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ABSTRACT We have used mice in which the gene for
cytosolic phospholipase A2 (cPLA2) has been disrupted to
demonstrate the absolute requirement for cPLA2 in both the
immediate and the delayed phases of eicosanoid generation by
bone marrow-derived mast cells. For the immediate phase,
quantitative analysis of the products of the 5-lipoxygenase
pathway showed that gene disruption of cPLA2 prevented the
provision of arachidonic acid substrate for biosynthesis of
proximal intermediates. By analogy, we conclude that arachi-
donic acid substrate was also not available to prostaglandin
endoperoxide synthase 1 in the immediate phase of prosta-
glandin (PG) D2 generation. These defects occurred with two
distinct stimuli, stem cell factor and IgEyantigen, which were,
however, sufficient for signal transduction defined by exocy-
tosis of b-hexosaminidase. Whereas cPLA2 is essential for
immediate eicosanoid generation by providing arachidonic
acid, its role in delayed-phase PGD2 generation is more
complex and involves the activation-dependent induction of
prostaglandin endoperoxide synthase 2 and the supply of
arachidonic acid for metabolism to PGD2.

Leukotrienes and prostaglandins, derived from the oxidative
metabolism of arachidonic acid (1, 2), are potent lipid mediators
of tissue inflammation (3, 4). The first step in the generation of
these lipid mediators, collectively known as eicosanoids, is the
liberation of esterified arachidonic acid from the sn-2 position of
cell membrane glycerophospholipids by the action of phospho-
lipase A2 (PLA2) (5). The family of mammalian PLA2 enzymes
includes the 85-kDa group IV cytosolic PLA2 (cPLA2); a number
of low molecular weight, cysteine-rich PLA2 enzymes, among
which are the group IIA and group V PLA2 species; and
calcium-independent species of PLA2 (6). The contribution of
different PLA2 enzymes, especially cPLA2 as opposed to group
IIA and group V PLA2, to the provision of arachidonic acid for
eicosanoid generation remains unclear (7–9).

Two phases of eicosanoid generation have been defined in
mouse bone marrow-derived mast cells (BMMC) (10, 11) and in
the MMC34 mast cell line (12, 13). The immediate phase, elicited
by cross-linking the high-affinity Fc receptor for IgE (Fc«RI) or
by ligation of c-kit with stem cell factor (SCF), is characterized by
the rapid generation of prostaglandin (PG) D2, which depends on
the action of constitutively expressed prostaglandin endoperox-
ide synthase (PGHS) 1, and leukotriene (LT) C4 (12, 14). The
delayed phase, elicited by SCF in combination with IL-1b and
IL-10 (10) or by antigen activation after sensitization with hapten-
specific IgE, with (11) or without (13) cytokine priming, is
characterized by the generation of PGD2 in the absence of

leukotrienes. Importantly and distinctively, delayed-phase PGD2
generation depends on the induced expression of PGHS-2 (10–
14).

The species of PLA2 supplying arachidonic acid in each phase
of eicosanoid generation is not resolved. cPLA2 was implicated in
the immediate phase by its phosphorylation within 2 min of
activation through Fc«RI or c-kit (14) and the inhibition of the
immediate response by preincubation of BMMC with methyl
arachidonyl fluorophosphate (MAFP), a cPLA2 inhibitor (12).
Whereas Reddy and colleagues (15) also implicated group V
PLA2 in the immediate generation of PGD2 by inhibition with
antisense DNA, we found that scalaradial, a relatively preferential
inhibitor of the low molecular weight species of PLA2, did not
inhibit the immediate phase of either PGD2 or LTC4 generation
(16). By contrast, in our studies, the delayed phase of PGD2
generation was inhibited by heparin, which released a PLA2
activity from the cell into the culture medium, and by scalaradial
(16). Although heparin binds strongly to the group IIA PLA2 (17)
and has been used as an agent to implicate that enzyme in
eicosanoid biosynthesis (18), both immediate and delayed PGD2
generation were intact in BMMC derived from mice in which the
gene for group IIA PLA2 was naturally disrupted (15, 16). We
therefore concluded that a low molecular weight PLA2 species
distinct from the group IIA enzyme participated in the delayed
response. However, Reddy and Herschman (12) demonstrated
that the delayed phase of PGD2 generation, like the immediate,
was inhibited by MAFP, thereby implicating cPLA2 in both
phases.

