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Activation of ERK1/2 by extracellular nucleotides in macrophages
is mediated by multiple P2 receptors independently of
P2X--associated pore or channel formation
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1 Macrophages express several P2X and P2Y nucleotide receptors and display the phenomenon of
ATP-induced P2X;-dependent membrane permeabilization, which occurs through a poorly under-
stood mechanism. Several P2 receptors are known to be coupled to the activation of mitogen-activated
protein kinases (MAPKs) and Ca®™ signaling.

2 Here, we use macrophages to investigate the phosphorylation of extracellular signal-regulated
kinases 1 and 2 (ERK1/2) by nucleotides and the involvement of MAPKs and intracellular Ca*™"
concentration in ATP-induced membrane permeabilization.

3 Short-term (5 min) pre-exposure to oxidized ATP (0ATP), a P2X; antagonist that does not inhibit
P2X;-associated inward currents or membrane permeabilization, inhibits the activation of ERK1/2 by
ATP, ADP, the P2X; agonist 2'-3'-0-(4-benzoylbenzoyl)-ATP (BzATP), but not by UTP and UDP.
We conclude that macrophages display several P2Y receptors coupled to the ERK1/2 pathway and
that oATP antagonizes the action of purine nucleotides, possibly binding to P2X; and/or other purine-
binding P2Y receptors.

4 We also show that BZATP and ATP activate ERK1/2 by two different pathways since ERK1/2
activation by BZATP, but not by ATP, is blocked by the tryrosine kinase inhibitor, genistein, and the
Src protein kinase inhibitor, tyrphostin. However, the activation of ERK1/2 by ATP is blocked by the
protein kinase C (PKC) inhibitor, chelerythrine chloride. Under the same conditions, membrane
permeabilization is not blocked by genistein, tyrphostin, or chelerythrine chloride, indicating that
tyrosine kinase, Src protein kinase, and PKC are not required for pore opening.

5 Membrane permeabilization is independent of ERK1/2 activation since chelerythrine, or short-term
exposure to oATP or PD98059, efficiently block ERK1/2 activation without inhibiting membrane
permeabilization. In addition, membrane permeabilization is not inhibited by SB203580 and SB202190,
two inhibitors of p38 MAPK, nor by intracellular BAPTA, which blocks ATP-induced Ca>* signals.
6 These results suggest that multiple P2 receptors lead to ERK1/2 activation, that ligation of the
same receptors by agonists with different affinities can lead to differential stimulation of separate
pathways, and that MAPKs and intracellular Ca®>* fluxes are independent of P2X;-associated pore
formation.
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Introduction

Since 1929, the pharmacological and immunological properties
of extracellular nucleotides and nucleosides have attracted
much attention due to their ability to modulate proliferation,
differentiation, cell death, glioma formation, and cytokine

maturation and secretion (Ralevic & Burnstock, 1998). Many
of the effects of extracellular nucleotides are mediated by
P2 receptors. They comprise two groups: P2Y receptors, a
G-protein-coupled family of receptors comprised of nine
members (P2Y,46.1115); and P2X, a family of ligand-gated
cation channels comprised of seven members (P2X; ;) (Ralevic
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& Burnstock, 1998; North, 2002; Burnstock & Knight, 2004).
Besides opening a small ion channel selective for Na*, K™,
and Ca’>*, P2X; receptors are also associated with the opening
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of a nonselective pore that allows the passage of molecules of
up to 900 Da, induction of apoptosis and necrosis, cytokine
release, killing of intracellular pathogens, and membrane
blebbing (Steinberg et al., 1987; Coutinho-Silva & Persechini,
1997; Lammas et al., 1997; Coutinho-Silva et al., 1999; 2003;
Di Virgilio et al., 2001; Morelli et al., 2001; North, 2002;
Verhoef et al., 2003).

The amino-acid sequence of P2X; receptors differs from
other members of the P2X family by the presence of a longer
C-terminal tail comprising approximately 240 amino acids
that is thought to be involved in signal transduction
(Surprenant et al., 1996; Kim et al., 2001; Saunders et al.,
2003). However, although different signaling pathways are
triggered by P2X; receptors, the specific pathways that lead to
each of the P2X;-dependent responses are still poorly under-
stood (Kim et al., 2001; North, 2002). In particular, ATP-
induced pore formation has been described as a phenomenon
depending solely on the P2X; molecule and/or as a conse-
quence of the engagement of other molecules coupled to P2X;
by a yet unknown signaling pathway (Surprenant ez al., 1996;
Coutinho-Silva & Persechini, 1997; North, 2002). The latter
possibility is supported by results from patch-clamping
experiments suggesting that ATP-induced nonselective pore
opening in macrophages requires an intracellular signal
(Coutinho-Silva & Persechini, 1997; Persechini et al., 1998).
Kim et al. (2001) subsequently showed that dephosphorylation
of P2X; residue ***Tyr is required for opening of the P2X,-
associated cation channel, raising the possibility that tyrosine
kinases may be involved in pore formation. Consistent with
this possibility, several studies have implicated tyrosine
kinases (Bronte er al., 1996; Kim et al., 2001; Hung & Sun,
2002), Rho-dependent kinase (Morelli et al., 2003; Verhoef
et al., 2003; Pfeiffer et al., 2004), and MAPKSs (Hu et al., 1998;
Hide et al., 2000; Humphreys et al., 2000; Denlinger et al.,
2001; Panenka et al., 2001; Aga et al., 2002; Bradford &
Soltoff, 2002; Parvathenani et al., 2003; Gendron et al., 2003a;
Pfeiffer et al., 2004) in P2X,-depending signaling and/or cell
responses.

