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Bacterial Lipopolysaccharide Priming of P388D1 Macrophage-like 
Cells for Enhanced Arachidonic Acid Metabolism 
PLATELET-ACTIVATING FACTOR RECEPTOR ACTIVATION AND REGULATION OF PHOSPHOLIPASE Az* 

(Received for publication, December 11, 1989) 

Keith B. Glaser, Reto Asmis, and Edward A. Dennis$ 
From the Department of Chemistry and Center for Molecular Genetics, University of California at San Diego, 
La Jolla, California 92093 

P388D1 cells are stimulated by platelet-activating 
factor (PAF) to release arachidonic acid metabolites 
(Lister, M. D., Glaser, K. B., Ulevitch, R. J., and Den- 
nis, E. A. (1989) J. Biol. Chem. 264, 8520-8528). 
While the release of prostaglandin EB (PGE2) in re- 
sponse to PAF is only two to three times the constitu- 
tive PGEz production, bacterial lipopolysaccharides 
(LPS) are able to prime P388D1 cells for enhanced 
arachidonic metabolism, increasing PAF-stimulating 
PGEz production to 9-12 times the constitutive PGEz 
production. The extent and rate of [3H]arachidonic acid 
release from prelabeled P388D1 cells are also in- 
creased in primed cells relative to unprimed cells in 
response to PAF-stimulation. LPS from either Salmo- 
nella Re595 or Escherichia coli Olll:B4 prime 
P388D1 cells in a concentration-dependent manner but 
have themselves no ability to stimulate arachidonic 
acid metabolism. LPS priming is sensitive to inhibition 
by actinomycin D, while primed PAF-stimulation of 
PGEz production is blocked by cyclohexamide which 
implicates a protein which is rapidly turning over. 
Primed PAF stimulation is also inhibited by the phos- 
pholipase AZ inhibitor manoalogue and the tyrosine- 
specific protein kinase inhibitor genistein, but not by 
the kinase inhibitor H-7. These results suggest that 
priming amplifies signal transduction pathways for 
PAF, which results in increased arachidonate availa- 
bility. The multiple levels at which primed PAF-stim- 
ulated PGE, production appears to be regulated are 
discussed. 

The release of arachidonic acid and the production of 
eicosanoids is an early event in the activation of macrophages 
by many types of inflammatory stimuli. This has been exten- 
sively studied in murine resident peritoneal macrophages (l- 
5) and several murine macrophage-like cell lines (6-11). The 
release of arachidonic acid from the sn-2 position of mem- 
brane phospholipids is thought to be the rate-limiting event 
in the biosynthesis of the eicosanoids. This rate-limiting event 
is most likely controlled by a phospholipase type enzyme (12), 
the most direct mechanism being the action of a phospholi- 

* This work was supported by National Institutes of Health Grants 
GM 26501 and HD 26171 and the Lilly Research Laboratories. The 
costs of publication of this article were defrayed in part by the 
payment -of page charges. This article must therefore be hereby 
marked “aduertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

$ To whom correspondence should be addressed. 

pase AP (PLA*)’ which would release arachidonate directly 
from the m-2 position of membrane phospholipids (13). Char- 
acterization of the different types of phospholipases in these 
inflammatory cells has been an important first step in the 
elucidation of the mechanisms which regulate arachidonic 
acid release (14, 15). 

The characterization of the phospholipase activities has 
revealed multiple forms present in both resident peritoneal 
macrophages (16, 1’7) and macrophage-like cell lines (14, 18, 
19). The most detailed characterization is available on a 
membrane-associated, Ca’+-dependent PLAz from the P388D1 
cell line (14). This enzyme has been purified (20), kinetically 
characterized (21), and evaluated with potential phospholi- 
pase AZ inhibitors (7) as has a soluble lysophospholipase from 
the same cell (22). Nonetheless, the mechanisms by which 
these enzymes are activated or regulated in the intact cell are 
still poorly understood. 

In peritoneal macrophages, distinct differences in the acti- 
vation mechanisms for receptor-mediated uersus soluble stim- 
ulants have been observed (5). There appears to be a Na’ 
requiring event early in phagocytic/receptor-mediated acti- 
vation of arachidonic acid release but not for activation by 
soluble stimulants such as PMA or Ca*+ ionophore A23187. 
Protein synthesis is also required for both PGEz production 
(23) and arachidonic acid release in peritoneal macrophages 
(5). The model proposed by Aderem et al. (5) for receptor- 
mediated arachidonic acid release consists of a sequential 
series of signals involving Na+ influx, protein synthesis, and 
finally an elevation in intracellular Ca’+. Therefore, in the 
macrophage, there are mechanisms which appear to control 
the ability of these cells to generate eicosanoids which are 
complex and stimulus dependent which ultimately lead to 
activation of PLA*. A divergence in this receptor-mediated 
sequence of signals for arachidonic acid release is demon- 
strated by bacterial lipopolysaccharides (LPS) which are poor 
triggers for the release of arachidonic acid in macrophages 
(24), but are able to prime macrophages for enhanced arachi- 
donic acid metabolism in response to various stimuli (24,25). 
The mechanism of LPS priming of macrophages is poorly 
understood but affects many of the functional capacities of 
these cells (26, 27). Many of the actions of LPS in endotoxin 
shock may be mediated by macrophages (26) which produce 
potent mediators of shock including the eicosanoids and plate- 
let-activating factor and tumor necrosis factor (28-30). LPS 