To clarify the role of cPLA2 in the immediate and the delayed
phases of eicosanoid generation in the mast cell, we turned from
pharmacologic approaches to the analysis of BMMC derived
from mice in which the gene for cPLA2 has been disrupted
(cPLA22y2) (19). We now demonstrate that although cPLA2 is
required for both the immediate and the delayed phases of
eicosanoid generation, its role in the delayed phase is complex.
The observation that BMMC derived from cPLA22y2 mice
respond to treatment with cytokines and exogenous arachidonic
acid with induction of PGHS-2 and delayed generation of PGD2,
but do not respond to treatment with cytokines alone, reveals a
dual role for cPLA2. That role includes both the amplification of
the induction of PGHS-2 and the supply of arachidonic acid as
substrate to PGHS-2 in the delayed phase of PGD2 generation.
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In the immediate phase, cPLA2 is required to provide substrate
to both 5-lipoxygenase (5-LO) and PGHS-1.

MATERIALS AND METHODS

Materials. Mouse recombinant IL-1b (Genzyme), WEHI-3
cells (American Type Culture Collection), arachidonic acid, and
PGE2 (Cayman Chemicals, Ann Arbor, MI) were purchased.
Mouse recombinant IL-3, IL-9, and IL-10 were produced by
expression in insect cells, and their concentrations were deter-
mined as described (10, 20). William Smith (Michigan State
University, East Lansing, MI) supplied rabbit polyclonal anti-
serum to PGHS-2, and Jim Clark (Genetics Institute, Boston,
MA) supplied rabbit polyclonal antiserum to cPLA2.

Culture of BMMC. Bone marrow cells from cPLA22y2 mice,
strain-matched cPLA21y1 control mice, and BALByc mice
(The Jackson Laboratory) were cultured for 3–7 weeks in 50%
enriched medium (RPMI 1640 medium containing 100 unitsyml
penicillin, 100 mgyml streptomycin, 10 mgyml gentamycin, 2 mM
L-glutamine, 0.1 mM nonessential amino acids, and 10% fetal calf
serum)y50% WEHI-3 cell-conditioned medium as described
(21).

Activation of BMMC. To assess IgE- and SCF-dependent
immediate eicosanoid generation, BMMC were resuspended at a
concentration of 107 cells per ml in 50% WEHI-3 cell-
conditioned medium and sensitized with a 1:100 dilution of
monoclonal mouse IgE anti-trinitrophenyl (TNP) ascites at 37°C
overnight (conditions for optimal sensitization of BMMC for
Fc«RI-dependent activation). The cells were washed in enriched
medium, resuspended at a concentration of 5 3 106 cells per ml
in enriched medium, and stimulated at 37°C in a dose-dependent
manner with 1–300 ngyml TNP-BSA to establish an optimal
concentration or with 100 ngyml SCF for 15 min at 37°C. The
reaction was stopped by centrifugation of cells at 120 3 g at 4°C
for 5 min, and the supernatants were retained for assay of PGD2

generation and percentage of b-hexosaminidase release (21, 22).
For reverse-phase HPLC analysis of leukotriene generation the
same protocol was followed except that BMMC were activated at
a concentration of 107 cells per ml.

To assess cytokine-dependent delayed-phase generation of
PGD2, BMMC were resuspended at a concentration of 106 cells
per ml in enriched medium containing 100 ngyml SCF, 10
unitsyml IL-10, and 5 ngyml IL-1b (10). After 1 h of culture at
37°C, the cells were centrifuged at 200 3 g for 5 min to remove
the products of the immediate phase of eicosanoid generation
and resuspended in fresh medium with fresh cytokines. The cells
were then cultured for an additional 7 h and centrifuged at 200 3
g for 5 min at 4°C. The cell pellets were retained for SDSyPAGE
immunoblot analysis and the supernatants for assay of PGD2. In
selected experiments, arachidonic acid or PGE2 was added to
BMMC in a dose-dependent manner.

b-Hexosaminidase was quantitated by spectrophotometric
analysis of the hydrolysis of p-nitrophenyl-b-D-2-acetamido-2-
deoxyglucopyranoside (22). PGD2 was measured by using RIA
(Amersham Pharmacia). Leukotriene release in the immediate
phase was measured by using reverse-phase HPLC (23).

