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SUMMARY

Platelet activating factor (PAF) stimulated production of prosta-
glandin (PG) I, PGE., and PGF.. by rat liver cells (the C-9 cell
line); as little as 0.2 nm PAF was effective. Enantio-PAF was
1000-fold less effective. Lyso-PAF, at levels ranging from 0.1 to
1.0 um, did not stimulate PGI, production. The synthesis of PGl,
was essentially complete in 10 min. The stimulation by PAF of
PGl production was inhibited by the PAF antagonists L-659,989,
kadsurenone, L-652,731, and BN 52021; the values for 50%
inhibition (ICso) were 0.02, 0.19, 0.21, and 0.73 uMm, respectively.
The antagonists L-659,989 and BN 52021 had no effect on the
levels of 6-keto-PGF,,, stimulated by 12-O-tetradecanoylphorbol-
13-acetate (TPA), palytoxin, melittin, the Ca** ionophore-A-
23187, colchicine, transforming growth factor «, or exogenous
arachidonic acid. The effect of PAF on arachidonic acid metab-

olism was inhibited by prior exposure of the cells to PAF. Prior
treatment of the rat liver cells at 37° with the TPA-type tumor
promoters TPA, teleocidin, and aplysiatoxin, as well as with the
second stage tumor promoter mezerein, all of which activate the
Ca**/phospholipid-dependent protein kinase (protein kinase C),
resulted not only in homologous desensitization to the TPA-type
tumor promoters and mezerein, but also in heterologous desen-
sitization to PAF. Stimulation of PGl production by palytoxin,
the Ca?* ionophore A-23187, or exogenous arachidonic acid was
not inhibited by such prior treatments with the TPA-type tumor
promoters. Prior treatment of the cells at 37° for 30 min with the
non-TPA-type tumor promoters okadaic acid or palytoxin, both
of which do not activate protein kinase C, did not result in
heterologous desensitization to PAF.

The pharmacological and physiological activities initiated by
PAF [1-O-octadecyl- (or hexadecyl)-(2R)-acetyl-glycerol-3-
phosphorylcholine]) have been the subject of several recent
reviews (1-4). Its activities are manifold, which is not surprising
given the multiple effects of PAF even on a single cell type.
One such effect is stimulation of arachidonic acid metabolism.
PAF stimulates arachidonic acid mobilization in human and
rabbit polymorphonuclear leukocytes (5-7), guinea pig perito-
neal macrophages (8), Swiss mouse 3T3 fibroblasts (9), and
human endothelial cells (10). Based on (i) the low concentra-
tions required to initiate biological responses, (ii) homologous
desensitization, (iii) the demonstration that the biological re-
sponses are specific for the naturally occurring stereoisomer
(R), and (iiii) specific inhibition by PAF antagonists, PAF
activity is thought to be receptor-mediated (11). PAF receptors
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have been detected on rat liver plasma membranes (12). Judging
from the multiple effects of PAF in vivo (1-4), many cells may
contain specific PAF receptors, the occupany of which could
stimulate arachidonic acid metabolism. The pathology would
then depend, in part, on the deesterification reactions coupled
to cyclooxygenase and lipoxygenase activities and, subse-
quently, the diverse biological activities of the cyclooxygenase
and lipoxygenase products.

Several cells in culture were tested for their response to PAF.
Only one cell line, a C-9 rat liver cell line, was stimulated by
PAF to metabolize arachidonic acid.

Experimental Procedures

Materials. PAF(C-16, C-18) was purchased from Calbiochem-Behr-
ing Corp. (La Jolla, CA) and Sigma Chemical Co. (St. Louis, MO).
Lyso-PAF (C-16) and the isomer of PAF, enantio-PAF, were purchased
from Sigma. All reagents were stored at —20° as concentrated solutions
in DMSO or chloroform and diluted into MEM for experiments. The
chloroform or DMSO was diluted at least 1/1000, a concentration that
has no effect on arachidonic acid metabolism in any of the cell lines
used in our experiments. Aplysiatoxin, teleocidin, palytoxin, and oka-
daic acid were gifts from Dr. Hirota Fujiki, National Cancer Institute,

