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Macrophage procoagulant activity is an important mediator of extravascular fibrin deposition at sites of
infection and appears to contribute to the pathogenesis of several infectious disease processes. Previous studies
have shown that the inflammatory mediator platelet-activating factor was able to prime macrophages for
induction of procoagulant activity by bacterial lipopolysaccharide. The present studies were designed to
examine the mechanism of this priming effect. Platelet-activating factor (100 nM) primed macrophages for
procoagulant activity generation in response to endotoxin at concentrations as low as 100 ng/ml and also
following exposure to Escherichia coli, Bacteroides fragilis, and Staphylococcus aureus. The priming effect
occurred following a pretreatment with platelet-activating factor for as short as 1 min, suggesting a rapid
activation event. Two different doses of the calcium ionophore ionomycin were used to mimic the peak and
sustained effects of platelet-activating factor on cytoplasmic calcium levels (1 ,IM and 100 nM, respectively).
Neither dose was able to mimic the priming effect. However, extracellular calcium was necessary for induction
of procoagulant activity and the priming effect. By contrast, the protein kinase C agonist phorbol myristate
acetate reproduced the priming phenomenon observed for platelet-activating factor. In further support of the
concept that protein kinase C activation mediated the effect of platelet-activating factor, the specific protein
kinase C inhibitor staurosporine reversed the ability of platelet-activating factor to augment induction of
macrophage procoagulant activity by endotoxin. These data suggest mechanisms by which inflammatory
mediators within the microenvironment of infection might modulate the host response to bacterial pathogens.

Macrophage-mediated fibrin deposition via the expression
of surface procoagulants (PCA) appears to play an important
role in the pathogenesis of several infectious and inflamma-
tory processes (3, 11, 12, 23). For example, PCA expression
following infection with murine hepatitis virus type 3 corre-
lates with the severity of disease in susceptible and resistant
mouse strains (11, 23). Similarly, PCA has been postulated
to mediate fibrin deposition on infected vegetations during
bacterial endocarditis (12) and to be responsible for the
fibrinopurulent exudates encountered during bacterial peri-
tonitis (3). The proinflammatory effects of fibrin are medi-
ated via several mechanisms. Both fibrinopeptide B and
fibrin degradation products, generated during the deposition
and degradation of fibrin, respectively, have been shown to
have chemoattractant activity for phagocytic cells and to be
capable of modulating their function (38, 40). In addition,
bacterial sequestration within fibrin matrices promotes the
development of persistent infection, by virtue of the ability
of fibrin to impair clearance of bacteria by host cells (36, 37).
The local microenvironment established by virtue of the

interaction between invading bacterial pathogens and host
defense mechanisms contains a number of factors which
might modulate the magnitude of the inflammatory response
(29). These include cytokines such as interferon gamma, the
interleukins, and tumor necrosis factor, arachidonic acid
metabolites, such as the cyclooxygenase and 5-lipoxygenase
products, and platelet-activating factor (PAF). PAF is a

ubiquitous inflammatory mediator (31) which has been
shown to mediate and/or contribute to the pathogenesis of
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several pathological processes, including endotoxin-induced
lung injury and intestinal necrosis during endotoxemia (6,
17). Fibrin deposition is part of the pathological picture
observed in each of these processes, suggesting that PAF
contributes to the pathogenesis of these diseases by inducing
local coagulation. In this regard, recent studies from our
laboratory demonstrated the ability of PAF to augment the
induction of PCA in macrophages in response to endotoxin
(20). The purpose of the present studies was to investigate
the cellular mechanisms underlying the priming effect of
PAF on PCA production in macrophages.

MATERIALS AND METHODS

Animals. Six- to eight-week-old female Swiss Webster
mice were obtained from Charles River Laboratories. Fol-
lowing delivery to our animal facility, animals were allowed
to acclimate for 2 to 4 days prior to use in these studies.
Animals were then maintained in colonies of no more than
five mice per cage and fed mouse chow and water ad libitum.