1 The abbreviations used are: PLA2, phospholipase AS; LPS, bac- 
terial lipopolysaccharide; PGE?, prostaglandin Ea; PAF, platelet- 
activating‘ factor (l-0-alkyl-2-G-acetyi-sn-glyceryl-3-phosphocho- 
line); PMA, phorbol 12-myristate 13-acetate; OAG, oleoyl-acetyl-sn- 
glycerol; HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic 
acid; EGTA, [ethylenebis(oxyethylenenitrilo)]tetraacetic acid. 
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may also participate in a priming effect which allows for 
enhanced production of these mediators, exacerbating the 
acute onset in shock. 

In this report, we demonstrate the priming of a murine 
macrophage-like cell P388D1 by bacterial lipopolysaccharide 
for enhanced arachidonic acid metabolism. The priming of 
the P388D1 cell is qualitatively different than that observed 
in resident murine peritoneal macrophages and appears to 
require RNA synthesis as priming is sensitive to inhibition 
by actinomycin D but not cyclohexamide. The priming of 
P388D, cells enhances PGEl production in response to Ca*+ 
ionophore A23187 and PAF but not to the protein kinase C 
activator oleoyl-acetyl-sn-glycerol (OAG). The priming of 
P388D1 cells described herein should help us to better under- 
stand the stimulus-coupling mechanisms for arachidonic acid 
release in response to activation of the PAF receptor and aid 
in the elucidation of the relevant phospholipases involved in 
arachidonic acid release. 

EXPERIMENTAL PROCEDURES 

Materials-P388Di cells were obtained from the American Type 
Culture Collection (Bethesda, MD). PGE, [5,6,8,11,12,14,15-“H] (spe- 
cific activity 185 Ci/mmol), 1-pa1mitoy1-2-[1-‘*C]pa1mitoy1 phospha- 
tidylcholine (specific activity 54 mCi/mmol), and arachidonic acid 
[5,6,8,9,11,12,14,15-“H] (specific activity 230 Ci/mmol) were from Du 
Pont-New England Nuclear. PGE, and arachidonic acid standards 
were from Cayman Chemical (Ann Arbor, MI). PGE, anti-sera was a 
kind gift of Dr. Lawrence Levine, ,Brandeis University (Waltham, 
MA). Fetal bovine serum (Lot No. A2312L) was from Gemini Bio- 
Products, Inc. (Calabasass, CA). Manoalogue was generously provided 
by Dr. Edward D. Mihelich, Lilly Research Laboratories. BW755c 
was a gift from Wellcome Research Laboratories (Research Triangle 
Park, NC). L-659,989 was a kind gift of Dr. John Chabala, Merck 
Sharp & Dohme Research Laboratories. Actinomycin D and cyclo- 
hexamide were from Calbiochem (La Jolla, CA). Cytocholasin B, 
indomethacin, calcium ionophore A23187, OAG (oleoyl-acetyl-sn- 
glycerol), PAF (platelet-activating factor purified from bovine heart), 
enantio-PAF and PMA were from Sigma. Genistein was from Biomol 
Research Laboratories, Inc. (Plymouth Meeting, PA). LPS from 
Salmonella Re 595 was provided by Dr. R. J. Ulevitch, Scripps Clinic 
and Research Foundation (La Jolla, CA). 

Cell Culture-P388Di cells were maintained in Iscove’s modified 
Dulbecco’s medium (Irvine Scientific, Santa Ana, CA) with 10% fetal 
bovine serum (heat-inactivated), HEPES (25 mM), glutamine (2 mM), 
and gentamycin (50 pg/ml) supplemented with nonessential amino 
acids at 37 “C in a humidified atmosphere of 90% air, 10% CO,. 
Adherent cells were selected as previously described (7) and passaged 
every 3-4 days (doubling time -28 h). For experiments, adherent 
cells were scraped and plated into 6-well dishes (Falcon) at 1 x 10fi 
cells/well. Cells were allowed to adhere overnight in Iscove’s modified 
Dulbecco’s medium with 10% fetal bovine serum and penicillin/ 
streptomycin (100 units/ml and 100 pg/ml, respectively). All experi- 
ments were performed in serum-free medium with penicillin/strep- 
tomycin. 

Priming and Stimulation of P388D, Cells-P388Di cells at 1 X lo6 
cells/well were placed in serum-free medium with or without inhibi- 
tors for 1 h prior to LPS priming. After 1 h in serum-free medium, 
LPS (100 rig/ml, unless otherwise stated) with or without inhibitors 
was added for 1 h (unless otherwise stated). Cells were then washed 
with serum-free medium and then stimulated with PAF (10 nM) in 

the presence of cytochalasin B (1 pM) for 4 h at 37 “C. After stimu- 
lation, the medium was removed, centrifuged to remove cells, and 
frozen at -20 “C until radioimmunoassay could be performed as 
previously described (7). Cells were washed with Hanks’ buffered salt 
solution and frozen at -20 “C until protein determinations were 
performed as previously described (7). Approximately 250 rg of pro- 
tein was routinely obtained from 1 x 10” cells, therefore, the results 
are expressed as pg of PGE2/106 cells. 