Identification of the signal transduction pathways and
cellular functions associated with P2X; and other P2 receptors
have been hampered by the lack of specific pharmacological
tools available to study different members of this receptor
family (Ralevic & Burnstock, 1998; Jacobson et al., 2002;
North, 2002). In particular, most of published results on the
activation of mitogen-activated protein kinases (MAPKSs) by
P2X, receptors have relied on the use of 2'-3-O-(4-benzoyl-
benzoyl)-ATP (BzATP) (used as specific agonist) and/or
oxidized ATP (used as a specific antagonist), two drugs now
known to bind to other P2 receptors and to display other
effects independently of P2 receptors. Among these are the
non-P2-related inhibition of ATP-induced cytokine release by
oxidized ATP (Beigi et al., 2003) and the recently identified
effects of BZATP on all P2X receptors (Jacobson et al., 2002)
and some P2Y receptors such as P2Y, and P2Y,, (Boyer et al.,
1996; Vigne et al., 1999; Vartian & Boehm, 2001; Jacobson
et al., 2002; White et al., 2003). These properties are
particularly relevant when studying primary cells such as
macrophages and monocytes that express several P2X and
P2Y receptor subtypes (Albuquerque et al., 1993; Dubyak &
El-Moatassim, 1993; Jin et al., 1998; Ralevic & Burnstock,
1998; Adrian et al., 2000; Di Virgilio et al., 2001; Santiago-
Perez et al., 2001; Warny et al., 2001; North, 2002; Bowler

et al., 2003; Coutinho-Silva et al., 2005), many of them coupled
to MAPK pathways (Dangelmaier et al., 2000; Lenz et al.,
2000; Santiago-Perez et al., 2001; Burnstock, 2002).

Nonetheless, recent studies using recombinant P2X; recep-
tors transfected into cells that do not express other endogenous
P2 receptors have demonstrated that P2X, receptors mediate
activation of extracellular signal-regulated kinases 1 and 2
(ERK1/2) (Gendron et al., 2003b; Amstrup & Novak, 2003).
However, the relevance of MAPKs for the induction of
membrane permeabilization still remains unclear. While
inhibitors of p38 but not of ERK1/2 activation block ATP-
induced dye uptake in the monocytic cell line THP-1
(Donnelly-Roberts et al., 2004), and ERK1/2 plays no role
in pore formation in primary thymocytes (Auger et al., 2005),
it was recently reported that inhibitors of either p38 or ERK1/
2 inhibit dye uptake and the formation of large pores in
intraperitoneal murine macrophages and 2BH4 cells (Faria
et al., 2004).

In order to reconcile these differences and to further
characterize the effects of different ligand on P2-dependent
signal transduction, we used intraperitoneal murine macro-
phages to study the activation of ERK1/2 by several agonists
of P2 receptors, the involvement of tyrosine kinases and
protein kinase C (PKC) in ERKI1/2 activation, and the
involvement of these pathways together with intracellular
Ca’" signaling in P2X;-associated ATP-induced membrane
permeabilization. The possible effect of BZATP and oxidized
ATP on ERK1/2 activation by P2 receptors other than P2X,
was also investigated.

Methods

Materials

Adenosine, ADP, ATP, UDP, UTP, BzATP, periodate-
oxidized ATP (0oATP), genistein, tyrphostin, chelerythrine
chloride, 2-mercaptoethanol, Tween 20, ethidium bromide,
HEPES, dimethyl sulfoxide (DMSO), sodium dodecyl sulfate
(SDS), and RPMI 1640 medium were purchased from Sigma-
Aldrich (St Louis, MO, U.S.A.). PD98059 was obtained from
Biomol Research Laboratories (Plymouth Meeting, PA,
U.S.A.); SB203580 and SB202190 were from Calbiochem
(San Diego, CA, U.S.A.). Fetal bovine serum, penicillin, and
streptomycin were obtained from Gibco/BRL (Grand Island,
NY, U.S.A.). Thioglycollate medium was from Difco (Detroit,
MI, U.S.A)). NaCl, MgCl,, methanol, Trizma-base, glacial
acetic acid, formic acid, chloroform, glycine, and glycerol were
from Reagen (Rio de Janeiro, RJ, Brazil). Polyvinylidene
difluoride (PVDF) membranes and Enhanced Chemilumines-
cence (ECL-Plus) kit were from Amersham Pharmacia Biotech
(Sao Paulo, SP, Brazil). Kodak X-OMAT film was purchased
from Kodak (Rio de Janeiro, RJ, Brazil). Nonfat dry milk was
obtained from Molico (Rio de Janeiro, RJ, Brazil). Anti-p44/
p42 MAPK (Thr202/Tyr204) monoclonal antibody (anti-
phospho-ERK1/2 antibody) and anti-ERK antibody were
purchased from Cell Signaling Technology Inc. (Bervely, MA,
U.S.A.). Horseradish peroxidase-conjugated anti-mouse-IgG
was from Amersham Pharmacia Biosciences. Anti-rabbit IgG
was from Sigma; BAPTA, Fura-2, and probenicide were from
Molecular Probes (Eugene, OR, U.S.A.).
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Animals

Female Swiss—Webster mice weighing 30g, 8-12-week old,
were obtained from the animal facilities of the Instituto de
Microbiologia Paulo de Goes of the Federal University of Rio
de Janeiro (Rio de Janeiro, RJ, Brazil). Animal handling was
performed according to the guidelines for animal use in
scientific experiments of the Instituto de Biofisica Carlos
Chagas Filho of the Federal University of Rio de Janeiro.

