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Platelet-activating factor increases pHg; in bovine neutrophils
through the PI3K-ERK1/2 pathway
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1 Platelet-activating factor (PAF) is known to stimulate a variety of neutrophil activities, including
chemotaxis, phagocytosis, degranulation, reactive oxygen species production and intracellular pH
increase. The purpose of this study was to investigate the effect of PAF on pHy, specifically if these
changes in pH are the result of phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein
kinase (MAPK) pathway activation in bovine neutrophils.

2 PAF caused intracellular alkalinization in 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
acetoxymethyl ester-loaded bovine neutrophils. This phenomenon seems to be mediated by amiloride-
sensitive Na*/H™ exchange, and is inhibited by WEB2086 (a selective PAF receptor antagonist),
genistein (a tyrosine kinase inhibitor), wortmannin and LY294002 (PI3K inhibitors), and PD98059
and UO126 (MEK inhibitors).

3 PAF 100nM induced an increase in tyrosine phosphorylation of proteins 62, 44 and 21 kDa with a
maximum response at 2min of incubation.

4 Unlike human neutrophils, bovine neutrophils are strongly stimulated by PAF via phosphoryla-
tion of ERKI1/2 (extracellular-signal-regulated protein kinase) with an ECs, of 30 and 13nM,
respectively.

5 PAF MAPK activation was also inhibited by WEB2086, pertussis toxin (PTX), genistein,
wortmannin, LY294002, PD98059 and UO126 in bovine neutrophils. The ERK1/2 activation is
dependent on PI3K pathway, because protein kinase B was phosphorylated by PAF and inhibited by
wortmannin and LY294002, but not by U0126.

6 Our results suggest that PAF induces intracellular alkalinization via PI3BK-MAPK activation. This
effect is upstream regulated by PAF receptor, PTX-sensitive G protein, tyrosine kinase, PI3K and
MEK1/2 in bovine neutrophils.
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PMA, phorbol 12-myristate 13-acetate; PMN, polymorphonuclear cells; PTX, pertussis toxin

Keywords:

Abbreviations:

Introduction

Neutrophils play an essential role in host defense and represent
one of the first lines of protection against potentially harmful

glyceryl-3-phosphorylcholine). =~ PAF is liberated by
platelets, leukocytes and smooth muscle cells by the

microorganisms (Smith, 1994). Their repertoire of defense
mechanism is complex, including phagocytosis as well as the
production of reactive oxygen species, proteolytic enzymes and
bactericidal peptides (Smith, 1994). Activation and regulation
of neutrophil function is equally complex, involving an
interplay of cytokines, adhesion molecules and chemoattrac-
tants (Bokoch, 1995).

A potent chemotactic factor and mediator of neutrophil
functions is platelet-activating factor (PAF), a widely
known biologically active phospholipid (1-0-alkyl-2(R) acetyl-
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rupture of lipid precursors from the plasma membrane
(Prescott et al., 2000). PAF participates in many pathological
conditions such as inflammation, allergies, anaphylaxis
and endotoxic shock (Ishii & Shimizu, 2000). PAF is also
known to cause changes in pH in the microenvironments
inside and outside the polymorphonuclear cells (PMN)
(Naccache et al., 1986; Gronert et al., 1998). In particular,
intracellular alkalinization has been linked to chemotaxis,
degranulation and generation of free radicals (Simchowitz,
1985¢c; Simchowitz & Cragoe, 1986b; Wright er al., 1988;
Gewirtz et al., 1998) and is NADPH oxidase-dependent
(Grinstein et al., 1986). A number of chemotactic factors can
activate an amiloride-sensitive Na*/H™ exchange (NHE),
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such as N-formylmethionine-leucyl-phenylalanine (fMLP),
LTB4 and C5a (Simchowitz, 1985b; Osaki et al., 1989).
Moreover, NHE blockers have been demonstrated to reduce
PMN migration (Simchowitz & Cragoe, 1986a, b). However,
the cellular processes that link chemoattractant cell signaling
pathways to cation exchange by neutrophils have received little
attention.

The initial step in PAF modulating PMN inflammatory
activity is binding to the seven transmembrane protein PAF
receptor, which then activates the heterotrimeric Gq protein
and thus the intracellular enzyme phospholipase C (PLC)-
gamma. In doing so, PAF accelerates the production of
diacylglycerol (DAG) and inositol triphosphate (IP;). The net
effect of activating the PLC-gamma enzyme is intracellular
protein phosphorylation (Chao & Olson, 1993; Ishii &
Shimizu, 2000).

PAF has been linked to mitogen-activated protein kinase
(MAPK) activation in human neutrophils (Nick ez al., 1997;
Ishii & Shimizu, 2000). Extracellular-signal-regulated protein
kinase (ERK1/2) MAPK belongs to a family of 40-45kDa
protein serine/threonine kinases that are activated by many
extracellular stimuli, including growth factors and hormones.
MAPKSs require phosphorylation on both threonine and
tyrosine residues in Thr'®*-Glu-Tyr'®* to become active (Payne
et al., 1991; Granot et al., 1993). In neutrophils, the MAPK
pathway controls several responses including priming, gene
expression (Yaffe et al., 1999), phagocytosis and superoxide
production (Downey et al., 1998). However, in contrast to
other granulocytes, PAF has only a mild effect on neutrophil
ERK1/2 phosphorylation (Nick et al., 1997).