Aruchidonic Acid Release from “H-Prelabeled Cells-P388D, cells 
were prelabeled with [“Hlarachidonic acid (3 &i/10” cells) for 18 h 
at 37 “C. The prelabeled cells were primed as described above and 
[“Hlarachidonic acid release measured as previously described (7). 

Cyclooxygenase Assay-Cellular cyclooxygenase was measured in 
unprimed (control) and primed (100 rig/ml for 1 h) cells by the 

method described by Raz et al. (31). Briefly, -5 x 10’ cells were 
solubilized in 50 mM Tris, pH 8.0, 1.0% Tween 20, and 10 mM EDTA 
by sonication, in a final volume of 200 ~1, with a MSE model lOO- 
watt sonicator (4 X 15-s pulses). The cell homogenate (20 ~1) was 
added to siliconized tubes containing arachidonic acid (100 PM), 
epinephrine (1 mM), phenol (1 mM), and normal rabbit serum (1 pl/ 
assay) in 50 mM KPO,, pH 7.5, 10 mM EDTA, 10 mM EGTA, 100 
nmM NaCl, and 0.5% Triton X-100 in a final volume of 100 ~1. The 
assay was initiated by addition of cell homogenate and incubated for 
30 min at 37 “C. Total cellular cyclooxygenase activity was deter- 
mined as PGE, formed as measured by specific radioimmunoassay. 
Relative cyclooxygenase activity in intact P388Di cells was deter- 
mined by the application of exogenous arachidonic acid (2 and 10 gM, 
Na+ salt) to lo6 cells in 35.mm culture dishes and cultured for 1 h at 
37 “C. Medium was removed, centrifuged to remove cells, and PGE, 
was determined by specific radioimmunoassay. 

Phospholipuse A2 Assay-P388Di cells (-5 X 106) were homoge- 
nized in 10 mM HEPES, pH 7.4, 0.34 M sucrose, 1 mM EDTA, and 1 
mM ATP in a final volume of 2.0 ml by sonication with an MSE 
model loo-watt sonicator (4 X 30-s pulses). An aliquot was taken for 
total cellular activity. The PLA, activity of the calcium-dependent, 
pH 9.0 optimum enzyme was determined with 100 pM dipalmitoyl- 
phosphatidylcholine containing 100,000 cpm of 1-palmitoyl-2-[1-i4C] 
palmitoyl phosphatidylcholine, 5 mM CaCl*, and 20 mM glycine 
buffer, pH 9.0, prepared as vesicles as described previously (7). The 
reaction was initiated by addition of cellular fraction (100 ~1) into a 
final assay volume of 500 ~1 with a final glycerol concentration of 
70%, terminated at 3 h, and extracted as previously described (7). 

Cytotoxicity Assay-Cytotoxicity was measured independently un- 
der identical conditions used in each experiment. Toxicity was deter- 
mined by fluorescein diacetate staining of cells. Fluorescein diacetate 
(1 pg/ml) was added to each well (lo6 cells) and incubated at 37 “C 
for 15 min. Fluorescence was determined using an inverted Olympus 
I MT-2 fluorescence microscope and toxicity determined as the ratio 
of nonfluorescent cells (dead) to fluorescent cells (living). Under all 
conditions used in this report 295% viability was observed. 

Stuti.&ul Analysis-Statistical significance between treatment 
groups was determined by Newman-Keuls or Duncan multiple range 
tests (P < 0.05 and 0.01). All data points are the means -t S.E. of 
triplicate samples from a representative experiment showing similar 
results to several other identical experiments. Standard error bars 
are present when the standard error is greater than the symbol size. 

RESULTS 

LPS Priming-Stimulus Response-The effect of LPS on 
the “priming” of P388D1 macrophage-like cells for enhanced 
PGE, production in response to various stimuli is shown in 
Fig. 1. LPS-primed P388D1 cells produce three to five times 
as much PGE, as unprimed (control) cells in response to Ca2+ 
ionophore A23187 and PAF stimulation. Priming is effective 
at enhancing PGEz production for stimulants such as A23187 
and PAF but does not enhance PGE, production in response 
to stimuli which do not stimulate unprimed cells, such as 
OAG (7). In non-stimulated cells, LPS priming results in a 
1.6-fold increase in PGEz production as compared with un- 
primed cells. In contrast, priming increases PGEz production 

No stim AzJlS7 PAF 0% 

(0.5 SW (10 64)  (25 Pw 

FIG. 1. Effect of LPS priming on PGE. production in re- 
sponse to various stimulants. P388Di cells were primed with 100 
rig/ml LPS Re 595 for 1 h and then stimulated for 4 h with no 
stimulant, A23187 (0.5 PM), PAF (10 nM), or OAG (25 PM). PGE, 
production was measured by specific radioimmunoassay. 
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8660 LPS Priming of P388D1 Cells 

by 3- and 3.6-fold in response to A23187 and PAF, respec- 
tively, as compared with unprimed stimulated cells. OAG 
treatment of primed P388D, cells showed only a l.l-fold 
increase in PGEz production which is not significantly differ- 
ent than the increase observed in non-stimulated cells. Prim- 
ing results in increased levels of PGE2 as well as the other 
arachidonic acid metabolites as compared with control cells, 
but no redistribution of metabolites among the prostaglandins 
is observed (data not shown). 