Reagents. PAF (1-a-phosphatidylcholine-13-acetyl--y-O-
alkyl), phorbol myristate acetate (PMA), ionomycin, and
indomethacin were obtained from Sigma Chemical Co., St.
Louis, Mo.; staurosporine was from Calbiochem Corp., La
Jolla, Calif.; RPMI 1640 medium was from Flow Laborato-
ries, McLean, Va.; calcium- and magnesium-free Hank's
balanced salt solution (HBSS), RPMI-Selectamine kit, and
fetal calf serum were from GIBCO Laboratories, Grand
Island, N.Y.; lipopolysaccharide B Escherichia coli
O111:B4 (LPS) was from Difco Laboratories, Detroit,
Mich.; and the acetoxymethylester of indo-1 was from
Molecular Probes, Eugene, Oreg.
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PAF was dessicated with nitrogen gas and reconstituted in
pyrogen-free sterile normal saline. LPS was reconstituted in
pyrogen-free sterile water. PMA, ionomycin, and staurospo-
rine were reconstituted in dimethyl sulfoxide and diluted in
pyrogen-free sterile saline. Indomethacin was reconstituted
fresh daily in absolute ethanol and diluted in pyrogen-free
sterile saline. Fetal calf serum was heat inactivated at 56°C
for 60 min and stored at 4°C until use. Brewer's thioglycolate
medium (Difco) was solubilized in water, autoclaved at
125°C for 45 min, and stored in the dark at 22°C until
uniformly green.
Growth and culture of bacteria. Bacteroides fragilis VPI

9032 was provided by Tracy Wilkins, Virginia Polytechnic
Institute and State University, Blacksburg. Aliquots were
maintained and frozen in thioglycolate medium without
dextrose as previously described (35). Frozen cultures were
thawed and 0.2 ml of bacterial suspension was inoculated
into tubes containing 20 ml of minimal growth medium (35).
The tubes were incubated for 24 h at 35°C in an anaerobic
chamber (Forma Scientific, Marietta, Ohio) in which an
atmosphere of 85% nitrogen, 10% hydrogen, and 5% CO2
was maintained.
For addition to macrophages, the B. fragilis culture was

removed from the anaerobic chamber, pelleted by centrifu-
gation (1,800 x g for 20 min), washed twice in sterile normal
saline (9.0 g/liter), and suspended in 20 ml of saline. For
quantitation of viable bacteria, suspended B. fragilis cells
were serially diluted and surface plated onto supplemented
brain heart infusion agar (Difco). Surface colonies were
counted after 48 h of incubation at 35°C in the anaerobic
chamber.
Staphylococcus aureus and E. coli were maintained at 4°C

on agar plates. A sterile loop was used to introduce organ-
isms into tubes containing 20 ml of brain heart infusion
medium. The tubes were incubated for 20 to 24 h at 37°C in
a rocking water bath. Prior to addition to macrophages, S.
aureus and E. coli were removed from the water bath,
pelleted by centrifugation (1,800 x g for 20 min), washed
twice in sterile saline, and suspended in 20 ml of saline. For
quantitation of viable bacteria, suspended E. coli and S.
aureus cells were serially diluted and surface plated onto
nutrient agar (Difco). Surface colonies were counted after 48
h of incubation at 37°C.

Cell preparation. Peritoneal macrophages were harvested
by peritoneal lavage 4 days following intraperitoneal injec-
tion of 2 ml of thioglycolate medium. Lavage fluid was
centrifuged at 700 x g for 10 min. The supernatant was
discarded, and the cell-containing pellet was resuspended in
5 ml of sterile water for 15 s to lyse any erythrocytes and
then diluted to 45 ml with HBSS. The suspension was
pelleted again, and the cells were resuspended in RPMI 1640
medium or calcium-free RPMI medium (prepared from a
Selectamine kit, using a calcium-free balanced salt solution
as a base) and then counted with a hemocytometer. The cell
population was diluted to 2 x 106 cells per ml and aliquoted
into polypropylene tissue culture tubes. The RPMI medium
was supplemented with 10% fetal calf serum in all experi-
ments except those studying the effect of different extracel-
lular calcium concentrations. Use of this technique resulted
in a cell suspension with a cell viability in excess of 95%, as
measured by trypan blue exclusion, and a cell population of
80 to 90% macrophages, as measured by Wright's staining
and nonspecific esterase.
Human mononuclear cells were collected from heparin-

ized venous blood by centrifugation over Ficoll-Hypaque
(400 x g for 20 min). The layer containing mononuclear cells

was aspirated, resuspended in HBSS, and washed twice.
This population contained -30% monocytes, the remainder
being lymphocytes, as assessed by Wright's staining.