It has been proposed that PAF induces MAPK activation by
PI3K in neutrophils (Ferby et al., 1994). The PI3K is a
heterodimeric enzyme (consisting of a 85kDa regulatory and a
110kDa catalytic subunit) that phosphorylates the D-3
position of inositol head of phosphoinositide lipids. The
PI3K family comprises three classes (I, II and III) depending
on substrate specificity and protein structure (Vanhaesebroeck
et al., 1997; Fruman et al., 1998; Wymann & Pirola, 1998).
Family I is divided into I and I subfamilies, and four known
I PI3K isoforms (x, 5, y and ), all expressed in leukocytes
(Wymann & Pirola, 1998). Several experimental evidences
suggest that PI3K is key in the chemotaxis, superoxide
production and ERK phosphorylation induced by chemoat-
tractants in PMNs (Okada et al., 1994; Hirsch et al., 2000;
Sasaki et al., 2000).

On the other hand, little cell signaling work has been
targeted toward bovine PMNs. However, one study has shed
significant light on the bovine neutrophil biochemical response
to PAF. At low concentrations (1 nM), PAF was demonstrated
to lower the threshold for degranulation, expression of
adhesion molecules, actin polymerization, rise in [Ca®>*]; and
altered membrane potential (Swain et al., 1998). At high
concentrations (=100nM), PAF caused more direct bacter-
icidal responses, via the release of reactive oxygen species and
granule enzymes (Swain et al., 1998).

Although both bovine neutrophils and human neutrophils
play similar roles in host defense, a comparison of bovine and
human neutrophils reveals distinct differences that might
reflect variations in regulatory mechanisms. Bovine neutro-
phils show significant differences, such as the absence of fMLP
receptors (Brown & Roth, 1991; Watson et al., 1995), low
concentrations of lysozyme, a unique large granule not present

in human neutrophils (Gennaro et al., 1983), and are poorly
primed by PAF (Swain et al., 1998). Thus, one would expect
differences in the response to PAF and signal transduction in
bovine neutrophils. Therefore, it is important to study
responses in bovine neutrophils in order to provide a broader
understanding of the host defense processes.

In this study, we present evidence that PAF induces
intracellular alkalinization through NHE controlled by the
PI3K-ERK1/2 pathway.

Methods
Animals

Adult Holstein cows were obtained from the University herd.
The cattle were maintained on ad /ib grass diet with grain
supplementation. All the experiments were conducted in
accordance with institutional review board-approved protocols.

Isolation of neutrophils

Blood was collected by jugular venepuncture, and PMNs were
isolated according to the method of Roth & Kaeberle (1981).
Briefly, following collection into acid citrate dextrose (ACD)
collection tubes, the blood was gently rocked for 5min
(Nutator, Becton Dickinson) and then centrifuged at
1000 x g at 20°C for 20 min. The plasma and buffy coat were
aspirated and the remaining red blood cell and PMN pellet
were resuspended in Hank’s balanced salt solution (HBSS).
The red blood cells were removed by flash hypotonic lysis with
a cold phosphate-buffered water solution (0.0132M, pH 7.2).
Upon return to isotonicity with hypertonic phosphate buffer
solution (0.0132M, pH 7.2; 2.7% NaCl), the sample was
centrifuged at 600 x g at 20°C for 10 min. The remaining PMN
pellet was then washed with HBSS a total of three times. Cells
were resuspended in approximately Sml of cold MD-RPMI
1640 at a density of approximately 2 x 10°cellsml~"'. Viability
was determined by trypan blue exclusion and was never less
than 97%. Purity was at least 94%, as assessed by a dual-
scatter flow cytometer (Becton Dickinson) and light micro-
scopy following cytospin and differential staining.

Neutrophil extracellular acidification rate

PMN extracellular pH was measured in real time using the
Cytosensor microphysiometer (Molecular Devices, Sunnyvale,
CA, U.S.A.) (McConnell et al., 1992). PMNs were immobi-
lized in 25% entrapment media, containing ~ 1.5 x 10° PMN
(7 ul). Cells were placed on non-tissue culture-treated transwell
cell capsules (Transwell Inc.), assembled into the capsule
chamber assembly unit, and loaded on to the Cytosensor. Cells
were equilibrated for 90 min with MD-RPMI before the first
exposure to PAF. Extracellular acidification rates were
determined by 30's potentiometric rate measurements (uVs~!)
after an 80-s pump cycle with a 10s delay (120s total cycle
time). PAF was perfused 30s before the first rate measure-
ment, and continued to do so for 30min. The PMN
extracellular acidification rate (uVs~') was normalized to
basal rates (100%) three cycles before PAF addition. Vehicle
(EtOH) concentration did not exceed 0.1% vv~" and did not
cause statistically significant changes in the basal acidification
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rate. Unless otherwise indicated, each experiment represents
the mean of four different animals.

