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Activation of the cytosolic Group IV phospholipase
2 (cPLA2) by agonists has been correlated with the
irect phosphorylation of the enzyme by members of
he mitogen-activated protein kinase (MAPK) cascade.
hosphorylation of the cPLA2 increases the specific
ctivity of the enzyme, thereby stimulating the arachi-
onic acid release. We show here, however, that con-
itions that lead to full phosphorylation of the cPLA2

o not lead to enhanced AA release. As the above ob-
ervations were made under both Ca21-dependent and
a21-independent conditions, they emphasize that the
urrent paradigm for activation of the cPLA2 in cells
nvolving both phosphorylation and Ca21 is incom-
lete and that other factors should be taken into
ccount. © 2000 Academic Press

Arachidonic acid (AA)3 is the precursor of a variety of
roinflammatory mediators including the prostaglan-
ins and leukotrienes. Production of these potent sub-
tances is often controlled by the availability of free
A. The release of AA from its phospholipid storage
ites is regulated by the activation of phospholipase
2s (PLA2) (1), a widespread phenomenon that occurs

n almost all cell types.
Mammalian cells contain multiple forms of PLA2

apable of effecting AA release (2, 3), and it has re-
ently become evident that in many cases, more than
ne PLA2 participates in this process (3). In P388D1

acrophages, two different PLA2s, namely the Group
1 This work was supported by Grants HD 26171 and GM 20501

rom the National Institutes of Health.
2 To whom correspondence should be addressed. Fax: (619) 534-

390. E-mail: edennis@ucsd.edu.
3 Abbreviations used: AA, arachidonic acid; PLA2, phospholipase

2; cPLA2, Group IV cytosolic Ca21-dependent phospholipase A2;
PLA2, secretory phospholipase A2; ERK, extracellular signal-
egulated kinase (p42/p44 MAPK); MAPK, mitogen-activated pro-
ein kinase; PAF, platelet-activating factor; LPS, bacterial lipopoly-
accharide.
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LA2 (sPLA2), have been found to coordinately regu-
ate AA release in response to PAF receptor stimula-
ion (4–9). In this particular system, cPLA2 activation
recedes and influences the subsequent activation of
he sPLA2, which is ultimately responsible for the bulk
f AA release and prostaglandin production (4–9).
onetheless, the fact that cPLA2 activation provides

timulatory signals for the sPLA2 to act, places the
PLA2 as the key regulatory enzyme in AA signaling in
hese cells (3). The AA release mechanism operating in
ast cells and other cell types (10–17) has now been

hown to be very similar in several key respects to the
esponse in P388D1 cells.
Unlike the sPLA2, the cPLA2 is believed to be tightly

egulated by receptor-activated phosphorylation cas-
ades and the level of intracellular Ca21 (18). The latter
s not believed to be required for increasing cPLA2

ctivity, but for binding of the enzyme to the mem-
rane. Phosphorylation of the cPLA2 at Ser505, medi-
ted by proline-directed kinases of the mitogen-
ctivated protein kinase family (MAPK), actually
erves to increase enzyme activity (18). Currently, it is
elieved that both kinds of signals independently act to
ully activate the enzyme during receptor activation
18), but to what extent cPLA2 phosphorylation is re-
uired is a matter of debate (18–22). In this sense the
esults reported herein demonstrate that both under
a21-dependent and -independent conditions, cPLA2

hosphorylation is necessary but not sufficient for AA
elease to occur.

XPERIMENTAL PROCEDURES

Materials. Iscove’s modified Dulbecco’s medium (endotoxin
0.05 ng/ml) was from Whittaker Bioproducts (Walkersville, MD).
etal bovine serum was from Hyclone Labs. (Logan, UT). Nonessen-
ial amino acids were from Irvine Scientific (Santa Ana, CA).
5,6,8,9,11,12,1,15-3H]Arachidonic acid (specific activity 100 Ci/

mol) was obtained from New England Nuclear (Boston, MA). LPS
e595 and PAF were from Sigma (St. Louis, MO). Group IV cPLA2
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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antibodies were kindly provided by Dr. Ruth Kramer (Lilly Research
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aboratories, Indianapolis, IN). Phospho-specific p42/p44MAPK