Cell stimulation. (i) PAF priming. Cells were incubated
with PAF (100 nM) from 1 to 30 min prior to stimulation.
This concentration of PAF had been previously shown to
produce optimal priming for LPS-induced PCA production
by macrophages (12). Cells were then pelleted, resuspended
in fresh supplemented medium, and stimulated with LPS (10
,g/ml) or the stated microorganism in various concentra-
tions. After 4 h, cells were pelleted, resuspended in RPMI
1640 medium, and frozen for later PCA assay.

(ii) Response to ionomycin. Cells were incubated with
ionomycin (1 ,uM or 100 nM) for 30 min prior to stimulation
with LPS. Cells were then pelleted, resuspended in fresh
supplemented medium, and stimulated with LPS (10 ,ug/ml).
After 4 h, cells were pelleted, resuspended in fresh RPMI
1640 medium, and frozen for later PCA assay.

(iii) Response to PMA. Cells were incubated with PMA
(10-9 to 10-6 M) for 30 min prior to exposure to LPS. They
were then pelleted, resuspended in fresh supplemented
RPMI, and stimulated with LPS. After 4 h, cells were again
pelleted, resuspended in fresh RPMI 1640 medium, and
frozen for later PCA assay. In some studies, cells were
treated with the protein kinase C (PKC) inhibitor stauro-
sporine (10 nM) for 5 min prior to being exposed to PAF
(42).

(iv) Effect of indomethacin. Cells were incubated with
indomethacin at concentrations ranging from 1 ng/ml to 10
,ug/ml for 15 min prior to other manipulations. They were
then treated with PAF or control medium for 30 min,
pelleted, resuspended in fresh supplemented RPMI 1640
medium, and stimulated with LPS. Indomethacin at the
desired concentration was present throughout the treatment
period. After 4 h, cells were again pelleted, resuspended in
fresh RPMI 1640 medium, and frozen for later PCA assay.
Levels of prostaglandin E2 were measured in the superna-
tants by radioimmunoassay according to the manufacturer's
instructions (Amersham).
Measurement of PCA. PCA in freeze-thawed macrophages

was determined by measuring their capacity to shorten the
spontaneous clotting time of normal citrated human plasma
in a one-stage clotting assay (22). In selected studies, PCA in
freeze-thawed cells was compared with that in undisrupted
cells. An 80-,ul sample of freeze-thawed cells was added to
80 ,u of citrated normal human platelet-poor plasma, and
then 80 RI of 25 mM CaCl2 was added to initiate the reaction.
The time taken for the appearance of a fibrin gel at 37°C was
recorded. Clotting times were converted to milliunits of PCA
by comparison with a rabbit brain thromboplastin standard
(Sigma Chemical Co.) in which 36 mg (dry weight) per ml
was assigned a value of 100,000 mU of PCA. The induction
of PCA from a baseline of 100 mU/2 x 106 macrophages to
750 mU/2 x 10' macrophages in cells stimulated by LPS for
4 h represented a shortening of the clotting time from 52 to 35
s. The assay was used over a range from 10 to 10,000 mU of
PCA, this range being linear with normal plasma substrate.
Previous studies have shown that PCA induced with E. coli
LPS and the bacterial species tested has tissue factor-like
activities, making comparison with a thromboplastin stan-
dard valid (35).
Measurement of cytosolic calcium ([Ca2"],). [Ca2+] was

measured fluorometrically with the calcium-sensitive fluo-
rescent dye indo-1 (15). The cells were preloaded by incu-
bation in RPMI 1640 medium (HCO3 free) with 2 ,ug of the
precursor acetoxymethylester of indo-1 per ml for 20 min at
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FIG. 1. Effect of PAF on induction of macrophage PCA by LPS or various bacterial pathogens. Macrophages were treated with PAF (100
nM) for 30 min at 37°C, washed, and then exposed to the designated stimulus for 4 h at 37°C. Cells were then freeze-thawed and assayed for
PCA. (a) LPS; (b) E. coli; (c) B. fragilis; (d) S. aureus. Data represent the mean and standard error of 6 to 11 experiments, each done in
duplicate. *, P < 0.05 versus stimulus alone. MbF, macrophages.