PAF Dose Response in LPS-primed Cells-In P388Di cells 
stimulated with PAF (10 nM to 1 pM) only a 2-3-fold increase 
in PGE, production over constitutive PGE2 production (7) 
could be observed which made it difficult to determine a dose- 
response relationship for PAF. However, in LPS-primed 
P388D1 cells, PAF (10 nM to 1 pM) produced a 9-12-fold 
increase in PGE2 production over constitutive production as 
shown in Figs. 1 and 2. In primed cells, a PAF dose-response 
was determined between 0.01 and 10 nM (Fig. 2). Concentra- 
tions of PAF between 10 nM and 1 pM gave no further increase 
in PGE2 production. The apparent EDbO for PAF-stimulated 
PGE, production in primed P388D1 cells is approximately 0.2 
nM. This EDsa value is consistent with a Kd determined for 
PAF binding to P388D1 cells of 0.08 nM (32). Enantio-PAF 
(D-PAF) is approximately 500-fold less potent than PAF (L- 
PAF) at stimulating PGE? production in P388D, cells. This 
demonstrates stereospecificity of the PAF receptor in P388Di 
cells for PGE, production in response to PAF. The PAF 
antagonist L-659,989 (33) inhibited PGE, production in LPS 
primed cells by 75 and 91% at 10 and 100 nM, respectively, 
when stimulated with 10 nM PAF. 

PHlArachidonic Acid Release in Primed Cells-LPS- 
primed P388D1 cells, upon stimulation with PAF, release 
greater amounts of [“Hlarachidonic acid from prelabeled cells 
and the rate of release appears to be increased (as per the 30- 
min time point) relative to release from unprimed cells (Fig. 
3). The first time point taken (30 min) appears to be repre- 

5.0 , I 

FIG. 2. PAF dose-response in primed P388D, cells. P388D, 
cells were primed with 100 rig/ml LPS Re 595 for 1 h and then 
stimulated with PAF (0) or D-PAF (U). 

I 1  

0.06 I 
0.0 1.0 2.0 xl 4.0 

Time (hr) 

FIG. 3. [3H]Arachidonic acid (AA) release from unprimed 
(0) and LPS-primed (0) cells in response to PAF. The % release 
of “H in response to PAF (10 nM) less the constitutive % release of 
“His shown (7). The maximum % release was 5% of total incorporated 
[“Hlarachidonic acid in LPS-primed cells in response to PAF. 

sentative of the maximum release in both primed and un- 
primed cells. LPS-primed cells release approximately two to 
three times more [3H]arachidonic acid in response to PAF. 
This result is somewhat less than the 3-5-fold increase in 
PGE2 production observed with LPS priming and may reflect 
the dispartate labeling of phospholipid pools with exogenously 
applied [3H]arachidonic acid (7, 34). 

Effect of LPS Priming on Cyclooxygenase and Phospholipase 
A, Activities-The level of cyclooxygenase activity, whether 
measured in a P388D1 cellular homogenate or by application 
of exogenous arachidonic acid to intact cells, showed no 
enhanced activity as compared with unprimed (resting) cells. 
This was also true of the phospholipase A2 activity present in 
the P388D1 cellular homogenate when measured with vesicles 
of dipalmitoylphosphatidylcholine at pH 9.0 with 5 mM Ca*+ 
(data not shown). Therefore, it appears that the activities of 
neither of the key enzymes involved in arachidonic acid 
metabolism in P388D, cells are altered appreciably by LPS 
priming. 

LPS Priming of P388D1 Cells-LPS priming of P388D1 
cells is concentration dependent from 10 to 1000 rig/ml of 
rough LPS Re 595 from Salmonella as well as smooth LPS 
from Escherichia coli Olll:B4 with respect to enhanced PGEz 
production in response to PAF (Fig. 4A). Some effects of LPS 
are also observed at concentrations as low as 1 rig/ml. The 
effect of the exposure time of P388Di cells to LPS (100 ng/ 
ml) was evaluated to determine if prolonged exposure of 
P388D1 cells to LPS down-regulated the primed response. 
The time course of LPS priming demonstrated that enhanced 
production of PGE2 in response to PAF can be observed at 
30 min of exposure to LPS and is maximal at l-2 h of exposure 
(Fig. 4B). Between 2-4 h of LPS exposure, the P388D1 cells 
become less responsive to the subsequent stimulation with 
PAF. After 4 h of exposure to LPS, PAF stimulation results 
in a response which is 30-35% of the maximal response 
observed after 1 h of LPS exposure. Therefore, prolonged 
exposure of P388D1 cells to LPS (longer than 2 h) appears to 
down-regulate the primed state with regard to subsequent 
stimulation by PAF. 