Neutrophil intracellular pH

PMNs (2 x 107 cellsml™") were suspended in a pH buffer
(140 mM NaCl, 10 mM glucose, 1 mM KCI, 1 mM CaCl,, 1 mM
MgCl,, 20 mM Hepes, pH 7.2) and incubated with 2/,7'-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl es-
ter (BCECF-AM: 2.5 uM) for 30 min at 37°C. The cells were
then washed twice and suspended at 4 x 10°cellsml~". In all,
8 x 10° BCECF-loaded neutrophils were incubated with either
vehicle (EtOH and DMSO, <0.01%) or varying concentra-
tions of PD98059 (for 10 min), UO126 (for 10 min), genistein
(for 30 min), wortmannin (for 10 min), LY294002 (for 10 min)
or WEB2086 (for 30 min), followed by exposure to 100 nM
PAF. Fluorescence was measured in a thermoregulated
spectrofluorimeter (Kontron Instruments), with a magnetic
stirrer at 439 and 505nm excitation and 535nm emission.
Fluorescence was transformed to pH units using nigericin
methods of calibration, described elsewhere (Grinstein et al.,
1984).

Tyrosine phosphorylation immunoblot

A fixed number of PMNs (5 x 10°) were incubated with 100 nm
PAF for 0, 1, 2, 10 or 30min at 37°C. The reaction was
stopped by centrifugation and exposure to cold lysis buffer:
50mM Tris-HCI, pH 7.4, 50mM EDTA, 1mM EGTA,
protease inhibitors (leupeptin, aprotinin, pepstatin and trypsin
inhibitor), 10 ugml™'; 25mM NaF; 2mM NaVO,; 0.1 mM
PMSF; 25mM DTT; and 1.5% Triton X-100. The resultant
proteins were centrifuged at 22,000 x g for 30 min at 4°C and
quantified by Bradford’s methods using BSA as standard, and
analyzed by SDS/PAGE. A measure of 80 ug of protein was
resolved in 12% SDS/PAGE and transferred to a nitrocellu-
lose membrane for 14h, at 35mA. The membrane was then
blocked with a buffer (1 x TBS, 0.1% Tween-20 and 5%
nonfat dry milk) for 2h at room temperature, washed, and
incubated with an antiphosphotyrosine monoclonal antibody
at a dilution of 1:5000. The membrane was incubated with
HRP-conjugated secondary antibody for 2h, and visualized
using an enhanced chemiluminescence (ECL) system. Mole-
cular weights of phosphoproteins were determined based on
the mobility of prestained standards of known molecular
weight. The Scion Image for Windows®™ 4.02 was used to
analyze the blot.

ERK1/2 immunoblot

A fixed number of PMNs (5 x 10°) were either incubated with
increasing concentrations of PAF (1 x 107" to 1 x 107°M), or
with 100 nM of PAF at different times 0, 1, 2, 10 and 30 min at
37°C. In some experiments, neutrophils were preincubated
with different pharmacological tools (WEB2086 at 0.1, 1 and
10 uM for 10 min; pertussis toxin (PTX) at 200 and 500 ngml™"
for 120 min; genistein at 0.1, 1 and 10 M for 30 min; U0126 at
10 and 30 uM; PD98059 at 1, 10 and 50 uM; LY294002 at 10
and 30 uM; or wortmannin at 10, 50 and 100 nM for 10 min),
and then treated with 100 nM PAF for 2 min. Phosphorylation
of ERK1/2 was analyzed by blotting with a monoclonal anti-p-
ERK1/2 at a dilution of 1:300 according to the manufac-

turer’s instructions. Detection was enabled using an ECL
system. As a control for p-ERK, the antibody was removed by
incubation with stripping solution (100 mM 2-mercaptoetha-
nol; 2% SDS; 62.5mM Tris-HCI, pH 6.7) for 2h at 50°C with
agitation, followed by several washes with TBS-Tween 0.1%.
The membrane was then incubated with anti-ERK antibody at
a dilution of 1:5000, using a procedure similar to that
described above. The Scion Image for Windows®™ 4.02 was
employed to analyze the blot, and the pERK1/2 was normal-
ized with the total ERK1/2.

PKB immunoblot

PMNs (5 x 10°) were incubated with 100 nM PAF for 2min at
37°C, or were preincubated with one of several physiologic
antagonists (LY294002, wortmannin or U0126). Phosphoryla-
tion of PKB was analyzed by blotting with a polyclonal anti-p-
PKB (Ser473) antibody and PKB antibody according to the
manufacturer’s instructions.

Cell viability

The cell toxicities of WEB2086, genistein, PTX, wortmannin,
LY294002, PD98059 and U0126 on neutrophils, at the
concentrations and times described in the above experiments,
were assessed with trypan blue exclusion and the CytoTox 96®
Non-radioactive Cytotoxicity Assay (Promega, Madison,
U.S.A).

Materials and reagents

PAF (C-16), PD98059 and genistein were obtained from
Calbiochem (La Jolla, CA, U.S.A.). LY294002 and U0126
were purchased from Promega (Madison, U.S.A.). WEB2086
was a kind gift from Boehringer Ingelheim (Germany). All
other reagents and chemicals were purchased from Merck
(Darmstadt, Germany). MD-RPMI 1640 (ImM, pH 7.4) and
low melting point agarose in MD-RPMI were purchased from
Molecular Devices (Sunnyvale, CA, U.S.A.). Nitrocellulose
membrane was purchased from Gibco BRL (Rockville, MD,
U.S.A.). Phosphotyrosine monoclonal antibody, phospho-Akt
antibody and Akt antibody were obtained from New England
Biolabs (Beverly, MA, U.S.A.). Monoclonal antibody
pERK1/2 (sc-7383), polyclonal antibody ERK1 (sc-94), anti-
rabbit IgG-peroxidase (sc-2030) and anti-mouse IgG-HRP (sc-
2005) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, U.S.A.). ECL system was obtained from Amersham
(U.S.A.). BCECF-AM was obtained from Molecular Probes
(Oregon, U.S.A.). Amiloride (AM) was purchased from Sigma
Chemical Co. (St Louis, MO, U.S.A.). Protease inhibitors were
obtained from Roche Diagnostics GmbH. PAF was dissolved
in ethanol at the stock concentration of 1 mM, and aliquots
were kept at —70°C, used once for the experiment and
discarded.

