The significance
of differences between the means was evaluated by the Stu-
dent's t test and value of P< 0.05 was considered significant.
The error bar was omitted when it was within the symbol
representing the mean value. When the agonist response at
maximal concentration used and in the absence of antagonists
was regarded as 100%, the value at 50% of the maximal in-
crease (EC5o) was estimated from the concentration-response
curve. The pA2 value, the negative logarithm of the molar
concentration of antagonist in the presence of which the EC50
value of UTP is increased by 2 times, was calculated.

Results

Measurement of [3H]-IP accumulation in the presence of LiCl
was used as an index for the activation of PI turnover by
various P2 purinoceptor agonists. We found that UTP and
UDP were equipotent and much more potent than other
agonists tested. The EC50 values were 3 uM for both agonists,
and higher than 100 gM for others (Figure la). The threshold
concentration of ATP or ATPyS required to produce PI
turnover was 300 gM. Similar efficacy (approximately 12-14
fold of control) was reached by UTP, UDP, ATP, ATPyS and
2MeSATP within the tested concentrations up to 1 mm. The
rank order of potency based on the maximal response obtained
within 1 mm was as follows: UTP = UDP > > ATP, ATPyS,
2MeSATP. The IP response of UMP (1 mM) and 3'-O-(4-
benzoyl)benzoyl-ATP (BzATP) (1 mM) was 250% and 500%
of control, respectively. AP5A, AP4A, a,#-MeATP, fiy-
MeATP and adenosine at 1 mM were completely ineffective
(data not shown). This ranking is not in agreement with those
proposed for P2U and P2Y subtypes.

The potencies of nucleotide analogues on AA release almost
matched their potencies on IP formation (Figure Ib). The
amount of basal [3H]-AA release was 1.51 +0.12% of the total
[3H]-AA incorporated into phospholipids. UTP and UDP were
much more potent (EC50 values of 3 gM and 10 gM, respec-
tively) than other agonists in promoting AA release. ATP,
2MeSATP, and UMP did not increase AA release until the
concentration was raised to 1 mM. The extent of AA release
caused by UTP (100 gM), UDP (100 4uM), ATP (1 mM),
2MeSATP (1 mM) and UMP (1 mM) were 300 +20% (n = 33),
243±25% (n=4), 389±33% (n=9), 323±10% (n=3) and
181 +6% (n = 3) of control, respectively. BZATP only increased
the AA release at 1 mM, with 1387 +100% (n = 4) of control.
e,'fl-MeATP, fry-MeATP, Ap5A, and Ap4A were without effect
at 1 mm (data not shown). As shown in Figure 2, the accu-
mulation of IP formation (in the presence of LiCl) and AA
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Figure 1 Concentration-response curves of agonist-induced activa-
tion of phospholi ase C (PLC) and PLA2. RAW 264.7 cells were

labelled with (a) [ H]-myoinositol or (b) [3H]-arachidonic acid (AA)
overnight, and the accumulation of [ H]-inositol phosphate (IP) (a)
or [3H]-AA release (b) was measured as described in Methods. (0)
Basal, (El) UTP, (C) UDP, (0) ATP, (A) 2MeSATP, (ED) UMP,
(*) BzATP, (d@) ATPyS. Data represent the mean+s.e.mean
(vertical lines) from at least three independent experiments. Where
no error bar is represented, it is within the size of the symbol.

release caused by UTP and ATP were time-dependent and
were observed as rapidly as 1 min. Both the time courses of IP
formation and AA release were in parallel.

In order to assess the signal pathways mediated by UTP,
UDP and ATP via the same type of purinoceptor, the ad-
ditivity of the responses caused by these three agonists was
determined. For PI turnover, the responses caused by UTP
(10 gM) in combination with ATP (1 mm) or UDP (10 MM)
were non-additive (Figure 3a). For AA release, the response to
UTP (100 gM) was non-additive to UDP (100 gM), but was
additive to ATP (1 mM).

In order to rule out the possible modulation of PI turnover
and AA release by the ATP metabolite, adenosine, we per-
formed the additive experiment between UTP and adenosine.
We found that adenosine (100 gM) did not affect the dose-
response curves of UTP-induced IP formation and AA release
(data not shown).