SDSyPAGE Immunoblot Analysis. The expression of cPLA2

and PGHS-2 was analyzed by SDSyPAGE immunoblot with
rabbit polyclonal antisera at 1:3,000 and 1:5,000 dilutions, respec-
tively (10, 20). Proteins were visualized with an enhanced chemi-
luminescence detection system (Pierce). The induced expression
of PGHS-2 in BMMC from cPLA21y1 mice and cPLA22y2
mice was quantitated by densitometry with IMAGEQUANT soft-
ware.

Data Analysis. Each experiment was performed at least three
times. Pooled data are expressed as mean 6 SEM and were
analyzed by Student’s t test for unpaired data.

RESULTS

Development of BMMC. By 4 weeks of culture with WEHI-3
cell-conditioned medium as the source of IL-3, .98% of cells
derived from both cPLA22y2 and cPLA21y1 mice were mast
cells as indicated by metachromatic staining with toluidine blue.
However, significantly more BMMC were obtained from
cPLA22y2 mice than from cPLA21y1 mice. From 107 starting
bone marrow cells, 5.9 6 1.5 3 106 BMMC and 1.3 6 0.2 3 106

BMMC were obtained at 3 weeks from cPLA22y2 mice and
cPLA21y1 mice, respectively (n 5 9, P 5 0.008). The absence of
cPLA2 in BMMC derived from cPLA22y2 mice was confirmed
by using SDSyPAGE immunoblot analysis. A '110-kDa protein
was detected by antiserum to cPLA2 in extracts of BMMC derived
from cPLA21y1 and BALByc mice but not in extracts of BMMC
derived from cPLA22y2 mice (Fig. 1).

Immediate-Phase Mediator Generation. Immediate-phase
mediator generation in response to antigen stimulation of IgE-
sensitized BMMC was evaluated in BMMC derived from 9
BALByc mice on 9 occasions, in BMMC from 7 cPLA21y1 mice
on 11 occasions, and in BMMC from 9 cPLA22y2 mice on 17
occasions. b-Hexosaminidase, PGD2, and leukotriene products
were released by cPLA21y1 BMMC, and b-hexosaminidase was
released by cPLA22y2 BMMC in a dose-dependent manner in
response to TNP-BSA after sensitization with IgE anti-TNP.
Maximal mediator generation occurred in response to 100 ngyml
TNP-BSA, consistent with previous data (14).

BMMC from BALByc, cPLA21y1, and cPLA22y2 mice
released 16.5 6 3.1%, 19.0 6 5.2%, and 30.4 6 3.5% b-hex-
osaminidase, respectively, 15 min after activation with 100 ngyml
TNP-BSA (Fig. 2A); the release by BMMC from cPLA22y2
mice was significantly greater than the release by BMMC from
cPLA21y1 mice (P 5 0.03) and BALByc mice (P 5 0.008). In
contrast, PGD2 generation was undetectable in BMMC from
cPLA22y2 mice, although BMMC from BALByc mice and
cPLA21y1 mice generated 2.4 6 0.8 ng of PGD2 per 106 cells
and 3.8 6 0.7 ng of PGD2 per 106 cells, respectively, in response
to 100 ngyml TNP-BSA (Fig. 2B) (P 5 0.0001). Similarly, the
generation of LTC4 and other 5-LO pathway metabolites was
undetectable in IgE-sensitized BMMC from cPLA22y2 mice in
response to antigen even though the response for each metabolite
and for their sum appeared to be augmented in BMMC from
strain-matched cPLA21y1 mice compared with BMMC derived
from BALByc mice (Table 1).

Immediate-phase mediator generation in response to 100
ngyml SCF was evaluated in BMMC derived from 7 BALByc
mice on 7 occasions, in BMMC from 6 cPLA21y1 mice on 7
occasions, and in BMMC from 7 cPLA22y2 mice on 7 occasions.
BMMC from BALByc, cPLA21y1, and cPLA22y2 mice re-
leased 11.6 6 3.0%, 6.1 6 1.5%, and 23.6 6 7.7% b-hexosamini-
dase, respectively, 15 min after activation with 100 ngyml SCF
(Fig. 2C). Secretory granule exocytosis in response to SCF was
significantly greater in the BMMC derived from cPLA22y2 mice
than in BMMC derived from cPLA21y1 mice (P 5 0.04). In
contrast, PGD2 generation was undetectable in BMMC from