Statistical analysis

The results were expressed as a percentage of maximum
response or pH increase as mean+ts.e. ECs, values were
calculated and dose-response curves were constructed using
Graph Pad v2.0. A one-way analysis of variance (ANOVA)
was performed and Dunnet’s multiple comparison tests were

British Journal of Pharmacology vol 141 (2)



314 M.A. Hidalgo et al

PAF controls pHg, via PI3K-MAPK

applied using a significance level of 5%. The percentage was
subjected to arcsin transformation before ANOVA.

Results
Effect of PAF on extracellular and intracellular pH

In order to assess the effects of PAF administration on changes
in the neutrophil intracellular and extracellular microenviron-
ments, two approaches were utilized. First, the extracellular
acidification rate (ECAR) was measured by microphysiome-
try, and second the intracellular alkalinization was evaluated
in BCECF-AM-loaded cells.

In bovine neutrophils, 1uM of PAF caused a rapid,
sustained (between 4 and 6 min postexposure) and transient
response in ECAR (Figure 1a). The cumulative dose—response
curves of PAF showed a maximum ECAR response of
116+8.5% above the basal rate (Figure 1b) and 1nM
(4.1+1.2%) was the lowest dose to elicit an effect
(Figure 1b). A similar pH change was observed in BCECF-
AM-loaded cells. Bovine neutrophils showed an intracellular
pH of 7.20+0.01, and when 1 nM of PAF was added a mild
intracellular alkalinization was recorded (Figure 1c). Concen-
trations between 1 and 100 nM can initiate a pHy;, increase that
is maximum between 5 and 10 min (Figure 1c).

The intracellular alkalinization produced with PAF (0.1 uM)
is dependent on NHE activity, because amiloride (0.1 and
0.5mM) can block the response significantly (P<0.05) as
shown in Figure 1d.

Intracellular alkalinization induced by PAF is dependant
on PAF-R, tyrosine kinase, PI3K and MEKI/2 activation

PAF induced an intracellular alkalinization in bovine neu-
trophils (Figure 1). This response can be attributed to the
presence of a PAF-R. To assess this, BCECF-loaded
neutrophils were stimulated with 100nM of PAF in the
presence of WEB2086. WEB2086 significantly reduced the
intracellular alkalinization in a dose-dependent manner
(Figure 2a), indicating the existence of a PAF-R. Recently, a
bovine PAF-R has been sequenced which shares high
homology with the human type (Yang et al., 2001). In
neutrophils, tyrosine kinase inhibitors blocked cytosolic
alkalinization after opsonized zymosan or FcgammaR (Fu-
kushima et al., 1996), and because PAF induces a tyrosine
kinase activity in neutrophils (Gomez-Cambronero et al.,
1991), genistein was used to assess its possible role in pH
changes. A measure of 10 uM genistein significantly reduced
the intracellular alkalinization, but minor doses did not affect
the pH changes induced by PAF (Figure 2b). The intracellular
pH increases induced by PAF were analyzed using wortman-
nin, LY294002, PD98059 and U0126, in order to assess the
role of PI3K and MEK1/2 in this response. Our results clearly
indicate that the intracellular alkalinization induced by 100 nM
of PAF was inhibited in a dose-dependent manner by
wortmannin, LY294002, PD98059 and U0126 (Figure 2c—f).
The concentrations of the inhibitors used in our experiments
did not modify the cell viability measurement by trypan blue
exclusion and CytoTox 96® Non-radioactive Cytotoxicity
Assay (data not shown), and has been described elsewhere.
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Figure 1 Change of pH induced by PAF in bovine neutrophils. (a)
Time course of PAF on ECAR stimulation. (b) Cumulative dose
response of PAF on ECAR stimulation, 10 min of PAF stimulation.
(c) Time course of PAF stimulation (1077, 10®* and 107" M) on pHy;
monitored fluorimetrically, in BCECF-AM-loaded neutrophils. (d)
Effect of NHEI inhibition by amiloride, in 10~"M PAF stimulation
on pHg. Data represent the meants.e.m. of three independent
experiments.