37°C. This hydrophobic compound rapidly diffuses across

the plasma membrane into the cytoplasmic space where the
acetoxymethylester is cleaved by esterases, trapping the
hydrophilic indo-1 in this compartment. Indo-1 then binds
calcium in a 1:1 ratio, and upon binding, calcium exhibits a

shift in its fluorescence spectrum that can be measured with
a fluorometer. For measurement of [Ca2+]j, 106 cells per ml
were suspended in control medium in a Perkin-Elmer LS-5
fluorescence spectrometer with an excitation wavelength of
331 nm and an emission wavelength of 410 nm. Slit widths of
3 and 15 nm were used for excitation and emission, respec-
tively. PAF (100 nM) was then added to the cell suspension.
Calibration was done with ionomycin to cause maximal
fluorescence and Mn2+ to quench the fluorescent signal.
Indo-1 has a Kd of 254 nM for calcium, and a ratio of
FmaxlFmin of 12 was used to calculate [Ca2]ji.

Endotoxin contamination. RPMI 1640 medium, HBSS,
fetal calf serum, sterile water, sterile saline, and all other
reagents were tested for endotoxin contamination by the
standard Limulus amoebocyte lysate assay (Association of
Cape Cod, Woods Hole, Mass.) and were found to contain
<0.1 ng of endotoxin per ml, which constituted the lower
limits of the test.

Statistics. Statistics were calculated by one-way analysis
of variance and Student's t test with the Bonferonni correc-

tion. Data are expressed as the mean and standard error of
the number of experiments indicated, each performed in
duplicate.

RESULTS
Effect of PAF on PCA stimulation. Figure 1 examines the

ability of PAF to augment PCA induction in murine perito-
neal macrophages by a range of LPS concentrations and also
in response to various bacterial pathogens. Pretreatment
with PAF enhanced PCA production following exposure to
LPS at concentrations as low as 1 ng/ml, reaching statistical
significance at concentrations greater than 100 ng/ml (Fig.
la). PAF also primed cells for PCA induction in response to
live E. coli, B. fragilis, and S. aureus (Fig. lb to d). While
PAF generally augmented the ability of all bacterial concen-

TABLE 1. Effect of different PAF priming durations
on PCA inductiona

PCA (mU/2 x 106 cells)' with the
Duration of PAF following stimulus:
priming (min)

LPS PAF-LPS

1 257 54 547 60
5 275 54 738 202c
10 406 86 930 329'
30 356 ± 126 810 ± 174C

a Cells were exposed to PAF (100 nM) or medium for the indicated time,
washed, and then treated with LPS (10 ,ug/ml) for 4 h. They were then frozen
and saved for PCA assay. The PCA of cells exposed to PAF alone (100 mM)
for 4 h was 72 + 14 mU/2 x 106 cells, n = 8.

b Mean ± SEM of seven to eight experiments, each done in duplicate.
' P < 0.05 versus LPS alone.
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FIG. 2. Cytosolic calcium changes in response to PAF (100 nM)
or ionomycin (IONO; 100 nM or 1 ,uM). The analog trace is
representative of 12 simhilar experiments. Cytosolic calcium concen-
tration is calculated as described in the Materials and Methods.

trations to induce PCA, optimal priming was observed for E.
coli at 104 to 105 CFU/ml, B. fragilis at 107 CFU/ml, and S.
aureus at 106 CFU/ml.
The ability of PAF to prime human monocytes for LPS-

stimulated PCA was also examined. As in peritoneal cells,
PAF caused a significant augmentation of LPS-induced PCA
(P < 0.05), without itself being stimulatory (medium, 8 + 4
mU/106 cells; PAF alone, 13 + 7 mU/106 cells; LPS, 2,026 +
123 mU/106 cells; PAF plus LPS, 3,328 ± 653 mU/106 cells,
n = 3 experiments, each performed in duplicate). All subse-
quent studies used murine peritoneal macrophages to inves-
tigate the mechanism of this phenomenon.
Time course of PAF priming. The duration of PAF expo-

sure required to effect the priming response was examined
(Table 1). Exposure of cells for as short as 1 min significantly
enhanced PCA response to a subsequent 4-h incubation in
LPS (10 ,ug/ml). Exposure of cells to PAF alone (100 nM) for
4 h did not induce PCA (72 ± 14 mU/2 x 106 cells, n = 8).