FIG. 1. Expression of cPLA2 in BMMC. SDS/PAGE immunoblot
analysis of the expression of cPLA2 in BMMC derived from a BALByc
mouse, three cPLA21y1 control mice, and three cPLA22y2 mice.
Extracts from 2 3 105 cells were applied to each lane.
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cPLA22y2 mice, although BMMC from BALByc and
cPLA21y1 mice generated 0.7 6 0.3 ng PGD2 per 106 cells (P 5
0.0001) and 0.8 6 0.1 ng PGD2 per 106 cells (P 5 0.004),
respectively, in response to 100 ngyml SCF (Fig. 2D). Similarly,
the generation of LTC4 and other lipoxygenase metabolites was
undetectable in BMMC from cPLA22y2 mice in response to
SCF (Table 1).

Delayed-Phase PGD2 Generation. The PGHS-2-dependent
delayed-phase generation of PGD2 in response to SCF 1 IL-10
1 IL-1b was determined in BMMC from 5 BALByc mice on
5 occasions, in BMMC from 6 cPLA21y1 mice on 6 occasions,
and in BMMC from 7 cPLA22y2 mice on 11 occasions. To
eliminate the contribution of immediate-phase PGD2 gener-
ation by PGHS-1, BMMC were washed 1 h after activation,
resuspended in fresh medium and cytokines, and examined for
PGD2 generation 7 h later. Delayed-phase PGD2 generation
was undetectable in BMMC derived from cPLA22y2 mice. In
comparison, BMMC from BALByc and cPLA21y1 mice
released 3.8 6 0.8 ng of PGD2 per 106 cells and 2.0 6 0.4 ng
of PGD2 per 106 cells, respectively, 8 h after activation with
SCF 1 IL-10 1 IL-1b (P , 0.0001) (Fig. 3A). Importantly, the
induced expression of PGHS-2 in BMMC from cPLA22y2
mice was 36.4 6 6.4% that observed in BMMC from
cPLA21y1 mice 8 h after cytokine-dependent activation (Fig.
3B).

These data indicate that cPLA2 may contribute to delayed-
phase PGD2 generation by supplying arachidonic acid to
PGHS-2 andyor by facilitating the induction of PGHS-2.
Although PGE2 is not an eicosanoid product of BMMC, it was
reported to induce PGHS-2 in the MC3T3-E1 mouse osteo-
blast cell line (24). To investigate the possible roles of cPLA2
both in inducing PGHS-2 and in supplying arachidonic acid to
the induced enzyme, the dose-dependent effects of exogenous
arachidonic acid and PGE2 on the induction of PGHS-2 and
delayed-phase PGD2 generation were assessed in BMMC from
cPLA22y2 mice. Arachidonic acid (0.1–10 mgyml) or PGE2
(0.1–10 mgyml) was added to the culture medium at the time
of cytokine stimulation. To eliminate the contribution of
immediate-phase PGD2 generation by PGHS-1, BMMC were
washed 1 h after activation as described above and were
resuspended in fresh medium containing fresh cytokines and
either arachidonic acid or PGE2. The addition of PGE2 to the
culture medium led to a marked increase in PGHS-2 even at
0.1 mgyml, in BMMC from cPLA22y2 mice (Fig. 4B). How-

ever, the increment in PGHS-2 was accompanied by only
minimal delayed-phase PGD2 generation of 0.3 6 0.1 ng PGD2
per 106 cells 8 h after cytokine stimulation at the highest PGE2
concentration of 10 mgyml (Fig. 4A). Therefore, the lack of
delayed-phase PGD2 generation in BMMC from cPLA22y2
mice was not due simply to impaired induction of PGHS-2,
suggesting that cPLA2 also is needed to provide arachidonic
acid to the induced PGHS-2 in the delayed phase. Consistent
with this suggestion, stimulation with SCF 1 IL-10 1 IL-1b in
the presence of arachidonic acid led to a concentration-
dependent restoration of delayed-phase PGD2 generation
(Fig. 4C) in BMMC derived from cPLA22y2 mice accompa-
nied by a modest and plateau increase in the expression of
PGHS-2 (Fig. 4D). At a concentration of 10 mgyml arachidonic
acid, delayed-phase PGD2 generation reached 2.5 6 0.7 ng of
PGD2 per 106 cells (P 5 0.001; n 5 9), almost an order of
magnitude more than the amount obtained with 10 mgyml
PGE2 (n 5 6; P 5 0.0001), even though induction of PGHS-2
was less.