Cell isolation and culture

Most experiments were performed with thioglycollate-elicited
macrophages obtained from the intraperitoneal cavity of
Swiss—Webster mice, collected 4 days after thioglycollate
injection, as described (Coutinho-Silva & Persechini, 1997).
In brief, cells were washed three times in PBS and kept on
ice at a concentration of 10° cellsml~' until used either in the
flow cytometry-based membrane-permeabilization assays
(see below) or plated in 35mm culture dishes or glass
coverslips in order to obtain adherent macrophages for use
in ERK-activation assays, electrophysiological recordings,
intracellular calcium measurements, or fluorescence micro-
scopy-based permeabilization assays (see below). To obtain
adherent macrophages, cells were first added to the culture
dishes at a concentration of 6 x 10° cellsdish™' in 2ml
(ERK-activation assays) or 2 x 10° cellsdish™' in a central
spot with 200 ul (other assays) in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 2gl~' sodium
bicarbonate, 0.3mgl~! L-glutamine, 100 Uml™! penicillin,
and 100 ugml™' streptomycin at 37°C in a humidified
atmosphere containing 5% CO,. Nonadherent cells were
then removed after 2h and the macrophages were kept for 4
days under the same culture conditions. Some experiments
were performed using the murine macrophage-like cell line
J774.A1 (American Type Culture Collection, Rockeville,
MD, U.S.A.), harvested on 60 mm? culture flasks in RPMI
1640 supplemented with 10% fetal bovine serum. The
cultures were expanded every 3-4 days under standard
culture conditions. Before the assay, J774.A1 cells were
detached by adding 1 mgml~" trypsin for 3min at 37°C and
washed and kept in ice-cold PBS until use.

ERK-activation assays

Dishes containing 4-day-old macrophage cultures were gently
washed twice in prewarmed RPMI medium buffered with
20mM HEPES without serum (RPMI/HEPES) and kept for
15min at 37°C. Nucleotides and/or other drugs were dissolved
in the same medium, prewarmed at the same temperature, and
then added to the culture dishes. Unless otherwise specified,
cells were kept at 37°C for Smin in the presence of the
drugs. The medium was gently drained, 100 ul of lysis buffer
(IM Tris, 20% glycerol, 10% SDS, and 20% 2-mercapto-
ethanol, pH 6.8) was added and the cells were kept on ice for
10 min. The cell lysates were then harvested by scraping, boiled
at 100°C for 10 min, and centrifuged in a micro centrifuge for
10min at 14,000r.p.m. The supernatant was collected and
stored at —20°C until use.

Anti-ERK Western blots

Cell extracts (50 ug of protein per lane) were separated by
electrophoresis on a 9% SDS-PAGE, and transferred to a
PVDF membrane using standard protocols. Membranes were
then incubated with a blocking buffer consisting of TTBS
(50mM Tris, 200 mM NaCl, 0.1% Tween 20, pH 7.6) contain-
ing 5% nonfat dry milk for 1h at room temperature and
then incubated with anti-phospho-ERK1/2-specific antibody
(diluted 1:2000). After three rinses in TTBS for Smin each,
membranes were incubated for 1h with horseradish perox-
idase-conjugated anti-IgG (1 :5000) diluted in blocking buffer.
Membranes were then washed by gently shaking three times
for Smin in TTBS, and bound antibodies were detected by
ECL-plus detection kit according to the manufacturer’s
instructions. The protein concentration in the extracts was
determined by the Bradford assay (Bradford, 1976), using
bovine serum albumin as standard. Equal loading of gels was
confirmed by staining the gel immediately after electrophoresis
and again at the end of all immune-staining steps with Ponceau
Rouge S (Sigma) using a 0.2% solution in TCA. In selected
experiments, we have also confirmed total ERK1/2 loading by
striping the anti-phosfo-ERK and restaining with anti-ERK
antibody (Promega Corporation, 1:5000 dilution). Primary
antibody striping was performed by incubating membranes for
30 min at 50°C in 62.5 mM Tris-HCI buffer, pH 6.8, containing
2% SDS and 0.78% 2-mercaptoethanol, followed by two
washes of 10 min in Tris-Buffered Saline plus Tween-20 (TBST).