Effect of PAF on tyrosine phosphorylation and ERKI1/2
phosphorylation

It has been suggested that in neutrophils, tyrosine kinase is
involved in the NHE activation during phagocytosis (Fukush-
ima et al., 1996) or cellular volume changes by hypertonic
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Figure 2 Effect of a PAF receptor antagonist, PI3K inhibitor,
tyrosine kinase inhibitor and MEK inhibitor on pHg;, induced by
PAF. BCECF-loaded neutrophils were pretreated without or with
WEB2086 (0, 0.1, 1 and 10 uM) for 30 min (a), genistein (0, 0.1, 1 and
10 uMm) for 30 min (b), wortmannin (0, 1, 50 and 100 nM) for 10 min
(c), LY294002 (0, 10 and 30 uM) for 10 min (d), PD98059 (0, 1, 10
and 50 uM) for 10 min (e) or UO126 (0, 0.1 and 1 uM) for 10 min (f)
at 37°C, then stimulated with 100 nM PAF, and pH;, was monitored
fluorimetrically. Data represent the mean+s.e.m. of three experi-
ments.

stress (Krump et al., 1997). To assess whether PAF caused a
tyrosine phosphorylation, bovine neutrophils were stimulated
with PAF (100nM) at different times and analyzed by
immunoblot  using  antiphosphotyrosine = monoclonal
antibody. PAF induced an increase in tyrosine phosphoryla-
tion of several proteins such as 62, 44 and 21 kDa (Figure 3a).
The phosphorylation of pp44kDa reached a maximum
at 2min and decreased slowly; however, it did not reach
the basal value (Figure 3b). The proteins such as pp2l
and pp62 were also phosphorylated at 2min and this was
sustained for 30 min incubation (i.e. pp21) (data not shown).
Because of the possibility that the pp44 stimulated by PAF
correspond to an MAPK, bovine neutrophils were incubated
with PAF at different times or doses, and immunoblotting
using a specific antibody against pERK1/2 was performed.
PAF induced ERK1/2 phosphorylation with a similar time
pattern of stimulation to pp44 (Figure 4a). A maximum
response was observed at 1-2 min of incubation and decreased
to the basal level between 10 and 30min for pERKI1 and
pERK2, respectively. In bovine neutrophils a dose-response
curve for ERK1/2 phosphorylation of PAF was constructed,
and a sigmoid dose-response curve is depicted in Figure 4b,
with an ECsy to pERKI1 and pERK2 of 30 and 13nM,
respectively.

Figure 3 Time course of protein phosphorylation induced by PAF.
Cells were incubated with 100nM PAF at 37°C for various time
intervals. In all, 80 ug of proteins was fractionated by polyacryla-
mide gel electrophoresis in the presence of sodium dodecylsulfate
and transferred to nitrocellulose membrane. Protein tyrosine
phosphorylation was detected by immunoblotting with antipho-
sphotyrosine antibody, followed by incubation with an HRP-
conjugated secondary antibody, and visualized with an ECL system.
Molecular weights of phosphoproteins were determined based on
the mobility of prestained standards of known molecular weight. (a)
Protein tyrosine phosphorylation for 2 min. (b) Time response curve
to the protein of 44kDa. Data were represented as relative units
mean of three independent experiments +s.e.m.

PAF-induced ERKI1/2 phosphorylation is antagonized by
WEB2086, PTX and genistein

The role of a PAF receptor in the ERK1/2 phosphorylation
was evaluated in bovine neutrophils. Cells incubated
with a selective PAF antagonist, WEB2086, and stimulated
with 100nM of PAF showed an inhibition of ERKI1/2
phosphorylation (Figure 5a). The ICs, of WEB2086 was
estimated to be 1.14+0.4uM, which indicates that the
activation of pERK1/2 by PAF depends on the activation of
a PAF receptor.

The PAF receptor is coupled to G protein, and as
several cellular responses are PTX sensitive, this indicates
a role of G, in the signal transduction. In order to assess
the role of G proteins in the ERKI1/2 activation, bovine
neutrophils were preincubated with 200 and 500ngml~'
of PTX for 2h. Afterwards, the cells were stimulated
with 100nM of PAF and the phosphorylation of ERK1/2
was detected by immunoblotting. The ERK1/2 phosphoryla-
tion induced by PAF was partially inhibited by 200
and 500ngml™' PTX (Figure 5b), suggesting that PAF
activates an MAPK pathway, in part through a PTX-sensitive
G protein.

The ERKI1/2 phosphorylation by PAF has been related
to the activity of several tyrosine kinase proteins (Ishii &
Shimizu, 2000), which cause MEK 1/2 activation. Experiments
using genistein, a tyrosine kinase inhibitor, demonstrated
that the ERK1/2 phosphorylation induced by 100 nM of PAF
was inhibited in a dose-dependent manner by genistein
(Figure 5c).
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Figure 4 Time course and dose response of PAF-dependent
ERK1/2 phosphorylation. Neutrophils were incubated with vehicle
or PAF at different times (0-30min) (a) and concentrations (b).
ERK1/2 activation was measured by SDS-PAGE and western blot
with an antiphospho-ERK1/2 and anti-ERK1/2 antibody as
described in Figure 3. Data shown are representative of three
independent experiments, mean +s.e.

ERK1/2 phosphorylation induced by PAF is dependent on
PI3K and MEKI/2 activation, but not PKC

The PI3K pathway has been shown to participate in ERK1/2
activation by PAF in human eosinophils (Miike ez al., 2000). A
series of experiments using wortmannin and LY294002, PI3K
inhibitors (Powis et al., 1994; Vlahos et al., 1994), and
PD98059 and U0126, specific MEK1/2 inhibitors (Dudley
et al., 1995; Favata et al., 1998), were conducted in order to
evaluate these potential signal transduction pathways. The
ERK1/2 phosphorylation induced by 100nM of PAF was
inhibited in a dose-dependent manner by wortmannin,
LY294002 (Figure 6a and b), PD98059 and U0126 (Figure
7a and b), indicating that MAPK activation depends on PI3K
and MEK1/2 pathway. In bovine neutrophils, PAF activates
PI3K, because PKB is phosphorylated on serine 473.
Wortmannin and LY294002, but not U0126, were able to
reduce this response (Figure 8).