To investigate the participation of G proteins in these two
signalling pathways of UTP and ATP, cells were pretreated
with pertussis toxin (PTX) for 24 h. In contrast to the in-

Figure 2 Time-dependent increase in [3H]-inositol phosphate (IP)
accumulation and [ H-arachidonic acid (AA) release caused by UTP
and ATP. Cells were treated with vehicle (Cl), 30 (A) or 100 (C>) FM
UTP or 1 mm ATP (0) for various periods, and [3H]-IP
accumulation (a) or [3H]-AA release (b) was measured. The data
shown represent the mean + s.e.mean (vertical lines) from three
independent experiments.

effectiveness ofPTX (500 ng ml-') on the PI response to UTP,
the AA release caused by UTP was reduced by approximately
60% (Figure 4a,b). On the other hand, ATP (1 mM)-induced
IP accumulation and AA release were unaffected by the pre-
treatment with PTX (Figure 4a,b). The AA response to BzATP
(1 mM) was unaffected by PTX (data not shown).

To assess the dependence of IP formation and AA release
on extracellular Ca2 , the responses to agonists were studied in
the absence of extracellular Ca2+. The AA responses to UTP
(100 uM), ATP (1 mM) (Figure 4b) as well as BzATP (1 mM,
data not shown) were abolished by the Ca2+-free medium.
With respect to PI turnover, the UTP-induced IP formation
was markedly reduced in the absence of extracellular Ca2+
(Figure 4c), while that ofATP was abolished (data not shown).

The negative regulatory role of protein kinase C (PKC) on
PLC activation was determined by short-term pretreatment
with the PKC activator, phorbol 12-myristate 13-acetate
(PMA). As shown in Figure 5, UTP- and UDP-induced IP
formation were inhibited by PMA with the same susceptibility.
The IC50 value of PMA was 20 nM, and the responses were
about 90% inhibited by 1 gM PMA. Inactive phorbol ester, 4-

x-PMA, in contrast, did not show a negative regulation of PI
turnover at concentrations up to 1 gM (data not shown). The
AA release by UTP and ATP, however, were unaffected by
10 min pretreatment with PMA (data not shown).
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Figure 3 Additivity between the agonist-induced inositol phosphate
(IP) accumulation and arachidonic acid (AA) release. Cells were

treated with each agonist or in combination at the indicated
concentration for 30min, then [3H]-IP accumulation (a) or [3H]-AA
release (b) was measured. The data shown represent the mean +
s.e.mean (vertical lines) from three independent experiments.

Figure 6 shows the effects of two competitive antagonists of
P2 purinoceptors (suramin and reactive blue) on UTP- and
ATP-mediated PI turnover. Suramin and reactive blue at
concentrations which did not affect the basal IP formation
caused a concentration-dependent rightward shift in the dose-
response curves of UTP with pA2 values of 4.85 and 5.75,
respectively. The PI response caused by ATP (1 mM) was

equipotently inhibited by suramin and reactive blue as com-
pared to UTP (10 yM) (Figure 6c).

Figure 7 shows the effects of extracellular Mg2> on agonist
responses. UTP-induced IP formation was unaffected either by
Mg2- -free or by high Mg2- PSS, while the PI response caused
by 1 mM ATP was potentiated by the removal of extracellular
Mg2+ and reduced by 9 mM Mg2- (Figure 7a,b). The manip-
ulation of extracellular Mg2- only affected the efficacy of the
ATP-induced PI response, whereas its threshold concentration
(300 tM) was unaffected (data not shown). For AA release, the
response to UTP (100 yM) was not affected by the removal of
extracellular Mg2-, but was partially suppressed (about 30%)
by high Mg2. On the other hand, the response to ATP was

potentiated in the absence of Mg2' and markedly reduced by
high Mg2+ (Figure 7c).
UTP and UDP rapidly increased [Car2 ]i and the time

course of the response was concentration-dependent. More
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Figure 4 Effects of pertussis toxin (PTX) and the removal of
extracellular Ca2 4on UTP- and ATP-induced [3H]-inositol phos-
phate (IP) accumulation and [3H]-arachidonic acid (AA) release. Cells
were either pretreated with vehicle (open columns) or (Lii) in (c),
pertussis toxin (SOOng ml-') for 24h in DMEM (solid columns) or
with Ca> -free PSS containing 1 mM EGTA (hatched columns in b;
(K) in c) for 10min, then UTP at indicated concentrations or ATP
(1 mM) was added, and [3H]-IP accumulation (a) and (c) or [3H]-AA
release (b) was measured. The data shown represent the mean +
s.e.mean (vertical lines) from three independent experiments.
*P<0.05 compared to the agonist response in normal PSS without
(PTX) pretreatment.