The stability of the LPS-primed state was determined by 
priming the cells for 1 h with 100 rig/ml LPS and then washing 
the cells free of LPS and allowing them to incubate for 
different time periods in serum-free medium before stimula- 
tion with PAF. As shown in Fig. 4C, the primed state of the 
P388D1 cells was unstable and decreased to 20% of maximal 
after a 4-h incubation in serum-free medium. The time at 
which the primed state was reduced to 50% of its maximum 
was 1.75 h (see inset). Therefore, it appears that the LPS- 
primed state in P388D1 cells is transient and deactivates with 
an apparent half-life of approximately 1.75 h in the absence 
of LPS or stimulus. 

Effects of Manoalogue and BW755c on LPS Priming and 
Primed Stimulation-The phospholipase inhibitor manoa- 
logue and the dual cyclooxygenase/lipoxygenase inhibitor 
BW755c when present during LPS exposure had little effect 
on the ability of LPS to prime P388D1 cells for enhanced 
PGE, production (data not shown). However, these com- 
pounds are effective inhibitors of primed PAF stimulation of 
PGEz production. Manoalogue has an apparent I&o of 0.4 pM 
in LPS-primed cells (Fig. 5), as compared to an apparent ICSO 
of 1.0 pM for A23187 stimulation of unprimed cells (7) and 
BW755c at 10 pM resulted in 95% inhibition of PGEz produc- 
tion (data not shown). These results suggest that production 
of cyclooxygenase/lipoxygenase products may not be neces- 
sary for LPS priming of P388D1 cells. This is also consistent 
with previous findings that LPS alone at concentrations up 
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Wash lime (hr) 
FIG. 4. A, LPS priming dose-response. P388Dr cells were primed 

with either rough (R) LPS from Salmonella Re 595 (0,O) or smooth 
(S) LPS from E. coli Olll:B4 (Cl, n ). PGE, production in unstimulated 
primed cells (0, 0) and primed PAF-stimulated cells (m, 0); B, LPS 
exposure time effects on priming. P388DI cells were primed for 
various times with LPS Re 595 (100 rig/ml) and stimulated with PAF 
(10 mM). PGE, production in response to PAF (0) and without PAF 
(0). C, stability of the LPS-primed state. P388Dr cells were primed 
with LPS Re 595 (100 rig/ml) for 1 h at 37 “C and then washed for 
various times before stimulation with PAF (10 nM) (0) or not 
stimulated (0). Inset, semi-logarithmic transformation of the decay 
of the primed state. 

to 10 pg/ml did not activate the phospholipase/cyclooxygen- 
ase/lipoxygenase pathways in P388D1 cells (‘7). 

Effects of Actinomycin D and Cyclohexamide on LPS Prim- 
ing-It has been shown that stimulatory doses of LPS result 
in the rapid (-30 min) accumulation of mRNA for both 
oncogenes (c-myc and c-fos) and competence genes (JE and 
KC) along with the production of the early proteins, the seven 
short-lived proteins in the 38-85 kDa range (35). It was 
therefore of interest to evaluate both transcriptional (actino- 

01 I 
0.00 0.25 0.50 0.75 1 .oo 1.25 

[Monoalogue] (pM) 

FIG. 5. Manoalogue dose-response in primed PAF-stimu- 
lated PGEz release in P388D, cells. P388Dr cells were preincu- 
bated with various concentrations of manoalogue for 1 h after LPS 
priming (100 rig/ml for 1 h at 37 “C) and prior to PAF (10 nM) 
stimulation also in the presence of manoalogue. 

A 8 

2 6 

0” 

“0 
= 4 
E 

Y 
n 2 

n PAF (10 nM) 
q Aclinomycln D (1Hm) 
q Aclinomycln 0 l3pm) 
q Cyclohexamlde (10pm) 

NON LPS 
Primed Prlmed 

Al A3 Cl0 Al A3 Cl0 

Control LPS Priming Primed PAF Stimulation 

0 Conlrol (No stlmulaiionj 
q Primed PAF (10 nM) 
n Primed PAF with 

Actlnomycln D (3~10 treatment 

Primed 
CTL 

30 In,” O-30’ 30-60’ PAF 
Pre I- Slim. 

LPS Prlmlng 

FIG. 6. A, effects of actinomycin D and cyclohexamide on LPS 
priming and primed PAF stimulation. Actinomycin D (1 and 3 FM) 
and cyclohexamide (10 pM) were present during LPS priming (LPS 
Priming) or were preincubated for 30 min after LPS priming before 
PAF stimulation in the presence of the inhibitor (Primed PAF 
Stimulation). B, temporal effects of actinomycin D on LPS priming. 
Actinomycin D (3 PM) was present 30 min prior to LPS priming (30 
min Pre), during the first 30 min of LPS exposure (O-30’ LPS 
priming) or during the second 30 min of LPS exposure (30-60’ LPS 
priming). The effect of actinomycin D (3 pM) on primed PAF stim- 
ulation was determined as described. 

mycin D) and translational (cyclohexamide) inhibitors on the 
priming of P388Di cells with low doses of LPS. 