In order to demonstrate any role of PKC, bovine
neutrophils were incubated with staurosporine or G66850 for
1 h and 30 min, respectively. Subsequently, 100 nM of PAF was
added; however, neither of these PKC inhibitors was able to
reduce the ERK1/2 phosphorylation (data not shown).
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Figure 5 Effect of WEB2086: gemistein PTX and on ERKI1/2
phosphorylation induced by PAF. Neutrophils were pretreated
without or with WEB2086 (0.1, 1 and 10 uM) for 30 min (a), PTX
(200 and 500 ngml™") for 120 min (b) or genistein (0.1, 1 and 10 um)
for 30 min (c) at 37°C, and then stimulated with 100nM PAF for
2min. ERK1/2 phosphorylation was detected by immunoblotting as
in Figure 4. Data shown are representative of three independent
experiments, mean +s.e. *P<0.05, **P<0.01 compared to 0.

Discussion

Our results clearly show that 10nM of PAF caused a
significant increase in extracellular acidification rate, which
correlated with an increase in intracellular alkalinization
measured in BCECF-loaded cells (Figure 1). On the contrary,
in human neutrophils, PAF induces only a mild ECAR and
only 1 uM was able to increase ECAR above the basal rate
(Gronert et al., 1998). Similarly, we have found that the
intracellular alkalinization induced by PAF was blocked by
amiloride, indicating the role of Na®*/H™ ion exchange in the
control of cellular pH response induced by PAF in bovine

British Journal of Pharmacology vol 141 (2)



M.A. Hidalgo et a/ PAF controls pHg, via PI3K-MAPK 317
a - + + + + PAF (100 nM) a - + + + +  PAF (100 nM)
- - 10 50 100  Wortmannin (nM) - 1 10 50 PD98059 (uM)
PERK1 . — — — PERKI _y, g
pERK2-» pERK2 —p e D e et
ERK1 ERK1 —»
ERKZi -——-w ERK2 ¥
100 F W £ 125 F 125
- - . ® _ 100 3 ~ 100
E 75 . §E 75 §§ Egg
z ¥ w 75 Sw 75 *
g s - EE % - gg * e
a 4 EE 50 X 50
25 |l| H 25 7y Ze E'g
= = 25 E 25
] i : “lg
C o 10 S 100 T c o o s 100 0 = 0
‘Wortmannin (nM) Wortmannin (nM) c 0 1 10 50 ¢ 0 1 10 50
PD98059 (uM) PD98059 (uM)
b = + + + PAF (100 nM)
- 10 30 LY294002 (uM)
pERK1 —p - b - + + + PAF (100 nM)
pERK2 ™ — - 0.1 1 U0126 (uM)
ERKI1 — pERKI -—
ERK: > | S S S S| pERK2 el

8

ot

PERKZERK2
5

Maximum response (%)
PERKA/ERK1
]

Maximum response (%)

"
¢ o0 10 30

LY234002 (M)

10 30

LY 294002 (uM)

Figure 6 Effect of wortmannin and LY294002 on ERKI1/2

phosphorylation induced by PAF. Neutrophils were pretreated

without or with wortmannin (10, 50 and 100 nM) for 10 min (a) or

LY294002 (10 and 30uM) for 10min (b) at 37°C, and then

stimulated with 100nM PAF for 2min. ERK1/2 phosphorylation

was detected by immunoblotting as in Figure 4. Data shown are

representative of three independent experiments, mean+s.e.
*P<0.05, **P<0.01 compared to 0.

neutrophils. In human neutrophils, it has been demonstrated
that the ECAR increases (Gronert er al., 1998) and the
intracellular alkalinization stimulated by chemoattractant are
controlled by an amiloride-sensitive Na*/H™ antiport (Sim-
chowitz, 1985a; Naccache et al., 1986). Several experiments
using different chemoattractant suggest that NHE is an
important component in the regulation of cellular size changes
and migration, due to the fact that amiloride and derivatives
are able to reduce the chemotaxis and the pHg, increase
(Naccache et al., 1986; Simchowitz & Cragoe, 1986a, b).