ABBREVIATIONS: PAF, platelet activating factor; DMSO, dimethyisulfoxide; MEM, minimal essential medium; PGE., prostaglandin E;; PGF..,
prostaglandin F...; PGl,, prostaglandin I,; TPA, 12-O-tetradecanoyiphorbol-13-acetate; RIA, radioimmunoassay.
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Fig. 1. Stimulation of 6-keto-PGF,. production by
increments of PAF. Rat liver cells (4 x 105/35-mm
dish) were incubated at 37° with PAF for 20 hr, at
which time the culture fluids were collected and as-
sayed by RIA. The data A, @ are from two separate
experiments and represent the mean + standard error
obtained with three culture dishes. In the absence of
PAF (0), 0.41 ng of 6-keto-PGF,./mi was found.
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Fig. 2. Effect of time on the of 6-keto-PGF,. after
addition of 1.9 nm PAF. The rat liver celis (4 x 10%/35 mm dish)
were incubated for the indicated times in 1.9 nm PAF (O) or MEM
(@), at which time the culture fluids were collected and assayed by
RIA. The data represent the mean + standard error for three dishes.

Minutes

Tokyo, Japan. The PAF antagonists were gifts from Merck Sharp &
Dohme, (Rahway, NJ) (kadsurenone, L-652,731, and L-659,989) and
Dr. P. Braquet, Institut Henri Beaufour Research Laboratories, Le
Plessis Robinson, France (BN 52021). Recombinant transforming
growth factor a (human) was a gift from Genentech (South San
Francisco, CA). All the other reagents were obtained from Sigma.
Culture and cell lines. Cell lines were maintained at 37° in an
atmosphere of 95% air/5% CO. in 100-mm culture dishes (Falcon,
Cockeysville, MD) in Eagle’s MEM (GIBCO Laboratories, Grand
Island, NY) supplemented with 10% (v/v) fetal bovine serum. Bovine
aorta endothelial cells were isolated as previously described (13, 14)

10

and their identity was authenticated by the cobblestone appearance of
confluent cultures under light microscopy (13) and positive immuno-
fluorescent staining for Factor VIII (15). This cell line was obtained
from Dr. K. C. Hayes, Department of Biology, Brandeis University.
The C-9 rat liver cell line, the bovine aorta endothelial line (CPAE),
the WEHI-1, the RBL-1, the normal rat kidney, and the Kirsten virus-
transformed rat kidney cell lines were obtained from the American
Type Culture Collection (Rockville, MD). Newborn rat cultured kera-
tinocytes were isolated and grown as previously described (16). Their
authenticity as keratinocytes was confirmed by biochemical and im-
munological detection of cytokeratines and filagrin, proteins unique to
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Fig. 3. Production of 6-keto-PGF,, after incubation with 1.9 nm PAF in the presence of BN 52021 (A), kadsurenone (O), L-652,731 (W), and L-
659,989 (@). The data for BN 52021, kadsurenone, and L-652,731 are the mean + standard errors for three culture dishes whereas the data for L-
659,989 represent the means of duplicate analyses in two separate experiments. The values agreed within 10% of their means.

squamous epithelia. The bovine aortic smooth muscle cells were cul-
tured and characterized as reported (17). The porcine endothelial cells
were obtained from Dr. Michael Moskowitz, Department of Neurosur-
gery, Massachusetts General Hospital (Boston, MA).

All experiments were done on cells that had undergone at least 26
passages. One day before experiments, subconfluent cultures were
treated with 0.26% trypsin-EDTA (GIBCO) and seeded onto 35 mm
culture dishes (Falcon). The plating densities for the endothelial cells,
the keratinocytes, and the smooth muscle cells, as determined by
counting cells in a hemocytometer chamber, varied from 0.5 to 4 X 10°/
35-mm dish; the density for the C-9 cells was 4 X 10°/35-mm dish.
These freshly seeded cultures were incubated overnight to allow for
cell attachment. The plating efficiencies for all of the cells in this
medium were not determined. At subconfluent cell densities, produc-
tion of arachidonic acid metabolites is maximal (18, 19) and the
products are not further metabolized to 15-keto- or 13,14-dihydro-15-
keto-compounds (20). The cells were then washed twice with MEM
and incubated in MEM in the absence and presence of the modulators.
At designated times, culture fluids were collected and analyzed by RIA
(21).