Thr202/Tyr204), phospho-specific p38MAPK (Thr180/Tyr182) antibody and
hospho-specific SAPK/JNK (Thr183/Tyr185) antibody were from New
ngland Biolabs (Beverly, MA). Antibodies that recognize both the
hosphorylated and nonphosphorylated forms of the above kinases
ere from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell culture and labeling conditions. P388D1 cells (MAB clone)
23, 24) were maintained at 37°C in a humidified atmosphere at 90%
ir and 10% CO2 in Iscove’s modified Dulbecco’s medium supple-
ented with 10% fetal bovine serum, 2 mM glutamine, 100 units/ml

enicillin, 100 mg/ml streptomycin, and nonessential amino acids.
ells were plated at 106 per well, allowed to adhere overnight, and
sed for experiments the following day. All experiments were con-
ucted in serum-free Iscove’s modified Dulbecco’s medium.

Stimulation of P388D1 cells. Our standard regimen for activating
he P388D1 cells has been described previously (4, 5). Briefly, radio-
abeling of the cells with [3H]AA was achieved by including 0.5
Ci/ml [3H]AA during the overnight adherence period (20 h). The
ells were placed in serum-free medium for 30–60 min before the
ddition of LPS (200 ng/ml) for 1 h. After the LPS incubation the cells
ere exposed to PAF (Ca21-dependent stimulation) or UV light (mer-

ury lamp at 366 nm; intensity 9.6 mJ s21 cm22; Spectroline Corp.,
estbury, NY) (Ca21-independent stimulation) for the time indi-

ated, in the presence of 0.1 mg/ml bovine serum. The supernatants
ere removed, cleared of detached cells by centrifugation, and as-

ayed for radioactivity by liquid scintillation counting. More than
9% of the released radioactive material remains as unmetabolized
A under these experimental conditions.

Immunoblotting studies. Cells, serum-starved for 24 h, were
timulated as described above. Afterwards, the cells were washed,
nd lysed in a buffer consisting of 1 mM Hepes, 0.5% Triton, 1 mM
a3VO4, 1 mM PMSF, 10 mg/ml aprotinin, and 10 mg/ml leupeptin at
°C. Protein was quantified and a 100-mg aliquot was analyzed by
estern blot with antibodies against the phosphorylated forms of

42/p44 MAPK, p38 MAPK, and SAPK/JNK and the cPLA2.

ESULTS AND DISCUSSION

P388D1 cells are unique among macrophages and
acrophage cell lines in that they do not mobilize

rachidonic acid or produce prostaglandins in response
o many inflammatory stimuli to which other macro-
hages are highly responsive (25–28). They respond
owever to Ca21-mobilizing agonists such platelet-
ctivating factor (PAF) (27) or Ca21-independent stim-
li such as UV light (Balsinde et al., manuscript in
reparation) only if the cells are first primed with
ipopolysaccharide, which itself is ineffective under the
xperimental conditions employed.
The mechanism through which PAF stimulates AA
obilization in LPS-treated P388D1 cells has been

hown to involve participation of both the Group IV
ytosolic PLA2 (cPLA2) and the Group V secretory PLA2

sPLA2) (4–9). By interacting with its receptor at the
embrane, PAF generates a burst of intracellular Ca21

hat allows activation of the cPLA2 in an intracellular
ompartment (4, 5). cPLA2 activation, in concert with
ignals related to sphingolipid metabolism (8), can pro-
ide stimulatory signals for activation of the sPLA2 at
he cellular surface (4, 9). A striking feature of the
146
AF-stimulated AA mobilization mechanism is that
he sPLA2 is responsible for most of the AA mobilized
nd PGE2 produced; however sPLA2 activity depends
n previous cPLA2 activation (4, 9). Therefore, cPLA2

ctivation by PAF is the key regulatory step in the
echanism of AA mobilization in activated P388D1

ells. Our recent investigations under Ca21-indepen-
ent conditions, i.e., exposure of the cells to UV radia-
ion have confirmed that, except for the Ca21 transient,
he mechanism involved is essentially the same, with
he cPLA2 being the key enzyme (Balsinde et al., manu-
cript in preparation).
A major route for cPLA2 regulation has long been

elieved to be the phosphorylation of the enzyme at
er505 (18). This phosphorylation causes a character-

stic retardation in the electrophoretic mobility of
he enzyme on SDS gels, manifested by the appear-
nce of a doublet (18). In resting unstimulated cells,