The signal transduction pathways involved in the intracel-
lular alkalinization induced by PAF are unknown in neutro-
phils. ERK1/2 phosphorylation has been suggested to be
involved in NHE activity (Fukushima et al., 1996). It is known
that the MAPK pathway is coupled to G-protein receptor and
the ERK1/2 phosphorylation is upstream regulated by
tyrosine kinase, PI3K and MEKI1/2 in eosinophils (Miike
et al., 2000). We conducted several experiments to assess if the
pH,;, increase is controlled by one of these pathways. Firstly,
we demonstrated that WEB2086 inhibited in a dose-dependent
manner the pH increase induced by PAF suggesting the
participation of a PAF receptor associated to this response.
The pHg;, increase controlled by NHE can be activated in
neutrophils by osmotic shrinkage, which induces intracellular
alkalinization and increases tyrosine phosphorylation. Both
effects are inhibited by genistein (Krump et al., 1997). We also
demonstrated that genistein inhibited in a dose-dependent
fashion the increase in pHy;, which suggests the role of some
tyrosine kinase protein in the intracellular alkalinization
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Figure 7 Effect of PD98059 and UO126 on ERK1/2 phosphoryla-
tion induced by PAF. Neutrophils were pretreated without or with
PD98059 (1, 10 and 50 uM) for 10 min (a) or UO126 (0.1 and 1 uM)
for 10min (b) at 37°C, then stimulated with 100nM for 2 min.
ERK1/2 phosphorylation was detected by immunoblotting as in
Figure 4. Data shown are representative of three independent
experiments, mean +s.e. *P<0.05, **P<0.01 compared to 0.
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Figure 8 Effect of PAF on PKB phosphorylation. Neutrophils
were pretreated without or with wortmannin (10, 50 and 100 nM) for
10 min, LY?294002 (10 and 30 uM) for 10 min or UO126 (0.1 and
1 uM) for 10 min at 37°C, and then stimulated with 100 nM PAF for
2min. PKB phosphorylation was detected by immunoblotting with
an anti-p-PKB (Ser473) antibody, after the blots were reprobed with
anti-PKB. Experiment shown is representative of three independent
experiments.

induced by PAF in bovine neutrophils. Our results also
demonstrated that the intracellular pH, increase is also under
the control of PI3K activity, as this was inhibited by
wortmannin and LY?294002, and MEK1/2 activity, as this
was inhibited by PD98059 and U0126. This experimental
evidence suggests that PAF, through the PI3K-MAPK path-
way activation, can modulate NHE activity in bovine
neutrophils.

A series of experiments were conducted to elucidate the
participation of MAP kinase pathways in bovine neutrophils.
The results show that PAF induces tyrosine phosphorylation
of several proteins. Specifically, a pp44 kDa was stimulated
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reaching a maximum at 2 min and declining to the basal level
after 10min. Differently, in human neutrophils, a 41kDa
tyrosine-phosphorylated protein induced by PAF (Gomez-
Cambronero et al., 1991; 1992), granulocyte-macrophage
colony-stimulating factor (GM-CSF) (McColl et al., 1991;
Gomez-Cambronero et al., 1992), TNFa (Gomez-Cambronero
et al., 1992; Waterman & Sha’afi, 1995), PMA (Huang et al.,
1990), fMLP (Huang et al., 1990; Gomez-Cambronero et al.,
1992; Grinstein & Furuya, 1992) and ionophore A23187
(Gomez-Cambronero et al., 1992) have been described. The
fact that PAF induces the phosphorylation of ERK1/2 MAPK
in bovine neutrophils is supported by the experiments shown in
Figure 3. Studies of intracellular signaling also showed that
PAF activates the 42- and 44-kDa mitogen-activated MAPK,
ERK1 and ERK2, in human eosinophils (Miike et al., 2000)
while PAF did not activate these MAPK in human neutrophils
(Nick et al., 1997). Thus, there are quantitative and qualitative
differences in cellular responses to PAF between human and
bovine neutrophils.

The participation of a PAF receptor in the phosphorylation
of ERK1/2 MAPK was suggested by the inhibition of
WEB2086, a selective PAF receptor antagonist. The bovine
PAF receptor has been sequenced and shares high homology
with the human PAF receptor, suggesting that it is related to a
G-protein-coupled receptor (Yang et al., 2001). The role of G
proteins in the phosphorylation of PAF-induced ERK1/2 has
been examined in bovine neutrophils by incubating cells with
PTX, which ribosylates Ga;/Go, in a offy heterotrimeric state-
dependent fashion. In these experiments, PTX inhibited the
ERK1/2 phosphorylation induced by PAF. However, this
inhibition was partial, indicating that other G proteins could
be involved in MAPK activation. In support of this, PAF
induced both 42 and 44kDa MAP kinase activity in CHO
cells, transfected with a cloned guinea pig PAF receptor. This
stimulus was differentially inhibited by PTX, strongly suggest-
ing that the PAF receptor can activate MAP kinase by both
PTX-sensitive and -insensitive G proteins (Honda et al., 1994).
Furthermore, human neutrophils treated with PTX do not
inhibit the p41 phosphorylation induced by PAF (Gomez-
Cambronero et al., 1991). We have found that ERK1/2
phosphorylation induced by PAF is insensitive to staurospor-
ine and G66850 (selective PKC inhibitors), discounting a role
of PKC in MAPK activation (data not shown). A major
p-isoform of PKC in comparison to a minor &-isoform of PKC
has been described in bovine neutrophils (Stasia et al., 1990).
Both staurosporine and G66850 are effective in reducing PKC
activation induced with zymosan or PMA in bovine neutro-
phils (Yu & Czuprynski, 1996; Smits et al., 1997; Yamamori
et al., 2000). In the absence of a PKC role in PAF-induced
ERK1/2 phosphorylation, human eosinophils treated with
staurosporine and calphostin (a PKC inhibitor) did not reduce
significantly the ERK1/2 phosphorylation by PAF (Miike
et al., 2000). However, our results do not disprove the
participation of PKC isoforms in ERK1/2 phosphorylation
induced by other stimuli.