As shown in Fig. 6A, actinomycin D reduced LPS priming 
to 58 and 16% of control at 1 and 3 pM, respectively. The 
temporal effects of actinomycin D action on LPS priming are 
shown in Fig. 6B. The maximal effect of actinomycin D (3 
pM) is observed when present 30 min prior to LPS exposure 
or during the first 30 min of LPS exposure. However, a 
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significant (P < 0.05) decrease in the effect of actinomycin D 
is observed when present during the last 30 min of LPS 
exposure (26% of control when present during the first 30 
min to 56% of control when present during the last 30 min). 
These data suggest an accumulation of mRNA during the 
initial exposure of P388Di cells to LPS is essential for the 
development of the primed state. 

Cyclohexamide (10 PM) partially prevented (70% of control) 
the LPS priming if present during the entire LPS exposure 
period as shown in Fig. 6A. Cyclohexamide present during the 
first 30 min of LPS exposure had no inhibitory effect on LPS 
priming and appears to slightly enhance (130% of control) 
the primed state in P388D, cells (data not shown). This 
observation is similar to that observed with y-interferon 
priming of peritoneal macrophages (35). These results suggest 
the possibility of a partial dependence of LPS priming in 
P388D1 cells on protein synthesis but a much less dramatic 
effect than that seen for transcription. 

Effects of Actinomycin D and Cyclohexamide on Primed 
PAF Stimulation-Cyclohexamide (10 pM) inhibits primed 
PAF stimulation of PGE, production by 88% (Fig. 6A) and 
reduces PAF-stimulated PGE2 production in primed cells to 
the level observed in non-primed cells. These data are con- 
sistent with the involvement of protein synthesis (a rapid 
turnover protein) in the stimulation of arachidonic acid me- 
tabolism by a number of various stimuli (5, 23) which now 
include PAF. Actinomycin D had only a partial inhibitory 
effect on primed PAF stimulation, 63% of control at 3 PM 
actinomycin D, suggesting the possibility of a partial involve- 
ment of transcription in primed PAF stimulation but a much 
greater role of translation in PAF stimulation of PGEz pro- 
duction. 

Effects of H-7, PMA, and Genistein on Primed PAF Stim- 
ulation-The role of protein kinase C in LPS priming of 
neutrophils is apparently unclear (36, 37), and LPS does not 
result in translocation or activation of this enzyme for priming 
of the respiratory burst. In the P388Di cells, LPS priming for 
enhanced arachidonic acid metabolism is not inhibited by the 
protein kinase C inhibitor H-7 (lo-50 FM) nor does H-7 
inhibit primed PAF stimulation (data not shown). PMA, a 
phorbol ester protein kinase C activator, (l-10 PM) reduced 
LPS priming to 67% of control but did not affect primed PAF 
stimulation (data not shown). These results suggest a minimal 
contribution of protein kinase C to the priming of macro- 
phages for enhanced PGEz production and that protein kinase 
C activation is apparently not required for PAF stimulation 
of PGE, production in P388D1 cells. 

Genistein (38) is reported to be a selective tyrosine-specific 
protein kinase inhibitor with partial inhibitory effects on 
serine and threonine kinase activity (CAMP-dependent 
kinases). The dose-response for genistein effects on both LPS 

[Genistein] (,uM) 

FIG. 7. Genistein dose-response for LPS priming and 
urimed PAF stimulation. Genistein was wesent durina LPS prim- 
ing (A) or was preincubated for 1 h after LPS priming&d present 
during PAF stimulation (0). 

priming and primed PAF stimulation are shown in Fig. 7. 
Genistein had a small inhibitory effect on LPS priming in 
P388D, cells (about 58% of control was observed at 30 PM 
genistein). However, genistein had a potent inhibitory activity 
against primed PAF stimulation with an apparent I&o of 7 
PM and only 4% of control primed PAF stimulation was 
observed at 30 PM genistein. These results implicate a protein 
kinase activity in the PAF-stimulated arachidonic acid release 
in LPS-primed P388D1 cells. 

DISCUSSION 

The P388Di cell produces arachidonic acid metabolites, 
predominantly cyclooxygenase products, in response to var- 
ious stimuli (7). In the attempts to correlate the effects of 
various phospholipase inhibitors on the P388Di Ca*+-depend- 
ent membrane associated PLA2 in vitro with inhibition of 
PGE2 and arachidonic acid release in intact P388Di cells, the 
Ca*+ ionophore A23187 was used as a stimulus (7). However, 
a key point in studying the regulation of arachidonic acid 
release as the rate-limiting event for the biosynthesis of 
eicosanoids is the use of physiologically and pharmacologi- 
cally relevant stimulants, i.e. receptor-mediated events. 
P388D1 cells respond to PAF to produce arachidonic acid 
metabolites (7) and possess high affinity PAF receptors (32); 
however, in resting cells (unprimed) only a 2-3-fold increase 
over constitutive PGE, production is observed in response to 
PAF (7). In contrast, as shown in this report, LPS priming of 
P388Di cells resulted in a 9-12-fold increase over constitutive 
PGEz production in response to PAF, thus allowing more 
quantitative interpretations of inhibitor studies. With LPS 
priming, it then became possible to evaluate the mechanisms 
governing both LPS priming and PAF-stimulated arachidonic 
acid metabolism in P388Di cells. 