Procedure for desensitization experiments. The rat liver cells
(4 X 10°/35-mm dish) were incubated at 37° for the designated times
with the different reagents. The cells then were washed twice with 1.0
ml of MEM and incubated with the specified reagents for various
periods of time. Cells incubated with MEM alone for the same periods
of time served as controls. For experiments to test for desensitization
by prior exposure to PAF at 0°, the dishes containing the cells to be
used were placed on a block of ice for 5§ min, at which time they were
washed with 0° MEM and incubated with and without 0° PAF on the
block of ice for 2.5 min. They then were washed twice with the 0°
MEM. After the second wash, the dishes containing the second 1.0 ml

of 0° MEM were removed from the ice block and 37° MEM and 37°
PAF were added and the cells were incubated at 37° for various periods
of time.

RIA. RIA was performed as previously described (21) with antibod-
ies of known specificities. The limits of sensitivity for the PGE,, PGF..,
6-keto-PGF,., and thromboxane B, immune systems are 0.009, 0.012,
0.018, and 0.005 ng/ml, respectively.

Presentation of data. The absolute levels of arachidonic acid
metabolites produced by cells in culture varied from experiment to
experiment, but the relative differences in the levels of cyclooxygenase
metabolites produced by the treated compared with control cells re-
mained reproducible in each experiment. All experiments were per-
formed more than twice.

Results

Several cells, rat liver (the C-9 line), porcine aorta endothe-
lial, bovine aorta endothelial, bovine aorta smooth muscle, rat
keratinocytes (the NBR line), normal rat kidney, Kirsten virus-
transformed rat kidney, mouse lymphoma (the WEHI-3 line),
and rat basophil leukemia (the RBL-1 line), were tested for
their response to PAF at levels ranging from 1 nM to 1 uM. All
of the cells have undergone at least 25 passages and, therefore,
may have lost their responsiveness to some receptor-binding
agonists. Although all of the cells were stimulated to metabolize
arachidonic acid by the Ca**ionophore A-23187, only one of the
multiple passaged cells’ arachidonic acid metabolism was stim-
ulated by treatment with PAF. PAF stimulated production of
PGI,, measured as its stable hydrolytic product 6-keto-PGF,.,
by rat liver cells (the C-9 cell line); as little as 0.2 nM PAF was
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Fig. 4. The effect of 15 um BN 52021 (W) and 2 um L-659,989 () on 6-keto-PGF,.. production stimulated by PAF, TPA, meiittin, transforming growth
factor « (TGF-a), coichicine, A-23187, arachidonic acid, and palytoxin. The rat liver cells (4 X 10%/35-mm dish) were incubated at 37° in the presence
of the various stimulants in the presence and absence (B of antagonists for 20 hr, at which time the culture fiuids were collected and assayed by
RIA. The data represent the averages of duplicate determinations. The values agreed within 10% of these averages.

Fig. 5. The effect of preincu-
bation of the rat liver cells with
190 nm PAF for 30 min at 37°
on the stimulation of 6-keto-
PGF,, production, after re-
moval of free PAF, stimulated
by TPA, teleocidin, aplysia-
toxin, arachidonic acid, vaso-
pressin (Lys ADH), and PAF.
The rat liver celis (4 x 10°/35
mm dish) were incubated for 30
min at 37° in the presence (Il
and absence (W) of PAF, at
which time they were washed
twice with MEM and reincu-
bated for 20 hr in the presence
of the various agonists. The
culture fluids were analyzed for
6-keto-PGF,. production by
RIA. The data represent the
mean + standard error for
three dishes.
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Fig. 6. Effect of preincubation of the cells with 19 nm PAF (open symbols)
and MEM (closed symbois) at 0° for 2.5 min on the subsequent 6-keto-
PGF,, production after two washes of the cells at 0° folowed by
incubation at 37° in the presence of 1.9 nm PAF (triangles) and MEM
(circles). The rat liver cells (4 x 10%/35-mm dish) were kept at 0° (on an
ice block) for 5 min, at which time 1.0 mi of prechiled MEM or 1.9 nm
PAF was added. The cells were kept at 0° for 2.5 min, washed twice
with prechiled MEM, and then reincubated at 37° in the presence of 1.9
nm PAF (triangles) or MEM (circles). At various times of incubation at
37°, culture fluids were collected and analyzed for 6-keto-PGF,., by RIA.
The data represent the averages of two dishes. The values agreed within
20% of these averages.