Permeabilization assays

Unless otherwise specified, ATP-induced membrane permea-
bilization was measured by detecting ethidium bromide uptake
using a flow cytometer (FACSCalibur cytometer, Becton,
Dickinson and Co., Franklin Lakes, NJ, U.S.A.). In brief,
freshly isolated macrophages or J774.A1 cells (10°ml~") were
removed from ice, prewarmed at 37°C for 5min, treated with
the indicated drug for 5-30min at 37°C, and then incubated
with ATP (0.1, 1, and 5mM) or BzZATP (300 uM or 1 mMm) for
10 min in the presence of the drugs. Ethidium bromide (2 um
final concentration) was added during the last Smin of
incubation and the intensity of dye uptake was immediately
determined by flow cytometry using an excitation wavelength
of 488 nm and an emission wavelength of either 590 or 670 nm.
At least 5000 data points were collected for each sample. The
results were analyzed using the WinMDI program (Multiple
Document Interface Flow Cytometry Application, version 2.8,
by Joseph Trotter, The Scripps Research Institute, La Jolla,
CA, U.S.A)). In some experiments, adherent macrophages of
3-5 day-old cultures were used for the permeabilization assays.
In this case, dye uptake was determined using a fluorescence
microscope (Axiovert 100, Karl Zeiss, Oberkochen, Germany)
equipped with a HBO lamp and appropriate filters.
In permeabilization assays using BAPTA-loaded cells, freshly
isolated or adherent macrophages were prepared as described
below in ‘Intracellular calcium measurements’.

Electrophysiology

Thioglycollate-elicited macrophages were plated in 35mm
plastic culture dishes for 3-5 days as described above. Before
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the experiment, the culture medium was exchanged for
an extracellular solution containing, inmM: 135 NaCl, 5 KCl,
1 MgCl,, and 10 Na-HEPES, pH 7.4. Ionic currents were
recorded in whole cell configuration, using an EPC-7 amplifier
(List Electronic, Darmstadt, Germany) according to standard
patch-clamping techniques (Hamill et al., 1981). Gigaohm
seals were formed after offset potential compensation, using
heat-polished micropipettes of 5-10MQ filled with an
intrapipette solution (inmMm: 135 KCI, 5 NaCl, 2 MgCl,, 0.1
K-EGTA, and 10 K-HEPES, pH 7.4). ATP was applied onto
the cell surface by pneumatic injection, using a second
micropipette filled with 5SmM ATP dissolved in extracellular
solution and connected to a PPM-2 pneumatic pump
(NeuroPhore BH-2 system, List). Data were collected using
pClamp and Fetchex software, version 6.0, and a Digidata
1200 interface (Axon Instruments, U.S.A.) and plotted using
Origin software (Microcal Inc., U.S.A., version 4.0).

Intracellular calcium measurements

Thioglycollate-elicited intraperitoneal murine macrophages
plated on glass coverslips for 3-5 days were loaded with
S5uM Fura 2-AM and/or 10ugml™' BAPTA for 30min
at room temperature in HEPES-buffered culture medium
containing 2.5mM probenicide. The cells were then washed
and accommodated in a three-compartment superfusion cham-
ber whose base was formed by the coverslip containing the cells.
The central chamber containing the cells had a volume of 200 ul,
and was perfused at a rate of | mlmin~". The perfusion solution
contained, in mM: 135 NaCl, 5 KCl, 1 MgCl,, 10 Na-HEPES,
pH 7.4; and either 1 mM CaCl, or I mM EGTA. This solution
was preheated to reach 37°C at the perfusion chamber.
Intracellular calcium concentrations of groups of 2040 cells
were monitored continuously at 37°C with the use of a
fluorescence photometer (Photon Technology, Princeton, NJ,
U.S.A.). Fura-2 was excited alternately at 340 and 380 nm, and
the emission at 510 nm was measured. The ratio measurement,
which is proportional to the intracellular calcium concentration,
was determined every 100ms. ATP application was via
continuous perfusion of the same solution containing the
indicated concentrations of the drug (Bisaggio et al., 2001).

Statistical analysis and controls

Each experiment was performed at least twice in triplicate with
a different group of mice. Data were analyzed using GraphPad
InsTat software (GraphPad Software Inc., version 3.0) by
Tukey test, considered significant at P<0.05.

Results

Activation of ERKI1/2 by nucleotides and ATP-induced
membrane permeabilization

Addition of SmM ATP to thioglycollate-elicited macrophages
caused a transient increase in ERKI1/2 phosphorylation
(Figure 1). The intensity of phosphorylation reached
a maximum approximately 5min after exposure to ATP and
returned to background levels after 30 min. Although we have
observed ERK1/2 activation at ATP doses as low as 0.1 mM
in some experiments, reproductive bands were observed only

ERK1-P —| ; ——
Time(min) 5 5 10 10 15 15 30 30
ATP - + . + = + 2 +

Figure 1 Extracellular ATP induces activation of ERKI1/2 in
macrophages. Western blot against phospho-ERK 1 and 2
(ERK1/2-P, arrows) was performed in macrophage cultures treated
without or with 5mM ATP for 5, 10, 15, and 30 min, as indicated.
Western blots were developed as described in Methods.

at I mM and above, and the maximum effect was observed
at 5mM (data not shown).