interestingly, [Ca2i] was increased and sustained for at least
10 min within the concentration tested (Figure 8a,b). In the
absence of extracellular Ca2, the plateau increase evoked by
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Figure 5 Effects of short-term treatment with phorbol 12-myristate
13-acetate (PMA) on UTP- and UDP-induced inositol phosphate (IP)
formation. Cells labelled with [3H]-myoinositol were pretreated with
vehicle or PMA at the indicated concentrations 10min before the
addition of 10jIM UTP ([1) or UDP (K>). Thirty minutes after
stimulation, [3H]-IP accumulation was measured. The data shown
represent the mean+ s.e.mean (vertical lines) from a typical
experiment.

UTP rapidly fell to base-line (Figure 8c). The [Ca2+]i responses
of UTP and UDP were unaffected by the extracellular Mg2+
(data not shown).

Discussion

The purpose of the present study was to characterize the re-
ceptor subtype involved in the activation of PLC and PLA2 by
nucleotide analogues in the mouse macrophage RAW 264.7
cell line. We found that receptors with high sensitivity to UTP
and UDP are expressed in RAW 264.7 cells and their activa-
tion results in the stimulation of PLC and PLA2. The rank
orders of potency for increasing PI turnover and AA release
(UTP = UDP > > ATP, ATPyS, 2MeSATP>a,fi-MeATP
f,'y-MeATP) are not in agreement with those classically de-
scribed for P2U, P2y and P2X purinoceptor subtypes. 2Me-
SATP, the head of the P2Y series, is much less potent for both
signalling pathways. a,#-MeATP and fl,'y-MeATP, two selec-
tive agonists for P2X purinoceptors, were virtually inactive. For
classical P2U subtypes, UTP is equipotent to ATP in various
cells (O'Connor et al., 1991), and this proposal has been sup-
ported by data from the transfection with mouse and human
P2U purinoceptors (Lustig et al., 1993; Parr et al., 1994). In
RAW 264.7 cells, however, the receptors responsible for UTP-
and UDP-induced activation of PLC and PLA2 appear not to
be the classical P2U subtype because of the much higher po-
tency of UTP and UDP than ATP. This finding suggests that
pyrimidinoceptors are expressed in mouse macrophage RAW
264.7 cells and they are coupled to the activation of phos-
pholipases.

The hypothesis that ATP and UTP can activate distinct
receptors, i.e. P2 purinoceptors and pyrimidinoceptors re-
spectively, has also been proposed (Seifert & Schultz, 1989).
Pyrimidinoceptors have been suggested to exist in rabbit ba-
silar and ear, arteries (Von Kugelgen et al., 1987; Von Kugelgen
& Starke, 1990), the perfused isolated liver of the rat (Haus-
singer et al., 1987), rat superior cervical ganglion (Connolly &
Harrison, 1994), mouse neuroblastoma NG108-15 cells (Lin,
1994; Reiser, 1995), rat C6-2B glioma cells (Lazarowski &
Harden, 1994), HL-60 and neutrophils (Seifert & Schultz,
1989). Similar to the PI and AA responses in RAW 264.7 cells,
with the PI and guanosine 3':5'-cyclic monophosphate (cy-
clicGMP) responses (induced by UTP and UDP) in NG108-15
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3uM (0), 10 M (A) or 30uM ( ) reactive blue (b), 20 min before
the addition of various concentrations of UTP, and then [3H]-IP
formation was measured. In (c), the inhibitory effects of suramin and
reactive blue on the PI response to 10IM UTP (open columns) and
1 mM ATP (solid columns) are summarized. The data shown
represent the mean+s.e.mean (vertical lines) from three independent
experiments.