effective (Fig. 1). Enantio-PAF was 1000-fold less effective and
lyso-PAF, when tested at levels ranging from 0.1 to 1.0 uM, did
not affect 6-keto-PGF,, production by these cells. C-9 cells
metabolize arachidonic acid by the cyclooxygenase, not the
lipoxygenase, pathway and greater than 90% of the cyclooxy-
genase products are PGI;, with lesser, but measurable, amounts
of PGE. and PGF.. (22). Production of PGE, and PGF,,, also
was stimulated by 1.9 nM PAF, suggesting that the stimulation
was occurring at or before the cyclooxygenase reaction. The
stimulation by 1.9 nM PAF was essentially complete in 10 min
(Fig. 2). Even when measured at 15 min, 30 min, 60 min, 120
min, 240 min, and 20 hr, the difference between the 6-keto-
PGF,., produced by 1.9 nM PAF and MEM was essentially the
same as that measured after 10 min (data not shown). As
expected, indomethacin and minoxidil inhibited the production
of 6-ketoPGF,., most likely by blocking synthesis of PGG. or
PGI,, respectively (23, 24). The 50% inhibition levels were 1.1
and 600 uM, respectively. Inasmuch as stimulation of prosta-
glandin or leukotriene production usually is associated with the
increased availability of free arachidonic acid (25, 26), PAF is
probably stimulating deesterification of arachidonic acid-con-
taining phospholipids.

Four PAF antagonists, the recently described L-659,989 (27),
kadsurenone, L-652,731, and BN 52021 dose-dependently in-
hibited the PAF (1.9 nM)-stimulated 6-keto-PGF, . production;
the ICs, values were 0.02, 0.19, 0.21, and 0.73 uM, respectively
(Fig. 3). L-659,989 and BN 52021, when tested at 2 and 15 uM,
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Fig. 7. Effect of preincubation of the rat liver celis (4 % 105/35-mm dish)
with 16.8 nm TPA for 10 (A), 20 (@), and 30 (A) min at 37° or with MEM
for 5 min (O) on stimulation, after two washes of the celts with MEM, by
1.9 nm PAF. The values represent the averages of two dishes. The
values agreed within 20% of these averages.

respectively, did not affect 6-keto-PGF,.. production stimulated
by TPA, palytoxin, recombinant transforming growth factor-
a, colchicine, the Ca?*ionophore A-23187, melittin, or exoge-
nous arachidonic acid (Fig. 4).

After a 30-min exposure of the rat liver cells to 190 nm PAF
and removal of any unbound PAF, stimulation of 6-keto-PGF,,,
by 1.9 nM PAF was lost but the stimulation of 6-keto-PGF,,
production by the tumor promoters TPA, teleocidin, and aply-
siatoxin, the hormone lysine®-vasopressin, and exogenous ara-
chidonic acid were not (Fig. 5). This homologous down-regu-
lation was seen after as little as 2.5 min of exposure to 19 nM
PAF at 37°. Even exposure of the cells to PAF (19 nM) at 0°
for 2.5 min resulted in down-regulation when the cells were
again exposed to PAF (1.9 nM) at 37°. The cells exposed to 19
nM PAF for 2.5 min at 0° responded no more in the presence
of 1.9 nM PAF than in its absence (Fig. 6). However, these cells
were affected, as measured by their stimulated 6-keto-PGF,.,
production at 37°, even in the absence of added PAF.