Role of calcium in PAF priming. The relatively brief period
required for PAF to prime for LPS-induced PCA suggested
that the effect was mediated via a rapid activation signal.
PAF has been previously shown to stimulate a rapid rise in
cytoplasmic calcium levels in macrophages (10, 20). As
shown in Fig. 2, PAF (100 nM) induced a biphasic response
in cytoplasmic calcium concentration characterized by an
early peak to 494 ± 35 nM (n = 12) from a baseline of 196 ±

8 nM (n = 12); this was followed by a subsequent sustained,
albeit slightly lower, plateau level (310 + 31, n = 12). Studies
performed in calcium-free EGTA-medium demonstrated that
the early peak was predominantly derived from intracellular
stores, while the sustained phase was dependent on extra-
cellular calcium (data not shown).
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FIG. 3. Effect of ionomycin (IONO) on LPS-induced PCA. Cells
were pretreated with ionomycin (100 nM or 1 p.M) or PAF (100 nM)
for 30 min at 37°C, washed, and then exposed to LPS for 4 h prior
to assaying PCA. The data represent the mean and standard error of
four experiments, each done in duplicate. *, P < 0.05 versus
medium plus LPS.

To determine whether the PAF-induced rise in [Ca2"], was
sufficient for its priming effect, we selected doses of the
calcium ionophore ionomycin which were able to raise
[Ca2"]i to mimic the peak level (ionomycin, 1 ,uM; [Ca2+]i =
638 34 nM) and also the plateau level (ionomycin, 100 nM;
[Ca2+]i = 310 + 31 nM; see Fig. 3). As demonstrated in Fig.
3, neither dose of ionomycin tested was able to reproduce
the priming effect of PAF on LPS-induced PCA. These data
support the notion that the PAF-induced rise in [Ca2"]j was
not solely responsible for its priming effect.

Previous studies have demonstrated that extracellular
calcium is necessary for PCA induction by LPS (30). The
effect of various extracellular calcium concentrations on
LPS-induced PCA and on PAF priming was examined (Table
2). As previously shown, extracellular calcium was neces-
sary for PCA production in macrophages. PCA was not
produced by macrophages in the absence of extracellular
calcium. Increasing extracellular calcium concentration
caused a progressive increase in the amount of PCA induced
by LPS and also in the ability of PAF to augment PCA
production by LPS.

In the present studies, cells were frozen and thawed prior
to assaying for PCA in order to disrupt the cell integrity,
thereby revealing total cellular PCA. Without freeze-thaw-
ing, functional PCA activity was minimal. Recent studies
have suggested that a rise in cytoplasmic calcium induced by
A23187 could effect unmasking of functional PCA (4). To
determine whether a physiological stimulus such as PAF

TABLE 2. Effect of extracellular calcium concentration on cytosolic calcium concentration and PCA production

Extracellular Cytoplasmic calcium level (nM)a PCA (mU/2 x 10' cells)
Ca2+Ca2~Baseline PAF stimulated Medium PAF LPS PAF-LPS

0 NDC ND 4±1 5±1 3±1 5±1
200 nM 20 ± 18 20 17 3 1 3 1 25 11 36 16
0.423 mM 236 ± 71 416 180 24 7 34 9 189 39 394 85d
2.0 mM 282 ± 30 634 ± 100 155 + 54 271 ± 127 526 ± 142 1,319 204d
an = 4, mean ± SEM.
b n = 4 to 6, mean ± SEM.
c ND, not determined.
d p < 0.05 versus LPS alone.

VOL. 60, 1992



948 KUCEY ET AL.

600-1

co

0

x
C\

- /4¢
v

500

400 -

300 -

200

100 -

0-

I

10 10-7 10O

PMA (M)

FIG. 4. Effect of PMA on LPS-stimulated PCA. Cells were

pretreated with PMA (10-9 to 10-6 M) for 30 min at 37'C and then
exposed to medium alone (0) or LPS (10 ,ug/ml) (@) for 4 h at 37°C,
prior to freeze-thawing and assaying for PCA. The data represent
the mean and standard error of six experiments, each done in
duplicate. *, P < 0.01 versus LPS alone. Mb, macrophages.

could mimic this effect, we assayed PCA in cells not exposed
to freeze-thawing following exposure to PAF plus LPS.
However, the PAF-induced rise in [Ca2]i was unable to
mimic the previously observed effect of A23187 on LPS-
induced PCA expression (PCA in undisrupted cells, 5 + 1
mU/2 x 106; freeze-thawed cells, 579 ± 54 mU/2 x 106; n =