The requirement for high doses of ATP suggests that P2X;
receptors are involved (North, 2002). However, in preliminary
experiments to investigate this possibility, we observed
that, although BzATP was at least 10-fold more efficient
(100-500 uMm) than ATP at inducing maximal membrane
permeabilization (data not shown), as expected for this P2X,
agonist (Jacobson et al., 2002; North, 2002), the activation
of ERK1/2 required doses higher than 300 uM and was best
observed at 1 mM (Figure 2 and data not shown). To further
identify the possible receptors involved, we investigated the
effects of oATP on ERK1/2 activation by ATP and BzATP
in macrophages. We observed that a 5min pre-exposure of
the cells to oATP (300 uM) was sufficient to inhibit ERK1/2
phosphorylation by ATP and BzATP (Figure 2a). This effect
was not expected for a P2X;-associated response since periods
of preincubation smaller than 1h are not effective in blocking
ATP-induced membrane permeabilization (Murgia et al.,
1993). However, in agreement with previously published
results, we observed that a short-term preincubation period
was not effective in inhibiting ATP- or BzATP-mediated
membrane permeabilization (Figure 2b), in contrast to a 2h
period (Figure 2c). We further characterized the lack of
inhibitory effect of short-term exposure of oATP by measuring
P2X;-associated inward currents induced by ATP, which were
inhibited only after long-term exposure to oATP (Figure 2d).

No effect of MAPK on ATP-induced membrane
permeabilization

The above data demonstrate that Smin pre-exposure to
oATP inhibits ERK1/2 phosphorylation without inhibiting
P2X;-dependent membrane permeabilization, suggesting that
ERK1/2 phosphorylation is not required for pore formation.
Consistent with this observation, a 5 min preincubation period
of adherent macrophages with 10 uM of PD98059, a specific
inhibitor of MEK, is sufficient to inhibit ATP-induced
phosphorylation of ERKI1/2 (Figure 3a), but the same
inhibitor does not have a significant effect on ATP-induced
membrane permeabilization in freshly isolated macrophages
(Figure 3b) or adherent macrophages (data not shown).
Recently, it has been shown that besides ERK1/2, p38
is activated by P2X; in macrophages (Donnelly-Roberts et al.,
2004; Pfeiffer et al., 2004). However, it is less clear whether
MAPKSs may be involved in ATP-induced membrane permea-
bilization. Using THP-1 macrophages, Donnelly-Roberts e al.
(2004) reported that the p38 inhibitor SB202190 inhibits
permeabilization induced by ATP, but the p38 inhibitor
SB203580 and the MEK inhibitor PD98059 did not. In
contrast, Faria er al. (2004) proposed that all three inhibitors
are effective in inhibiting permeabilization in thioglycollate-
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Figure 2 ERKI1/2 activation by ATP and BzATP, but not membrane permeabilization, is blocked by short-term exposure to
0ATP. (a) Western blots were performed with antibodies against phospho-ERK1/2 using macrophage cultures preincubated in the
presence or absence of 300 uM oATP for Smin, at 37°C. Then, | mM BzATP or SmM ATP were added for an additional 10 min, as
indicated. Ethidium bromide was added during the last Smin of incubation. Control macrophages (CTRL) were exposed to
ethidium bromide in the absence of any drugs. (b, c) Permeabilization assay (ethidium bromide uptake) performed by flow
cytometry in freshly isolated intraperitoneal macrophages. Cells were preincubated with or without 300 uM oATP for either 5min
(b) or 2h (c) and then exposed to different concentrations of either BZATP or ATP for 10 min. Ethidium bromide was added 5 min
after ATP. (d) Representative recordings of whole-cell inward currents obtained with three macrophages after pneumatic injections
of ATP (arrows) before (upper recording) or 5Smin (middle recording) and 2 h (lower recording) after the addition of 300 uM oATP.
Data in b and c represent the mean % =+s.e.m. of a representative experiment performed in triplicate. P> 0.05; * P <0.001 represents
the significance of the differences between the permeabilization induced by ATP as compared to ATP plus drug.

elicited murine macrophages. We therefore investigated the
possible effects of the three drugs using different doses and
preincubation periods. Using either freshly isolated or adherent
primary macrophages or the macrophage-like J774.A1 cell line,
we found no differences in ATP-induced dye uptake in the
presence of PD98059 (10, 30, and 100 uM), SB203580 (1, 10,
and 100 uM), or SB202190 (1 and 10 uM) at pre-exposure times
of 5 or 30 min (Figure 4 and data not shown).

Activation of macrophage ERKI/2 by different P2
receptors

The above results prompted us to investigate whether other P2
and/or P1 receptors may be involved in the activation of ERK1/
2 in macrophages. Thus, we investigated the effects of UTP,
UDP, ADP, and adenosine on the phosphorylation of ERK1/2
in the presence or absence of oATP (Figure 5). UTP, UDP, and
ADP induced ERK activation, while adenosine had no effect
(Figure 5a). However, only the effects of ATP, BzZATP, and
ADP were blocked by oATP (Figures 5b and 2a). These data
imply that several P2Y receptors (those that bind to UTP, UDP,
and ADP) and possibly one or more P2X receptors, but not P1
receptors, are coupled to ERK1/2 activation in macrophages.

Involvement of two different intracellular pathways in
activation of macrophage ERKI1/2 by P2 receptors

We next investigated possible upstream mechanisms that could
link P2 ligation by ATP to ERK 1/2 activation. In most cases,

MAPK pathways require a tyrosine kinase receptor to initiate
the phosphorylation process (Dong et al., 2002). Alternatively,
ERK could be activated vie a PKC-dependent pathway,
as already described for the ADP receptor, P2Y, (Ralevic
& Burnstock, 1998). We thus pretreated macrophages with the
general tyrosine kinase inhibitor, genistein, for 5min before
exposure to either BZATP or ATP (Figure 6a). Unexpectedly,
we found that genistein inhibited BzATP-induced but not
ATP-induced ERK1/2 activation. Tyrphostin, an Src protein
kinase inhibitor, also inhibited BzATP, but not ATP-induced
ERK1/2 activation (Figure 6b). These data suggest that
BzATP activates MAPK through a classical pathway recruit-
ing tyrosine kinases, but ATP-induced activation may involve
other pathways. In line with this possibility, we observed that
chelerythrine chloride, an inhibitor of PKC, completely
blocked activation of ERK1/2 by ATP (Figure 6c).