DISCUSSION

We have demonstrated in BMMC from mice with disruption
of the cPLA2 gene that cPLA2 is absolutely required for
immediate-phase generation of the leukotrienes, LTC4 and
LTB4, and the prostanoid, PGD2, in response to signaling
through c-kit or Fc«RI. We have further found that cPLA2 is
also critical for delayed-phase PGHS-2-dependent PGD2 gen-
eration acting to amplify the cytokine-dependent induction of
PGHS-2 as well as to supply arachidonic acid to the induced
enzyme.

BMMC were derived from cPLA22y2 mice and from
cPLA21y1 mice in WEHI-3 cell-conditioned medium accord-
ing to established protocols. By 4 weeks of culture, .98% of
cells derived from both types of mice were mast cells as
indicated by metachromatic staining with toluidine blue. Thus,
cPLA2 is not required for normal IL-3-dependent develop-
ment of BMMC from bone marrow. Furthermore, BMMC
from cPLA22y2 mice exhibited intact, or even augmented,
signal transduction-dependent exocytosis to perturbation of
either c-kit or Fc«RI, indicating that signal transduction
through these characteristic mast cell receptors is intact.
SDSyPAGE immunoblotting confirmed the presence of
cPLA2 in BMMC from cPLA21y1 mice and its absence in
BMMC from cPLA22y2 mice (Fig. 1). PCR analysis con-
firmed that the gene for the group IIA enzyme was disrupted
in BMMC from both cPLA21y1 and cPLA22y2 mice (data
not shown) derived from 129 ES cells on a C57BLy6 back-
ground; this is consistent with the observation that the gene for
group IIA PLA2 is disrupted in 129 and C57BLy6 mice (16, 25,
26). Reverse transcription–PCR analysis established the pres-
ence of transcripts for the group V enzyme in BMMC from
both cPLA21y1 and cPLA22y2 mice (data not shown),
consistent with studies in BMMC derived from C57BLy6 and
AKJ mice (15).

The immediate phase of both leukotriene and PGD2 gen-
eration, in response to SCF or to IgE and antigen, was
completely ablated in BMMC derived from cPLA22y2 mice,
whereas BMMC from cPLA21y1 mice provided PGD2 and all
of the pathway intermediates of leukotriene generation (Fig. 2
and Table 1). The absence of the intermediates, 5-hydroxyei-
cosatetraenoic acid (5-HETE; derived from 5-hydroperoxyei-
cosatetraenoic acid) and 6-trans-LTB4 diastereoisomers (de-
rived by the nonenzymatic hydrolysis of LTA4), in reverse-
phase HPLC analyses of products from cPLA22y2 BMMC
indicates that the biosynthetic failure is to provide arachidonic
acid to 5-LO in concert with 5-LO-activating protein. This
results in an absence of LTA4 substrate for the terminal
enzymes, LTC4 synthase and LTA4 hydrolase. By analogy,
there would also be no arachidonic acid for PGHS-1 to convert

FIG. 2. Immediate-phase b-hexosaminidase release and PGD2
generation. Immediate b-hexosaminidase release (%) (A and C) and
PGD2 generation (ng per 106 BMMC) (B and D) were measured in
BMMC derived from BALByc, cPLA21y1, and cPLA22y2 mice
sensitized with IgE anti-TNP and activated with either TNP-BSA
(IgEyAg; A and B) or SCF (C and D) for 10 min.
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to PGH2, the substrate for the terminal enzyme, glutathione-
dependent, hematopoietic PGD synthase. These findings are
compatible with our earlier studies that showed phosphoryla-
tion of cPLA2 (14) and failure of an inhibitor of the low
molecular weight PLA2 species to attenuate immediate eico-
sanoid generation (16).