3 per group).
Role of PKC stimulation in PAF priming. In addition to its

effect on [Ca2J1i, PAF has been shown to stimulate PKC via
receptor-mediated stimulation of phosphatidylinositol hy-
drolysis with subsequent generation of the PKC agonist
diacylglycerol (32). To investigate the hypothesis that PAF
mediated its effect via stimulation of PKC, we examined the
ability of the agonist PMA to augment LPS-induced PCA.
Figure 4 demonstrates that a 30-min preexposure of cells to
PMA at an optimal concentration of 100 nM was able to
mimic the priming effect of PAF, while pretreatment of cells
with dimethyl sulfoxide vehicle (0.1%) was without effect.
Incubation of cells for 4 h in PMA alone (100 nM) also had no

stimulatory effect on PCA (14 3 mU/2 x 106 cells versus
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FIG. 5. Effect of the PKC inhibitor staurosporine on PAF prim-
ing of LPS-induced PCA. All groups were exposed to staurosporine
(10 nM) or vehicle for 5 min prior to treatment. Staurosporine
reverses PAF priming but has no effect on LPS-induced PCA. The
data represent the mean and standard error of six experiments, each
performed in duplicate. *, P < 0.05 versus PAF/LPS. E1, no

staurosporine; *, 10 nM staurosporine.

18 + 6 mU/2 x 106 cells, n = 6, medium versus PMA,
respectively). In further support of the concept that PAF
priming was mediated via PKC stimulation, the specific PKC
antagonist staurosporine (10 nM) was shown to completely
reverse the PAF effect (Fig. 5).

Effect of indomethacin on macrophage PCA production.
Both LPS and PAF are known to enhance synthesis of
prostaglandin E2 by macrophages (16, 21). Since the exoge-
nous addition of prostaglandin E2 has been demonstrated to
impair PCA induction by a various stimuli, such as mouse
hepatitis virus strain 3 (1), we hypothesized that inhibition of
cyclooxygenase activity might unmask endogenous inhibi-
tion of PCA production by both LPS and PAF. However,
indomethacin (10 p.g/ml) had no effect on basal PCA produc-
tion, LPS-stimulated PCA, or the ability of PAF to augment
LPS-stimulated PCA. This concentration of indomethacin
completely inhibited prostaglandin E2 generation (data not
shown).

DISCUSSION

Local fibrin deposition at sites of infection and inflamma-
tion is a consistent histological finding and appears to
contribute to the pathogenesis of the underlying disease
process. Defibrinogenation with ancrod has been shown
experimentally to prevent intra-abdominal abscess forma-
tion (26), to lessen the severity of glomerulonephritis (8), and
to abrogate the magnitude of lung injury following infusion of
oleic acid (2). Similarly, the induration associated with
delayed-type hypersensitivity reactions is absent in congen-
itally afibrinogenemic individuals and in patients treated with
warfarin (9, 13). Several mechanisms may contribute to
fibrin deposition at these inflammatory sites. Increased vas-
cular permeability may expose contact factors of plasma to
activators, such as collagen, in the extravascular space. In
addition, cells of monocyte-macrophage lineage are known
to express PCA on their cell surface in response to a variety
of inflammatory stimuli, including endotoxin (24), immune
complexes (34), and proteolytic products of the complement
cascade (28), as well as several microbial pathogens (12, 35,
39, 43).

Within the inflammatory microenvironment, a wide range
of mediator molecules may influence macrophage PCA in-
duction. Lymphocyte-derived factors, such as macrophage
PCA-inducing factor (14) and gamma interferon (27), have
been shown to either directly stimulate or enhance PCA,
while interleukin 4 downregulates it (41). By contrast, the
macrophage products tumor necrosis factor and interleukin 1
are without effect on macrophage PCA, either alone or in
combination with endotoxin (27). Our previous studies using
the lipid inflammatory mediator PAF demonstrated that PAF
was able to augment PCA response to LPS without itself
having a stimulatory effect (12). This effect was specific for
PAF in that it was inhibited by the PAF antagonist WEB
2086. The present studies were designed to further charac-
terize this effect and investigate the underlying mechanisms.
The priming effect of PAF occurred following its exposure