We also investigated the possible effects of genistein (Figure 7a
and d), tyrphostin (Figure 7b), and chelerythrine (Figure 7c and
d) on the phenomenon of P2X;-associated membrane permea-
bilization and found no effect of these drugs on the uptake of
ethidium bromide by macrophages. These results further
demonstrate that ERK1/2 phosphorylation and ATP- and
BzATP-induced permeabilization are two independent events.

Intracellular Ca’™ signaling is not required for
ATP-induced membrane permeabilization

Most P2 receptors induce an increase in the free intracellular
Ca’" concentration due to either influx from the extracellular
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Figure 3 ERK1/2 phosphorylation is not required for ATP-
induced membrane permeabilization in macrophages. (a) Western
blot was performed with antibodies against phospho-ERK1/2 using
macrophage cultures preincubated in the presence or absence of
10 um PD98059 for Smin at 37°C. Then, | mM BzATP or 5SmMm ATP
was added for an additional 5min as indicated. Control macro-
phages (CTRL) were not exposed to any drugs. (b) Permeabilization
assay (ethidium bromide uptake) performed by flow cytometry with
freshly isolated intraperitoneal macrophages. Cells were preincu-
bated with or without 10 uM PD98059 for Smin at 37°C and then
exposed to different concentrations of ATP for 10 min. Ethidium
bromide was added Smin after ATP. Data represent the mean
% +s.e.m. of a representative experiment performed in triplicate.
#P>0.05 represents the significance of the differences between the
permeabilization induced by ATP as compared to ATP plus drug.

medium or release of intracellular Ca*>* stocks (Greenberg
et al., 1988; Ralevic & Burnstock, 1998; North, 2002). Since
the increase in free intracellular Ca?* concentration is
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Figure 5 ERKI1/2 activation by different nucleotides and blockade
by oATP. (a) Western blot was performed with antibodies against
phospho-ERK1/2 (upper blot) and total ERK1/2 (lower blot) using
macrophage cultures exposed to the indicated concentrations of
BzATP, ATP, adenosine, ADP, UTP, or UDP for 5Smin. (b)
Densitometry analysis of a representative Western blot performed
against phospho-ERK1/2 using macrophage cultures preincubated
in the presence or absence of 300 uM oATP for Smin at 37°C and
then in the presence or absence of the indicated concentrations of
ATP, UTP, UDP, or ADP for an additional 5min. Band densities
are expressed in arbitrary units. Control macrophages (CTRL) were
not exposed to any drugs.
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Figure 4 ERK1/2 and p38 are not required for ATP-induced membrane permeabilization in macrophages. Permeabilization assays
(ethidium bromide uptake) were performed by flow cytometry in freshly isolated intraperitoneal macrophages (a) and J774.A1 cells
(b). Cells were preincubated with or without PD98059 (30 M), SB20358 (10 uM), and SB202190 (10 xM) for 30 min at 37°C and then
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permeabilization induced by ATP as compared to ATP plus drug.
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Figure 6 Effect of inhibitors of protein kinases on ERKI/2
activation by BZATP and ATP in macrophages. Western blots were
performed with antibodies against phospho-ERK1/2 (a—) and total
ERK 1/2 (lower blot in a) using macrophage cultures preincubated
in the presence or absence of a kinase inhibitor for 5 min at 37°C and
then 1 mM BzATP or SmM ATP mM was added for an additional
Smin. Control macrophages (CTRL) were not exposed to any drugs.
The inhibitors used were (a) 10 uM genistein, (b) 25 uM tyrphostin, or
(c) 10 uM chelerythrine chloride.

associated with the activation of a variety of signaling cascades,
and macrophages display several P2 receptors that can induce
intracellular Ca®* signals (Coutinho-Silva et al., 2005), we
decided to investigate whether intracellular Ca>* signaling
is required for membrane permeabilization in macrophages
(Figure 8). We first showed that the ATP-induced intracellular
Ca®* concentration increase in adherent macrophages is
partially diminished in the absence of extracellular Ca*>* and
completely blocked by the intracellular calcium chelator,
BAPTA (Figure 8a). Under the same experimental conditions,
freshly isolated intraperitoneal macrophages (Figure 8b) and
adherent macrophages (data not shown) displayed no signifi-
cant alterations in ATP-induced membrane permeabilization.