cells (Lin, 1994; Reiser, 1995) and the PI and AA responses (to
UDP) in C6-2B glioma cells (Lazarowski & Harden, 1994)
UTP and UDP are much more potent than other nucleotide
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analogues. All three cell lines respond to submi
centrations of UTP and UDP, and thus displa)
sitivity to uridine nucleotide. The biochemical
features of these pyrimidinoceptors need further
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icromolar con- The lower potency of ATP for activation of these two
y a higher sen- transmembrane signalling pathways in RAW 264.7 cells does
and molecular not appear to be due to either the regulation by its metabolite,
r investigation. adenosine, or the rapid breakdown by ecto-ATPase. The for-

mer possibility can be ruled out by the findings that adenosine
at 100 gM did not affect either basal and UTP-induced PI
turnover or basal and prostaglandin (PGE1)-induced cycli-
cAMP formation in this cell line (data not shown). The latter
possibility was tested by studying the effects of FPL 67156,
which is a potent and selective inhibitor of ecto-ATPase (Crack
et al., 1995). We found that FPL 67156 at 100 gM did not
significantly affect the dose-response curve of ATP-induced IP
formation (data not shown). In addition, ATPyS, which is
resistant to degradation by ecto-ATPase, displayed a similar
potency to ATP. All these observations further strengthen the
suggestion that a unique pyrimidinoceptor with specificity for
UTP and UDP, is expressed in RAW 264.7 cells.

The present results suggest that P2Z purinoceptors, which
possess pore-forming activity, possibly mediate the signalling
effects of ATP. This suggestion relies on the finding that
BzATP, a selective agonist on the P2Z purinoceptors of mac-
rophages (Erb et al., 1990; El-Moatassim & Dubyak, 1992)

TI Iand lymphocytes (Wiley et al., 1994), can also induce PI
5 4.5 turnover and AA release at concentrations higher than 300 gM

in RAW 264.7 cells. Both the AA responses to ATP and
BzATP are nonadditive (data not shown), and are resistent to
PTX. The latter effect is not the case for UTP and UDP (see
below). Moreover, the lower efficacy for ATP-induced PI and
AA responses in the presence of high Mg2+ compared with
that found in the absence of extracellular Mg2 , indicates that
the tetrabasic form ofATP (ATP4-) mediates the signalling of
ATP. This observation is consistent with the definition of P2z
purinoceptors in mast cells, macrophages, parotid acinar cells
and a variety of transformed cells, where P2Z purinoceptors are
activated by ATP in its fully dissociated form (ATP4-) and
couple to plasma membrane channels for monovalent ions and
normally impermeant metabolites. It has been shown that
UTP is unable to act on P2Z purinoceptors of macrophages to
induce permeabilization and depolarization (Greenberg et al.,
1988; El-Moatassim & Dubyak, 1992). Thus, we conclude that
different receptors and mechanisms (see below) contribute to
the signalling cascades of UTP and ATP in macrophages.

Although selective and potent antagonists for P2 pur-
inoceptors and pyrimidinoceptors are still lacking, the antag-

3h Mg onistic profiles of two putative P2 purinoceptor antagonists
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Figure 7 Effects of extracellular Mg2+ on UTP- and ATP-induced
inositol phosphate (IP) formation and [3H]-arachidonic acid (AA)
release. Cells were treated with the indicated concentrations of UTP
(a,c) or 1 mM ATP (b,c) in normal PSS (([1) in (a) and open columns
in (c)), Mg2+-free PSS [O in (a) and hatched columns in (c)] or high
Mg2+ (9mM) PSS ((O) in (a) and solid columns in (c)) and [3H]-IP
formation (a,b) or [3H]-AA release (c) was measured. The data shown
represent the mean+s.e.mean (vertical lines) from three independent
experiments. *P<0.05 compared to the agonist response in normal
PSS.
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were used in this study to characterize pyrimidinoceptors.
Suramin has been shown to be a competitive antagonist of P2
purinoceptors, but it does not appear to distinguish between
the subtypes (Fredholm et al., 1994). Reactive blue is shown to
possess selectivity for P2Y purinoceptors, although nonspecific
effects have also been described (Fredholm et al., 1994). In this
study, we found that suramin, 10-100 uM, and reactive blue,
1-30 gM, can equipotently inhibit UTP- and ATP-induced
PLC activation in a competitive manner, further demonstrat-
ing their nonselective effect on pyrimidinoceptors and P2z
purinoceptors.

In this study, the data indicate that the mechanisms re-
sponsible for UTP-induced PI turnover and AA release are
correlated, although they are not exactly identical. To date, the
mechanism involved in the regulation of cPLA2 is incompletely
understood. The activation of cPLA2 has been proposed to
occur via a number of mechanisms, including [Ca2+], increase,
protein phosphorylation and G protein activation (Mayer &
Marshall, 1993). All these observations led us to investigate the
role of Ca2 , PKC activation and G-protein on UTP- and
ATP-induced AA release in RAW 264.7 cells.