LPS Priming and PAF-The mechanism by which bacterial 
lipopolysaccharides prime both neutrophils and macrophages 
for enhanced metabolic responses have been studied in detail, 
but still remain unclear. In general, the LPS priming of 
neutrophils for enhanced superoxide production does not 
result from the augmentation of the terminal enzymes in this 
system, e.g. NADPH oxidase, but rather appears to be a 
modulation (up-regulation) of the signal transduction mech- 
anism (39-41). In the murine resident peritoneal macrophage, 
LPS priming also results in enhanced arachidonic metabolism 
in response to various stimuli (24). Herein, we report a re- 
sponse to LPS priming in a murine macrophage-like cell line, 
P388Dl. 

P388D1 cells exposed to low doses of LPS become primed 
for enhanced arachidonic acid metabolism. This enhanced 
metabolism is apparently stimulus-dependent, as responses 
to OAG or PMA do not become primed upon LPS exposure. 
This implies that responses which are coupled to selective 
transduction pathways for arachidonic acid release are those 
which are able to be primed by LPS exposure. 

The enzymes which would most likely be involved in en- 
hancing arachidonic acid metabolism in P388DI cells or mac- 
rophages would be PLAz and/or the cellular cyclooxygenase. 
In P388D1 cells, LPS priming results in increased VH]ara- 
chidonic acid release and increased PGE, (immunoreactive) 
production. However, neither the total cellular cyclooxygen- 
ase activity nor the Ca*+-dependent PLA2, pH 9.0 optimum, 
activity was found to be different in primed cells. This is 
consistent with a change in the signal transduction mecha- 
nism(s) leading to a greater availability of substrate (arachi- 
donic acid). This effect (priming) may be the result of a 
greater efficiency in the translation mechanism(s) or receptor- 
ligand interactions which result in arachidonic acid release, 
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rather than increased enzyme levels to account for the in- 
creased product observed after LPS priming. 

PAF-stimulated PGE, production in LPS-primed cells was 
9-12 times the constitutive PGE, production. The dose-re- 
sponse curve for primed PAF-stimulated PGE, production 
gave an EDs0 value of 0.2 nM PAF which is in good agreement 
with the reported Kd of 0.08 nM for PAF binding (32). The 
PAF response was also stereospecific, D-PAF being 500-fold 
less potent, and the selective PAF antagonist L-659,989 (33) 
effectively inhibited PAF-stimulated PGEz production. These 
results demonstrate that the PGE, production in P388D1 cells 
upon PAF stimulation is a receptor-mediated event. There- 
fore, evaluation of different inhibitors with PAF stimulation 
appears to be more physiologically relevant as PAF is an 
important agonist for macrophages and the concentrations of 
PAF being studied are in a more physiologically relevant 
range (i.e. a10 nM). 

Regulation of LPS Priming-The mechanism of LPS prim- 
ing still remains unclear. Early studies demonstrated that 
LPS priming of neutrophils was not sensitive to inhibition by 
cyclohexamide (42) and therefore a distinct event from induc- 
tion of cellular protein synthesis. It was then suggested that 
an increase in resting Ca” levels may account for the priming 
effect (43, 44). In macrophages, LPS priming results in the 
myristolation of a set of cellular proteins which are also 
substrates for protein kinase C (45). A sequential set of events 
starting with LPS-induced myristolation of cellular proteins, 
membrane association of the myristolated proteins, and phos- 
phorylation by protein kinase C has been proposed to account 
for the increased arachidonic acid release by LPS priming 
(46). 

Although these mechanisms may be involved in LPS prim- 
ing, we have observed dependence of LPS priming on tran- 
scriptional events (mRNA production) which are sensitive to 
actinomycin D inhibition. This is consistent with the observed 
increases in mRNA levels for oncogenes and competence 
genes during the first 30 min of LPS exposure (35). These 
results also demonstrate a lesser dependence of priming on 
protein synthesis which is also observed in human neutrophils 
(42). Actinomycin D inhibition of LPS priming is likely due 
to inhibition of the transcription of mRNA which is subse- 
quently translated to produce the effector protein(s) which 
may be involved in the observed enhancement of arachidonic 
acid metabolism. Cyclohexamide only partially prevents this 
priming when present during LPS exposure. However, the 
translational events which lead to the primed state may be 
occurring later, after LPS exposure. Due to the unstable 
nature of the primed state in P388D, cells (.& = 1.75 h) it was 
not possible to design experimental conditions which could 
distinguish cyclohexamide effects on translation which pre- 
vent priming from the observed deactivation of the LPS- 
primed state. Therefore, the observed deactivation of the 
primed state may reflect the disappearance of an unstable 
protein induced upon LPS exposure or the degradation of 
message induced by LPS priming. Further studies on the 
nature of LPS priming in P388D1 cells and the message 
induced upon LPS exposure which eventually regulates ara- 
chidonic acid metabolism would be necessary to distinguish 
the possible mechanisms responsible for the development of 
the primed state. 