In bovine neutrophils, the ERK 1/2 phosphorylation induced
by PAF is inhibited by genistein, indicating the participation of
some tyrosine kinase protein. Our results are in accord with
other studies in eosinophils, where the ERK1/2 pathway can
be activated by PAF via the activation of a tyrosine kinase
sensitive to genistein (Miike et al., 2000). In human platelets,
PMA and arginine vasopressin (AVP) cause activation of

MAPK. Moreover, both agonists stimulate the Na*/H™*
exchange in a similar time frame and concentration depen-
dence (Aharonovitz & Granot, 1996). The MAPK and NHE
activities induced by PMA are inhibited by staurosporine, and
by PD98059, but were not affected by genistein. In contrast,
both AVP-induced MAPK and NHE activities are inhibited by
genistein and MEK inhibitor, but not by staurosporine
(Aharonovitz & Granot, 1996). Therefore, tyrosine kinase,
but not PKC, upstream to MAPKSs, is involved in the signaling
pathway initiated by AVP (Aharonovitz & Granot, 1996).
These findings are consistent with the hypothesis that tyrosine
kinase activity is required for G-protein-coupled receptor Ras-
dependent MAPK activation in rat fibroblasts and COS-7 cells
(van Corven et al., 1993; Touhara et al., 1995).

We describe that PI3K participates in PAF-induced ERK1/2
phosphorylation in bovine neutrophils. This fact is supported
as wortmannin and LY294002 were able to reduce the ERK1/2
phosphorylation induced by PAF. This result is consistent with
other observations on the role of PI3K in the MAPK
activation by other chemoattractans in granulocytes, such as
fMLP, GM-CSF and C5a (Coffer et al., 1998; Miike et al.,
2000; Sasaki et al., 2000). The Akt/PKB protein Ser/Thr kinase
lies downstream of PI3K, as clearly demonstrated in neutro-
phils from gene-targeted mice lacking the pll10 catalytic
subunit of PI3Ky. The PI3Ky~/~ mice granulocytes showed a
poor response to PKB and ERK phosphorylation induced by
fMLP and C5a (Sasaki et al., 2000).

Until now, the activation of Akt/PKB by PAF in neutrophil
is unknown. We demonstrated for the first time a PKB
phosphorylation in Ser473 by PAF in bovine neutrophils.
Moreover, the PKB phosphorylation induced by PAF was
reduced by wortmannin and LY294002, but not U0126
(Figure 8). Wortmannin is the major pharmacological tool to
study PI3K activity. It is known that at nanomolar concentra-
tions (1-100 nM) wortmannin is able to inhibit the class I and
II of PI3K and at concentrations > 100 nM it inhibits class III
(Ward et al., 2003). However, at submicromolar concentra-
tions, wortmannin also inhibits other kinases, such as PI4K
(Nakanishi er al., 1995) and myosin light chain kinase
(Nakanishi ez al., 1992). For this reason, LY294002, a selective
inhibitor of PI3K (at micromolar range), that has no
detectable effect on other protein kinases or PI4K was used
(Vlahos et al., 1994). LY294002 reduced only partially the
ERK1/2 phosphorylation induced by PAF (Figure 6b) in-
dicating that another pathway, different from PI3K, is
involved.

Although PI3K-C2u is refractory to both inhibitors (Domin
et al., 1997), neither wortmannin nor LY294002 exhibits any
degree of selectivity on individual PI3K isoforms (Ward et al.,
2003).

Finally, PD98059 and U0126 reduced the ERK1/2 phos-
phorylation induced with PAF in bovine neutrophils. U0126
was more potent in inhibiting the phosphorylation of ERK1/2
than PD98059 (Figure 7). Moreover, the inhibition of ERK1/2
phosphorylation with U0126 was identical on ERK1 and
ERK2, and PD98059 had a more potent effect on ERKI
compared to ERK2 (Figure 7). This can be attributed to the
fact that PD98059 is a specific MEK1/2 inhibitor with an ICs,
values of 4 and 50 uM (MEK1 and MEK2, respectively) (Alessi
et al., 1995). On the other hand, U0126 shows a similar and
more potent MEKI and MEK2 inhibition (MEKI
ICso=72nM; MEK2 ICso=58nM) (Favata et al., 1998).
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U0126 was also a more potent intracellular alkalinization
inhibitor than PD98059 (Figure 2).

Other authors have demonstrated that the inhibition of the
ERK1/2 MAPK signaling by PD98059 reduces by 50-60% the
NHE]1 activation in response to growth factors (Bianchini
et al., 1997) and by 100% with arginine vasopressin in human
platelets (Aharonovitz & Granot, 1996). Experiments using
osmotic stimulation increase the NHE activity and ERK1/2
phosphorylation; however, under this condition, MEK inhibi-
tion did not reduce the intracellular alkalinization (Gillis et al.,
2001). The alkalinization induced by PAF in bovine neutro-
phils was preceded by a mild and transitory period of
intracellular acidification. This pattern is also observed in
neutrophils activated with fMLP and TPA (Grinstein ef al.,
1986; Susztak et al., 1997). It has been demonstrated that
sustained intracellular acidification increases the NHEI
activity by the ERK pathway activation (Haworth et al.,
2003). Chemoattractants induce respiratory burst by NADPH
oxidase eliciting an increase in the production of H™*
(Grinstein et al., 1986; Susztak et al., 1997), and it is possible
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