Increased [Ca2+], levels, which result in the translocation of
cPLA2 from the cytosol to the membrane (Clark et al., 1991), is
generally assumed to be a primary regulator ofcPLA2 activity.
As indicated by the results observed with the fura-II method,
UTP in RAW 264.7 cells induced a significant increase in
[Ca2+], preceding AA release and the Ca2+ response to UTP
(0.1- I pM) was sustained (even within 10 min). When the
extracellular Ca2+ was removed, only a transient Ca21 peak
was observed for UTP, indicating that the transient Ca21 spike
results from the release of intracellular Ca2+ from its store, and
the sustained phase relies on Ca2+ influx. The mechanisms
involved in UTP-activated sustained Ca21 influx are currently
unknown. Under Ca2+-free conditions, UTP- and ATP-in-
duced AA release were completely abolished, consistent with
the previous finding that receptor-stimulated PLA2 activation
is coupled to the influx of external Ca2+, and not to the mo-
bilization of intracellular Ca2+ from its store (Brooks et al.,
1989). Therefore, in RAW 264.7 cells as well as in a variety of
other cell types, the influx of extracellular Ca2+ is tightly
coupled to the agonist-promoted cPLA2 activation.

Regulation of AA release by mitogen-activated protein ki-
nase (MAPK) and PKC has been shown in various cells. With
respect to the mechanism, MAPK- and PKC-dependent
phosphorylation of cPLA2 appears to act synergistically with
Ca2+ for full activation (Chahraborti et al., 1992; Lin et al.,
1993; Paglin et al., 1993). In RAW 264.7 cells, although short-

term pretreatment of cells with PMA inhibited UTP- and
UDP-stimulated IP formation, no effect was observed for
UTP-induced AA release. The underlying mechanisms re-
sponsible for this discrepancy are presently under investiga-
tion.

In this study, PTX inhibited UTP-evoked AA release, but
not UTP-induced PI hydrolysis, suggesting that PTX-sensitive
G protein is involved in the agonist-induced cPLA2 activation.
A PTX-sensitive G protein involved in the coupling between P2
purinoceptors and cPLA2 has been observed in some cell types
(Mayer & Marshall, 1993), such as the P2U purinoceptors in
neutrophil-like HL-60 granulocytes (Xing & Matter, 1992), P2Y
purinoceptors in astrocytes (Bruner & Murphy, 1993), P2
purinoceptors in endothelial cells (Gerritsen & Mannix, 1990),
and airway epithelium (Lazarowski et al., 1994). More direct
evidence has shown that in Chinese hamster ovary cells, PTX
catalyzed ADP-ribosylation of the Gi2 subunit and mutant
Gi2a subunit could inhibit cPLA2-mediated AA release in re-
sponse to thrombin and ATP, independent of Ca2+ mobiliza-
tion and MAPK regulation (Winitz et al., 1994). At present,
the physical direct coupling of cPLA2 with Gi protein has not
been demonstrated and the network interaction between the
Gia subunit and/or fly complexes for regulating cPLA2 activity
is unclear. The possible anchoring of cPLA2 to the membrane
during its translocation via the fly subunits of G-proteins has
been suggested (Jelsema & Axelrod, 1987; Kim et al., 1989).
Winitz et al. (1994) proposed that the Gi2a subunit can reg-
ulate an effector other than cPLA2, and that this event is in-
volved in the control of protein kinase networks that regulate
cPLA2 activity and AA release. While the nature of the PTX-
sensitive pathway remains obscure, it is likely to be dependent
on the Ca2+ increase in RAW 264.7 cells, because when cells
were incubated in Ca2+ -free medium, AA release was com-
pletely inhibited.

In conclusion, the pyrimidinoceptors with UTP and UDP
specificity in RAW 264.7 macrophages are linked to PLC by a
PTX-insensitive G protein. The activation of cPLA2 by pyr-
imidinoceptors is primarily due to the sustained Ca2+ influx
caused by UTP and UDP, and partially results from the acti-
vation of PTX-sensitive G protein. P2z purinoceptors are re-
sponsible for the ATP-induced PLC and cPLA2 activation.

This research was supported by a research grant (DOH83-HR-301)
from the National Institute of Health, Center for Cardiovascular
Research.
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