Discussion

We had originally proposed that P2X; activation may require
intracellular signals to induce the formation of large non-
selective pores based on results from electrophysiological
recordings of the pores by cell-attached patch clamping
(Coutinho-Silva & Persechini, 1997; Persechini et al., 1998).
However, despite evidence indicating that P2X; receptors are
coupled to more than one signaling pathway, including
phospholipase D and MAPKs (El-Moatassim & Dubyak,
1992; Amstrup & Novak, 2003; Gendron et al., 2003b), neither
the intracellular mechanism of pore formation nor the
molecular components of the pore have been identified (North,
2002). This may be partially due to the expression of multiple
P2 receptor subtypes together with P2X; in the cells studied,
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Figure 7 Effect of inhibitors of protein kinase on ATP- and BzZATP-induced membrane permeabilization in macrophages. The
permeabilization assay (ethidium bromide uptake) was performed by flow cytometry in freshly isolated intraperitoneal
macrophages. Cells were preincubated for 5min (a—c) or 30 min (d) with or without 10 uM genistein (a and d), 25 uM tyrphostin
(b), or 10 uM chelerythrine chloride (c and d), and then exposed to different concentrations of ATP (a—) or 300 uM BzATP for
10 min. Ethidium bromide was added 5Smin after ATP. Data represent the mean % +s.e.m. of a representative experiment
performed in triplicate. #P>0.05 represents the significance of the differences between the permeabilization induced by nucleotide

(ATP or BzATP) as compared to nucleotide plus drug.

British Journal of Pharmacology vol 147 (3)



C.M. da Cruz et al

P2 activation of macrophage ERK1/2 331

a b
- g o0
) : # #
5 ]
= 40
3 g
2 2
5 220
=) @
® o0
. Ny KL TR o R
& NI AIRACIP GRS
5] o ¥ o O
| PRI o8
rrrrrrrrrri
0 5 10 Zero Ca?* + EGTA 1 mM Ca2*
Time (min)

Figure 8 ATP-induced permeabilization in macrophages does not
require intracellular Ca®* signals. (a) The free intracellular Ca?*"
concentration (fura-2 fluorescence ratio) was measured in adherent
murine macrophages. ATP was added at a final concentration of
SmM (arrow) and maintained in the medium for 10min by
continuous perfusion (calibrated bar at the bottom). Upper trace:
cells were not loaded with BAPTA and the extracellular medium
contained 1 mM CaCl,. Middle trace: cells were not loaded with
BAPTA and the extracellular medium contained | mM EGTA and
no CaCl,. Lower trace: cells were loaded with BAPTA and the
extracellular medium contained 1 mM EGTA and no CaCl,. (b) The
permeabilization assay (ethidium bromide uptake) was performed
by flow cytometry in freshly isolated intraperitoneal macrophages.
The concentrations of extracellular calcium and EGTA are indicated
on the x-axis. The fluorescence ratio is proportional to the
intracellular calcium concentration and was measured as described
in Methods. Representative data of a single experiment are shown in
(a). The experiments were repeated at least three times with similar
results. Means +s.e.m. from a representative experiment performed
in triplicate are shown in (b). ®P>0.05 represents the significance of
the differences between the permeabilization induced by ATP zero
Ca>* plus EGTA (second bar from the left) as compared to BAPTA
(fourth bar from the left) and ATP I mM Ca?™ (last bar in the right).

and the use of drugs such as BzATP and oATP that can
stimulate other P2 receptors and non-P2 targets. In this study,
we therefore investigated the activation of ERKI1/2 by
nucleotides and drugs targeting different receptors in intra-
peritoneal murine macrophages and J774.A1 cells and the
pathways involved in ATP-induced P2X,-dependent mem-
brane permeabilization.

Our results showed that ERK1/2 is activated by short-term
(5min) exposure to BzATP, ATP, UTP, ADP, and UDP,
implying that multiple P2 receptor subtypes are expressed in
macrophages and are coupled to this pathway. Moreover,
while trying to characterize the contribution of P2X; receptors,
we observed that short-term (5min) pre-exposure to oATP,
a condition that does not inhibit P2X;-associated currents
or P2X;-associated membrane permeabilization, can block the
activation of ERK1/2 by ATP, BZATP, and ADP, but not by
UTP and UDP. The incubation time required for oATP to
inhibit ERK1/2 activation is surprisingly short, which has
consequences for our understanding of both the mechanism of
action of oATP and the signal transduction pathway leading
to pore formation. First, it is likely that, at short periods of
exposure, oATP acts as a competitive antagonist rather than as
a covalent ligand of a P2 receptor. However, we cannot
exclude the possibility that oATP may also enter the cell and
somehow block ERK activation by BZATP, ATP, and ADP,
but not UTP and UDP. Second, the observation that oATP
inhibits ERK1/2 activation by ATP and BzATP without
inhibiting either P2Xj-associated currents or membrane

permeabilization reinforces the conclusion that ERKI1/2
activation plays no role in pore formation.

Our results also demonstrate that genistein, tyrphostin,
chelerythrine, and oATP all block ERK1/2 activation but not
ATP-induced membrane permeabilization, suggesting that pore
formation does not require tyrosine kinase, Src protein kinase,
PKC, or ERKI1/2 activation. The lack of involvement of
ERK1/2 was further confirmed by directly inhibiting ERK1/2
phosphorylation with PD98059, which does not affect pore
formation in freshly isolated macrophages, adherent macro-
phage cultures, or J774.A1 cells. Finally, we have extended
these results to other MAPKs by showing that neither
SB202190 nor SB203580, two inhibitors of p38, were able to
block ATP-mediated permeabilization. These findings also
raise new questions regarding the signal transduction pathways
involved in triggering P2X;-associated pore formation. Using
THP-1 macrophages, Donnelly-Roberts et al. (2004) showed
that the p38 inhibitor SB202190, but not the p38 inhibitor
SB203580 or the MEK inhibitor PD98059, inhibits permeabi-
lization. However, Faria et al. (2004) proposed that all three
inhibitors can inhibit permeabilization in thioglycollate-elicited
murine macrophages. In contrast, Auger et al. (2005) found
that ERK1/2 activation is not required for P2X;-associated
membrane permeabilization in thymocytes.