FIG. 1. (A) Phosphorylation of cPLA2 and the ERKs (p42/
44MAPK) by different stimuli in P388D1 cells. Cells were incubated
ith LPS (200 ng/ml) for 1 h and then left untreated or exposed to
V radiation for 4 s or treated with 100 nM PAF for 10 min. Cells
ere lysed and protein was analyzed by immunoblot using anti-
odies against the cPLA2 or the phosphorylated ERKs. (B) AA
elease in P388D1 cells stimulated with different agonists. The
3H]AA labeled cells were exposed to 100 ng/ml LPS for 1 h, UV
ight for 4 s, 100 ng/ml LPS for 1 h plus UV light for 4 s and 100
g/ml LPS plus 100 nM PAF for 10 min. Afterwards the superna-
ants were collected and [3H]AA release was determined by scin-
illation counting.
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he slowly migrating cPLA2 band (representing the
hosphorylated form of the enzyme) represented
bout 70% of the protein (Fig. 1). Although LPS per
e is unable to mobilize AA (25–28), the complete
PLA2 mobility shift to the slowly-migrating form
as detected when the cells were exposed to LPS

Fig. 1A). UV alone did not have any effect on the
PLA2 mobility shift. Like LPS alone, combinations
f LPS with either UV or PAF also showed complete
etardation of the cPLA2 (Fig. 1A). Unlike LPS alone
owever, the combined treatments LPS/UV or LPS/
AF leads to substantial AA release (Fig. 1B). Thus
hese results show a dissociation between the cPLA2

obility shift and AA release, thus demonstrating
hat increased cPLA2 phosphorylation at Ser505 is not
ufficient for increasing AA release in cells. Depend-
ng on cell type and stimulus, phosphorylation of the
PLA2 at Ser505 appears to be mediated by distinct
embers of the MAPK family (18, 22, 29, 30). By
sing a specific antibody that recognizes the phos-
horylated (i.e., activated) forms of the extracellular
ignal-regulated kinase (ERK) subfamily of MAPKs,
e detected activation of both p42 MAPK and p44
APK in response to LPS alone (Fig. 1A), When UV

adiation was applied to the cells, a slight increase in
42 MAPK phosphorylation was detected (Fig. 1A). A
obust activation of both p42 MAPK and p44 MAPK
as detected when LPS was combined with either
V or PAF (Fig. 1A).
The synergistic activation of the ERKs by LPS plus
V or PAF suggests that this is a key signaling event

n the P388D1 cells. Studies using the MAPK inhib-
tor PD098059 demonstrated complete inhibition of

FIG. 2. Effect of the MAP kinase kinase inhibitor PD098059 on
A mobilization. The [3H]AA-labeled cells were incubated with 200
g/ml LPS for 1 h. Afterwards, the inhibitor (25 mM) was added. The
ells were then exposed to UV light (open symbols) or 100 nM PAF
closed symbols) in the presence of 0.1 mg/ml bovine serum albumin.
xtracellular AA release was quantitated as described under Exper-

mental Procedures. To highlight the stimulated AA release, back-
round values (i.e., those of unstimulated control cells) have been
ubtracted.
147
horylation in response to both LPS/PAF and
PS/UV (Fig. 2). Because the phosphorylation reac-
ion that promotes the cPLA2 mobility shift is also
educed by PD098059 (32), we conclude that in the
388D1 cells, cPLA2 phosphorylation at Ser505 is me-
iated by the ERKs. Collectively these results, do
uggest that the MAPK pathway plays a role in AA
obilization, but this role arises necessarily from its

nvolvement in other signaling step(s) different from
PLA2 phosphorylation at Ser505.
In summary, we have shown that exposure of the

ells to PAF—Ca21-mobilizing agonist—or to UV
adiation—Ca21-independent stimulation—triggers a
PLA2-dependent AA release response if the cells are
reviously exposed to LPS. Such an interplay between
he actions of LPS and UV or PAF likely involves the
ynergistic activation of the ERKs, p42/p44 MAPK.
owever, the latter appears not to be a sufficient con-
ition for activating the cPLA2. Thus, these results
hallenge the currently accepted paradigm for cPLA2

ctivation, and suggest that other signals in addition to
APK and Ca21 are involved.
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