These data are consistent with the observation that in
peritoneal macrophages isolated from cPLA22y2 mice im-
mediate LTC4, LTB4, and PGE2 generation in response to the
calcium ionophore A23187 is markedly inhibited (19, 27).
However, the inclusion of analyses for the proximal products
of 5-LOy5-LO-activating protein metabolism of arachidonic
acid pinpoints the disruption to the provision of arachidonic
acid per se, thereby eliminating any substrates for the terminal
pathway enzymes. These data are in contrast to those obtained
by using inhibition approaches with human monocytes in which
the 5-LO pathway and prostanoid pathways were segregated,
with the former requiring a low molecular weight PLA2 and the
latter requiring cPLA2 (28, 29). Marshall and colleagues (29)
also demonstrated that the immediate generation of LTC4, but
not PGD2, was inhibited in BMMC treated with the low
molecular weight PLA2 inhibitor, SB203347, and activated

with IgE and antigen. The uncoupling of leukotriene and
prostanoid pathways for the human monocyte and mouse
BMMC (28, 29), but not mouse peritoneal macrophages (19,
27) or mouse BMMC from cPLA22y2 mice (16) (Table 1, Fig.
2), could reflect a lack of specificity of inhibition approaches
or a difference in experimental design. Our current studies
with BMMC (Table 1), like those with mouse peritoneal
macrophages (19, 27), reveal an absolute requirement for
cPLA2 in the immediate generation of both prostanoid and
leukotriene pathway products.

Reddy and Herschman (12) demonstrated that treatment of
BMMC with MAFP, an inhibitor of cPLA2, 10 min before (but
not at the time of) activation through Fc«RI inhibited imme-
diate PGD2 generation. LTC4 generation was not examined. In
contrast to the findings of Marshall and colleagues (29), they
also demonstrated inhibition of immediate phase PGD2 gen-
eration in BMMC through the action of SB203347 (12) and in
the MMC-34 mast cell line through antisense inhibition of the
group V PLA2 (15). Our data indicate an absolute requirement
for cPLA2 in the immediate phase of generation of both PGD2
and LTC4 and reveal that group V PLA2 alone is not sufficient.
The data from Reddy and colleagues could indicate a coop-
erative andyor amplifying action of group V PLA2 in the
immediate phase of PGD2 generation or may reflect the lack
of specificity of pharmacologic and antisense approaches. A
cooperative action of cPLA2 with the group V and group IIA
low molecular weight enzymes has also been shown in trans-

FIG. 3. Delayed-phase PGD2 generation. Delayed-phase PGD2
generation (A) was determined in BMMC derived from BALByc,
cPLA21y1, and cPLA22y2 mice. BMMC were stimulated with SCF
1 IL-10 1 IL-1b for 1 h, washed, and incubated for 7 h more with the
same cytokines. PGD2 released into the supernatant was measured by
using RIA. PGHS-2 induction (B) was assessed by SDSyPAGE
immunoblotting 8 h after the initial activation with SCF 1 IL-10 1
IL-1b (1) or after continued culture in WEHI-3 cell-conditioned
medium (2).

FIG. 4. Delayed-phase PGD2 generation and induction of PGHS-2
in the presence of arachidonic acid or PGE2. BMMC were stimulated
with SCF 1 IL-10 1 IL-1b in the presence of increasing concentrations
of PGE2 or arachidonic acid for 1 h, washed, and incubated for 7 h
more with cytokines and PGE2 or arachidonic acid to assess delayed-
phase PGD2 generation by RIA (A and C) and PGHS-2 induction by
SDSyPAGE immunoblotting (B and D).

Table 1. Generation of leukotrienes and pathway intermediates in BMMC derived from BALByc,
cPLA21y1, and cPLA22y2 mice

Stimulus Product

BMMC

BALByc
(n 5 5)

cPLA21y1
(n 5 3)

cPLA22y2
(n 5 3)*

IgEyAg LTC4 16.4 6 4.0 73.6 6 4.0 0
LTB4 8.0 6 2.8 17.0 6 2.3 0
5-HETE 8.7 6 3.0 34.4 6 2.0 0
6-t-LTB4 5.0 6 2.9 30.6 6 3.2 0