Translational Dependence of PAF Stimulation-Responses 
to receptor-mediated stimulation of arachidonic acid metab- 
olism in macrophages have been shown to be dependent on 
protein synthesis (5, 23). This is in contrast to non-physio- 
logical stimulation (e.g. Ca*+ ionophore A23187) of arachi- 
donic acid release which does not need protein synthesis (5). 

Herein we demonstrate that primed PAF stimulation of 
P388D, cells is also dependent on protein synthesis (sensitive 
to inhibition by cyclohexamide). The rapid release of arachi- 
donic acid in response to PAF stimulation suggests that this 
cyclohexamide-sensitive event may depend on a rapid turn- 
over protein which is induced upon receptor activation. This 
rapidly produced protein may be a product which is related to 
the LPS-induced transcriptional events occurring during LPS 
priming. This relationship is currently under investigation. 

Protein Kinase Regulation of PAF Stimulation-Genistein, 
a selective tyrosine-specific protein kinase inhibitor (38), ap- 
pears to be a potent inhibitor of primed PAF stimulation of 
arachidonic acid metabolism in P388D1 cells. The release of 
arachidonic acid when P388D1 cells are primed and subse- 
quently stimulated with PAF is most likely mediated by a 
phospholipase AZ-like enzyme (7). The regulation of cellular 
PLA2 may be complex considering the ubiquity of this type 
of enzyme and its general role in cellular homeostasis; there- 
fore, regulation of PLA2 activity by a protein kinase would be 
an attractive mechanism. The effects of genistein and the 
lack of effect of H-7 suggest that a tyrosine-specific protein 
kinase may be this regulating kinase activity, but this does 
not exclude the possibility of other kinases, other than protein 
kinase C, or other nucleotide-dependent enzymes also being 
involved in this regulation. This would be the first correlation 
of tyrosine-kinase inhibition with inhibition of arachidonic 
acid metabolism and possibly the PLA2 liberating the arachi- 
donic acid. The mechanism by which the kinase regulates the 
release of arachidonic acid would depend on identification of 
the kinase substrate which regulates the PLA, activity be it 
the enzyme (PLA1) itself or another part of the stimulus- 
response coupling mechanism. 

Regulation of phospholipid metabolism by a tyrosine-spe- 
cific protein kinase has been suggested for phospholipase C 
activity and growth factor responses (47). The tyrosine-spe- 
cific protein kinase is also known for its involvement in 
insulin action. Therefore, the regulation of arachidonic acid 
release via regulation of the PLA2 or its activation mechanism 
seems a particularly attractive mechanism to regulate the 
biosynthesis of eicosanoids during cell activation in inflam- 
matory and other responses. 

Proposed Signal Transduction Mechanisms in P3880, 
Cells--We have described herein inhibitor studies designed to 
better understand both the LPS priming and PAF-mediated 
arachidonic acid metabolism in P388D1 cells. As shown in 
Fig. 8, the possible mechanism for LPS priming and PAF- 
stimulated arachidonic acid release are summarized. LPS 

ACT 0 
Tranrlation 

Es 
Transcription 

FIG. 8. Possible stimulus-response coupling pathways in 
P388D1 cells. Both LPS priming and PAF-stimulated arachidonic 
acid (AA) release from membrane phospbolipids by phospholipase A, 
(PUS) to form prostaglandins (PC’s) is shown. Possible roles for G- 
proteins (C), phospbolipase C (PX) Ca’+, and protein kinases (PK), 
possibly tyrosine-specific, are indicated as well as inhibition by acti- 
nomycin D (A&D) and cyclohexamide (CHX). 
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produces a signal within the cell which results in the genera- 
tion of a primed state. This signal involves transcriptional 
and probably translational events. This mechanism for prim- 
ing has not been proposed previously since in earlier studies 
cyclohexamide demonstrated little effect on priming in neu- 
trophils (42). However, the involvement of transcriptional 
events in other early responses to LPS has been clearly 
demonstrated (35) and would therefore be likely in the mech- 
anism controlling priming. 

Primed PAF stimulation of P388D1 cells is clearly depend- 
ent on translational events and apparently on a protein kinase 
activity. The results herein are suggestive of a kinase other 
than protein kinase C and possibly a tyrosine-specific protein 
kinase. These translational events occurring after PAF stim- 
ulation may be direct products of the LPS transcriptional 
events, but this would have to be more rigorously evaluated 
in further experiments. The protein kinase is an attractive 
mechanism for regulation of arachidonic acid release, possibly 
of the cellular phospholipase AZ, but its substrate would have 
to be determined to understand how the release of arachidonic 
acid is being regulated. 

There are undoubtedly other pathways of phospholipid 
metabolism being activated in these cells (e.g. phospholipase 
C hydrolysis of phosphatidylinositides, production of diacyl- 
glycerol and inositol phosphates, or possibly phospholipase D 
activation): however, their relevance to arachidonic acid re- 
lease awaits further purification and characterization of the 
enzymes and the evaluation of specific inhibitors. The effects 
observed with manoalogue on both labeled arachidonate re- 
lease and PGEz production in both unprimed (7) and primed 
cells (this study) with different stimuli suggest that a phos- 
pholipase A2 (20, 21) is the most likely phospholipase candi- 
date responsible for the majority of arachidonic acid release. 
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