to cells for as little as 1 min, suggesting a rapid activation
pathway for this phenomenon. Two PAF-induced events
considered to be good candidates for this effect were the rise
in cytoplasmic calcium and the phosphatidylinositol turn-
over with resultant stimulation of PKC activity (10, 32). The
failure of ionomycin to mimic the effect of PAF, despite its
ability to elevate [Ca2+]i to comparable levels, argues
against the hypothesis that the PAF-induced calcium rise
was responsible for priming. By contrast, several lines of
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evidence suggest that activation of PKC, independent of
calcium changes, mediated this effect. First, exposure of
cells to the PKC agonist PMA was able to reproduce priming
of cells for LPS-induced PCA. This effect was not due to the
dimethyl sulfoxide vehicle, since dimethyl sulfoxide alone
was inactive. Second, inhibition of PKC activation using the
specific antagonist staurosporine completely reversed the
PAF priming effect. Finally, PMA was able to mimic PAF's
effect without elevating [Ca2"]i, while staurosporine re-
versed PAF priming without inhibiting the PAF-induced
calcium rise (data not shown). When considered together,
these data indicate that the ability of PAF to prime cells for
LPS-induced PCA is due to PKC activation and that a rise in
cytosolic calcium induced by PAF is neither sufficient nor
necessary for this effect. This mode of priming contrasts that
observed for neutrophil-mediated endothelial damage, in
which the PAF-induced rise in [Ca2"]i has been shown to be
responsible for the effect (45). Recent studies have shown
that PAF stimulates arachidonic acid metabolism in Kupffer
cells via PKC activation (7). The failure of indomethacin to
block PAF priming suggests that cyclooxygenase products
of arachidonic acid metabolism were not responsible for the
effect. However, the possible contribution of various proin-
flammatory leukotrienes has not been evaluated. The exact
mechanism by which PKC mediates the effect of PAF on
PCA induction at the molecular level requires further inves-
tigation.
The macrophages used in the present studies were thio-

glycolate elicited and therefore do not represent a population
of resting cells. However, the ability of PAF to effect
priming for PCA induction in both human monocytes as well
as rabbit alveolar macrophages (25a) suggests that the phe-
nomenon is not dependent on the activational state of the
monocyte-macrophage population studied.
LPS is a well-defined stimulus of several macrophage

products. Previous studies have examined the signal trans-
duction mechanisms involved in the induction of some of
these mediator molecules. Expression of interleukin 1 gene
products and biologic activities is mediated via stimulation
of both PKC and calmodulin-dependent kinase (19), while
tumor necrosis factor appears to be induced solely through
the stimulation of PKC (5, 19). By contrast, the present
studies demonstrate that LPS-induced PCA is not prevented
by treatment with the PKC antagonist staurosporine. In
addition, two different stimuli of PKC, PMA and PAF, were
unable to stimulate PCA over the same time course that LPS
induced PCA. When considered together, these data suggest
that stimulation of PCA by LPS occurs via a PKC-indepen-
dent mechanism in thioglycolate-elicited peritoneal macro-
phages.
The failure of stimuli of PKC to induce PCA in the present

studies differs from findings reported by other investigators.
Lyberg and Prydz (25, 33) demonstrated that PMA was able
to stimulate PCA in adherent human monocytes. In addition,
Janco and Morris (18) reported that both PMA and the
chemoattractant formylmethionylleucylphenylalanine induced
PCA in a mixed mononuclear cell population. The time
course of PCA induction with these stimuli was delayed
compared with that examined in the present studies. One
further difference between these reports and the present
studies may relate to the cell population being studied.
Thioglycolate-elicited macrophages are contaminated by
-10% lymphocytes, while mononuclear cell populations
consist of -70% lymphocytes. Lymphocytes are known to
augment the induction of macrophage PCA by several stim-
uli, including formylmethionylleucylphenylalanine (18, 22).

This phenomenon may also be true for PMA-stimulated
PCA. Similarly, the adherent monocyte population studied
by Lyberg and Prydz (25, 33) may have been primed for
subsequent stimulation by PMA during adhesion to the
plastic culture dishes (44).
The clinical significance of the observations reported in

this manuscript remains undefined. However, the ability of
PAF to augment macrophage-mediated fibrin deposition in
response to both LPS and several bacterial pathogens sug-
gests a further mechanism by which PAF might amplify the
local inflammatory response. The use of PAF antagonists,
such as WEB 2086, as a means to lessen this effect might
potentially represent an adjuvant form of therapy in the
management of various infectious and inflammatory disease
processes, whose pathogenesis appears to be associated
with macrophage-mediated fibrin deposition.
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