The reason for these discrepancies is currently not clear, but
our studies with ERK1/2 inhibitors, the P2X; antagonist
0oATP, and the differential effects of the P2X; agonist ATP and
BzATP are all consistent with the lack of coupling between
ERK1/2 activation and P2X;-dependent pore formation. In
addition, it is now becoming clear that membrane permeabi-
lization is a more complicated phenomenon than initially
thought, as suggested by a recent report (Jiang et al., 2005)
showing that N-methyl-D-glucamine and YO-PRO-1 may
utilize different pathways to enter P2X-transfected HEK cells.

While searching for signal transduction pathways that could
be involved in ATP-induced pore formation, we also demon-
strated that membrane permeabilization does not require
intracellular Ca’>" signaling. It was previously shown that
extracellular Ca®" is not required for pore formation, since
P2X,-dependent membrane permeabilization is, on the con-
trary, potentiated by the absence of extracellular Mg?* and
Ca’" (Steinberg & Silverstein, 1987). Since the permeabiliza-
tion pore is large enough to permit passage of EGTA, EDTA,
and Ca’", it is reasonable to assume that the use of EGTA
to chelate extracellular Ca®" could also lead to the depletion
of intracellular Ca*>* due to either efflux of Ca’>* or influx of
EGTA. In agreement with this hypothesis, only a brief peak of
intracellular Ca®* is observed in macrophages exposed to ATP
in the absence of extracellular Ca®*, as shown in Figure 8 and
by others (Steinberg & Silverstein, 1987; Greenberg et al.,
1988). The use of BAPTA allowed us to show that permeabi-
lization occurs even in the absence of the short intracellular
Ca>* spike supplied by intracellular stocks of Ca*™.

Our data demonstrated that oATP can inhibit ERK1/2
activation by ATP and BzATP under conditions that do not
block either P2X;-dependent pore formation or P2X;-asso-
ciated inward currents. However, the macrophage P2 recep-
tor(s) targeted by oATP during short-term exposure is (are)
not known. Since ERK1/2 activation by UTP and UDP is not
affected by oATP, none of the pyrimidine receptors (P2Y,,
P2Y,, and P2Yy) seem to be involved. BZATP and ATP are
agonists for all P2X receptors described to date (Jacobson
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et al., 2002). However, the high doses of ATP and BzATP
required to activate ERK1/2 in macrophages indicates that
P2X, 4 are not coupled to ERKI1/2 activation under our
experimental conditions. Instead, the high doses of agonist
required suggest that P2X; receptors may be involved — a
possibility that cannot be excluded by the fact that short-term
treatment with oATP does not inhibit ATP-induced membrane
permeabilization, since ERK1/2 activation could be activated
and blocked independently of cation channel opening and pore
formation. In this context, it is worthwhile to note that
recombinant P2X; receptors truncated at the N-terminal lose
their ability to activate ERK1/2 without decreasing Ca’™*
influx (Amstrup & Novak, 2003), while truncation at the
C-terminal, a condition known to abrogate membrane permea-
bilization but not cation channel opening (Kim ez al., 2001),
does not affect ERK1/2 activation. Taken together, our data
suggest that oATP may inhibit ERK1/2 activation by
interfering with one or more P2 receptors that bind to ATP,
BzATP, and/or ADP. The best candidate receptors are P2X,
and the ADP-binding P2Y receptors (P2Y,, P2Y,,, P2Y,).
The interaction of oATP with other mediators in the
pathway leading to ERK1/2 activation by purine nucleotides
should also be considered. Since oATP was first introduced to
study P2 receptors, it has been widely used as an inhibitor of
ATP-induced membrane permeabilization, presumably by
covalently binding to the P2X; receptor (Murgia et al., 1993;
Di Virgilio et al., 2001). This reagent binds covalently to lysine
residues in ATP-binding proteins and its effect therefore
requires a preincubation period of over 1h (Murgia et al.,
1993). However, the use of oATP is complicated by the recent
demonstration that it can inhibit the secretion of IL-8
stimulated by TNF-a independently of P2 receptors (Beigi
et al., 2003). Although oATP is no longer thought to have an
effect on the P2Y, receptor (Murgia et al., 1993; Beigi et al.,
2003), blockade of P2Y, after long periods of exposure to
oATP has been reported (Beigi et al., 2003). Our results indicate
that oATP can also have significant antagonistic effects after
short-term exposure, raising new possibilities for the use of this
drug in the study of signal transduction by P2 receptors.
Quite unexpectedly, our data showed that ATP and BZATP
are coupled to ERK /2 activation through different pathways.
Both a blocker of tyrosine kinases and a blocker of Src protein
kinases inhibited the activation of ERK1/2 by BZATP, but not
by ATP. These results could be due to the different affinities of
BzATP and ATP for P2 receptors (Ralevic & Burnstock, 1998;
Jacobson et al., 2002; North, 2002), but are also consistent
with the possibility that BzATP and ATP may bind to
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