SCF LTC4 11.6 6 4.8 14.5 6 0.7 0
LTB4 7.0 6 1.9 11.3 6 1.0 0
5-HETE 9.0 6 3.5 1.9 6 .01 0
6-t-LTB4 4.7 6 2.6 3.7 6 1.7 0

Leukotriene (LT) pathway products (ng per 106 cells) were measured by using RP-HPLC in
supernatants of BMMC sensitized with IgE anti-TNP and activated with 100 ngyml TNP-BSA (IgEyAg)
or with 100 ngyml SCF. 5-HETE, 5-hydroxyeicosatetraenoic acid; 6-t-LTB4, 6-trans-LTB4 diastereoiso-
mers. p, P , 0.01 compared to total leukotriene generation from cPLA21y1 BMMC for both agonists.
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fected 293S cells and CHO cells (30), which have a small basal
expression of cPLA2 and release minimal arachidonic acid in
response to A23187. When these cell lines were transfected
with either the group IIA or the group V PLA2, they released
a substantial amount of arachidonic acid in response to
A23187 that was inhibited by MAFP, suggesting that endog-
enous cPLA2 was required for the action of the low molecular
weight enzymes. Such cooperation also has been described in
P388D1 macrophages primed with lipopolysaccharide for 1 h
and stimulated with platelet-activating factor (31) to release
intracellular arachidonic acid, which facilitates the action of
the group V PLA2 to provide arachidonic acid for conversion
to PGE2 via PGHS-2 over 10 min (31–33).

Our studies also show that cPLA2 is required for the delayed
phase of PGD2 generation in BMMC (Fig. 3A), apparently
both to supply arachidonic acid and to facilitate the ligand-
dependent induction of PGHS-2 (Fig. 3B). In previous studies,
we have shown that delayed-phase PGD2 generation is defi-
cient in BMMC derived from 129 mice because of failure of
induction of PGHS-2 (16). However, in the present series of
experiments, delayed-phase generation of PGD2 was intact in
BMMC from the littermate controls, no doubt because of the
contribution of the C57BLy6 background, although it was
somewhat less than in BMMC from BALByc mice (Fig. 3A).
Delayed-phase generation of PGD2 was seen in each set of
BMMC from cPLA21y1 mice and in none of the BMMC from
cPLA22y2 mice. Thus, differences in the genetic background
are unlikely to account for the absence of delayed-phase PGD2
generation in BMMC from cPLA22y2 mice or the diminished
induction of PGHS-2. PGHS-2 expression was restored by the
supply of either arachidonic acid or PGE2 (Fig. 4). However,
only arachidonic acid restored the delayed phase of PGD2
generation in the presence of membrane signals via SCF 1
IL-10 1 IL-1b. These observations suggest that cPLA2 is
important not only for the amplification of PGHS-2 but also in
the supply of arachidonic acid in the delayed phase. A role for
cPLA2 in augmenting the induced expression of PGHS-2 has
been reported in the MC3T3-E1 osteoblast cell line, in which
delayed-phase PGE2 generation in response to tumor necrosis
factor a and IL-1b depends on cPLA2 and PGHS-2 (24).
Inhibitors of cPLA2 or PGHS-2 reduced the expression of both
cPLA2 and PGHS-2, and expression of both enzymes was
restored by the addition of exogenous arachidonic acid or
PGE2.

That a cooperative action of cPLA2 (Fig. 4) with a low
molecular weight enzyme (16) is important in delayed-phase
PGD2 generation by nontransformed BMMC is supported by
transfection studies in other cells. A delayed phase of arachi-
donic acid release and PGE2 generation in 293 or CHO cells,
stimulated by IL-1b and fetal calf serum, depended on
PGHS-2, was augmented by transfection with cPLA2, group
IIA PLA2, or group V PLA2 (30), and was inhibited by MAFP
(30). Because we washed the BMMC 1 h after activation with
the cytokine triad, the delayed PGD2 generation associated
with PGHS-2 induction and function would require that any
participating low molecular weight PLA2 species be firmly
retained with the cell. Inasmuch as our BMMC from
cPLA22y2 mice were also naturally disrupted for the group
IIA PLA2 gene, the current candidate for a low molecular
weight enzyme supporting the function of cPLA2 would be
group V PLA2. Our previous findings that exogenously added
heparin, which binds cationic PLA2, or scalaradial, an inhibitor
of low molecular weight PLA2 enzymes, each inhibited de-
layed-phase PGD2 generation (16) are compatible with a role
for two PLA2 enzymes in this pathway. The requirement that
exogenous arachidonic acid be supplied with the cytokine triad
to cPLA22y2 BMMC containing group V PLA2 implies a
concerted interaction to induce PGHS-2 and provide its
substrate.
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