Exposure of the rat liver cells to the tumor promoter TPA
(16.8 nM) desensitized the response of the cells to 1.9 nM PAF,
and this desensitization was pronounced even after 15-min
exposure (Fig. 7). Exposure of the cells to the TPA-type tumor
promoters teleocidin and aplysiatoxin (28), and the second-
stage tumor promoter mezerein (29) for 60 min, but not expo-
sure to the non-TPA-type tumor promoters okadaic acid (30)
and palytoxin (28), also led to desensitization of stimulation of
6-keto-PGF,, production by PAF (1.9 nM). Such exposure of
the cells to the TPA-type tumor promoters TPA, teleocidin,
and aplysiatoxin, as well as to mezerein but not PAF or the
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non-TPA-type tumor promoters okadaic acid and palytoxin,
although it did lead to homologous and heterologous desensi-
tization of stimulated 6-keto-PGF,, production by TPA, teleo-
cidin and aplysiatoxin, resulted in an amplification of 6-keto-
PGF,.. production upon incubation with 6.7 nM ionomycin.

Discussion

Rat liver cells (the C-9 cell line) responded to PAF as
measured by arachidonic acid metabolism; other cells did not.
Probably several of the nonresponsive cells had lost their
specific receptor during multiple passages. (i) PAF, at subnan-
omolar levels, stimulated arachidonic acid metabolism by rat
liver cells (the C-9 cell line); (ii) enantio-PAF was 1000-fold
less effective than the natural isomer; (iii) the response of PAF
was inhibited by prior exposure of the cells to PAF, even prior
exposure at 0°; and (iv) its stimulation was specifically inhibited
by PAF antagonists. The stimulation therefore appears to be
mediated by occupany of a PAF-receptor. With respect to point
iii, the desensitization seen in the data presented in Figs. 5 and
6 could reflect the saturation of receptors by PAF and the lack
of its removal by the washing procedure. Such a possibility can
also account for the increased 6-keto-PGF,. production seen
after the cells were treated with PAF at 0°, washed, and then
incubated at 37° in MEM (Fig. 6). Elucidation of the mecha-
nism of such desensitization must await development of pro-
cedures for quantitation of PAF and its metabolites at levels
used in this study and measurement of the specific binding of
PAF to these cells.

TPA-type tumor promoters desensitized the stimulation of
6-keto-PGF,. production by PAF. TPA has been shown to
reduce binding of EGF to its receptor (31), to decrease inter-
nalization of EGF (32), and to potentiate the mitogenic activity
of EGF in quiescent cells (33, 34). TPA and the TPA-type
tumor promoters teleocidin and aplysiatoxin block EGF-stim-
ulated tyrosine-specific phosphorylation of the EGF receptor
in A431 cells, and this block is associated with the reduction of
high affinity binding of EGF to A431 cells (35). One explanation
for the heterologous desensitization reported in our studies is
that the TPA-type tumor promoters are down-regulating the
activity of PAF by reducing its binding. This should be ame-
nable to experimentation, but we have been unsuccessful in
developing a PAF binding assay on our cells; the magnitude of
the nonspecific binding of PAF makes such analyses question-
able. The possibility that one of the biochemical reaction prod-
ucts of the TPA-type tumor promoters is inhibiting one of the
biochemical reaction products of PAF, a reaction product distal
to receptor occupany, cannot be ruled out. PAF receptor inter-
action in platelets leads to increased phosphoinositide turnover,
phosphatidic acid formation (9, 36-39), Ca®>* mobilization (40—
43), and phosphorylation of the M, 20,000 myosin light chain
and the M, 47,000 protein, the substrate for the Ca%*/phospho-
lipid-dependent protein kinase [protein kinase C (44)]. Thus,
a highly speculative scenario in which the TPA-type tumor
promoters and the second-stage tumor promoter mezerein ac-
tivate protein kinase C to phosphorylate serine and/or threo-
nine in a PAF pathway reaction product and negatively mod-
ulate the stimulation of arachidonic acid mobilization by PAF
is possible. The phosphorylations in this scenario are based
upon biochemical events that are associated with the inhibition
of EGF binding (35) or stimulation of insulin binding (45, 46)
by TPA. The TPA-type tumor promoters TPA, teleocidin, and

aplysiatoxin and the second-stage tumor promoter mezerein
activate the Ca®*/phospholipid-dependent kinase, protein ki-
nase C (28, 47); they heterologously desensitized the stimula-
tion of arachidonic acid metabolism by PAF. The non-TPA
tumor promoters okadaic acid and palytoxin do not activate
protein kinase C (28, 30); they did not heterologously desensi-
tize the stimulation of arachidonic acid metabolism by PAF.
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