Alterations in arachidonic acid metabolism in
mouse mast cells induced to undergo
maturation in vitro in response to stem

cell factor
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We studied arachidonic acid (AA) metabolism during the maturation of bone marrow—derived
cultured mast cells (BMCMCs) into mast cells with phenotypic characteristics, which were more
similar to those of connective tissue-type mast cells. BMCMCs were maintained in medium
containing 100 ng/mli recombinant rat stem cell factor (SCF) for 1 to 6 weeks. Afier 3 to 4 weeks
in SCF, BMCMCs acquired many phenotypic characteristics of maturation, including enlarged
size, numerous electron-dense cytoplasmic granules, and a 50-fold elevation in histamine content.
Maintenance in SCF for 6 weeks did not significantly alter the amounts or species of eicosanoids

that were produced by BMCMCs stimulated with calcium ionophore A23187. However, SCF-
treated mast cells released 2.6 = 0.13 times more free AA and accumulated 6.4 + 1.0 times
higher levels of intracellular free AA than did immatire BMCMCs not exposed to SCF. There was
no increase in the mobilization of other fatty acids (e.g., linoleic or oleic acid), indicating
specificity for AA. Moreover, there were no differences between the 5-lipoxygenase activities of
SCF-treated or untreated cells, as assayed in cell homogenates prepared by nitrogen cavitation.
Although the total AA content in SCF-treated cells was significantly elevated, the distribution of
AA in phospholipid and neutral lipid classes was not altered by SCF treatment. Total
phospholipase (PL)A, activity increased 85% = 11.5% in SCF-treated cells. In homogenates of
immature BMCMCs, 51.0% * 13.7% of the PLA, activity was inhibited by 0.5 mmol/L
dithiothreitol, whereas the same concentration of dithiothreitol caused only a 2.2% * 10.7%
reduction in the PLA, activity in homogenates of SCF-treated BMCMCs (p < 0.05, n = 4).
These findings suggest that SCF treatment induces a dithiothreitol-resistant PLA, and that this
PLA, may contribute to the mobilization of AA that is not further metabolized to eicosanoids.

(J Allergy Clin Immunol 1996;97:1329-41.)
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The generation of chemical mediators by mast
cells and the subsequent effects of these com-
pounds on cells and tissues are pivotal events in the
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pathogenesis of inflammatory and allergic reac-
tions.!® Mast cells produce a wide variety of
inflammatory mediators, including lipid mediators
such as arachidonic acid (AA) and its metabolites
(eicosanoids).> &2 Morphologic and histochemical
studies demonstrate the presence of multiple mast
cell phenotypes within a single organism.*° At
least some of the phenotypic differences among
various mast cell populations can reflect the extent
of maturation exhibited by these cells.* For exam-
ple, mouse bone marrow-derived cultured mast
cells (BMCMCs), which are generated in medium
containing 1L-3 synthesize and store relatively
small amounts of histamine, incorporate sulfur
35-labeled sulfate predominantly into chondroitin
sulfates, and exhibit an alcian blue—positive, safra-
nin-negative histochemical phenotype.!® However,
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Abbreviations used
AA: Arachidonic acid
BMCMCs:

Bone marrow-derived cultured
mast cells
CIMCs: Connective tissue-type mast cells
DTT: Dithiothreitol
GC/MS: Gas chromatography/mass spec-
trometry

2Hy:  Octadeuterated
’H,: Tetradeuterated
Hanks’ balanced salt solution
High-performance liquid chroma-
tography

LT: Leukotriene

PG: Prostaglandin

PL: Phospholipase
SCF:  Stem cell factor

TX: Thromboxane

after such IL-3—derived BMCMCs are maintained
for 4 to 6 weeks in medium supplemented with
recombinant rat stem cell factor (SCF), the ligand
for the SCF receptor encoded by c-kiz, they un-
dergo maturation as assessed by morphology, a
striking increase in their content of cell-associated
histamine, a marked increase in their ability to
incorporate *>S-sulfate into heparin proteoglycan,
and the acquisition of a safranin-positive histo-
chemical phenotype.l® In addition, they develop a
mouse mast cell protease messenger RNA pheno-
type that is more similar to that of connective
tissue—type mast cells (CTMCs).!! Therefore pro-
longed maintenance of IL-3-derived BMCMCs in
SCF induces the cells to express phenotypic char-
acteristics, which are more similar to those of
mouse CTMCs. On the other hand, BMCMCs
maintained in SCF do not become fully mature
CTMCs, at least as judged by their histamine
content and histochemical characteristics.!?

The effects of long-term SCF culture on the
ability of BMCMCs to release or metabolize AA
have not previously been reported. There are at
least three biochemical steps in the release and
metabolism of AA, which could influence the
ability of BMCMCs to synthesize ecicosanoids.
First, the metabolic fate of AA can be influenced
by the availability of AA in certain phospholipid
pools. The content of AA varies considerably
among phospholipid classes and subclasses in cells
that produce different eicosanoid profiles.!*>1* Re-
cent studies in our laboratory indicate that AA is
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mobilized from several phosphoglyceride pools in
BMCMCs undergoing immunologic activation.!
Further, these studies suggest that AA derived
from these separate pools may be metabolized to
different classes of AA products.'®

A second factor that may influerice eicosanoid
profiles in BMCMC:s is the types of phospholipase
(PL)A, isozymes, which are present within the cell.
Two calcium-dependent PLA, enzymes that may
be important in mobilizing AA from cellular phos-
pholipids have been identified in mammalian cells.
Group I and II PLA, (sPLA,) are low-molecular-
weight (14 kd) enzymes found in extracellular
fluids. Group II sPLA, is known to be released
from several cells and is found in inflammatory
exudates.’®*® This activity is resistant to acidic pH,
is sensitive to reducing agents such as dithiothrei-
tol (DTT), and catalyzes the nonspecific release of
several saturated and unsaturated fatty acids. A
second form of PLA,, with a relatively large mo-
lecular weight (110 kd), has been found in the
cytosolic fraction of several cell types.?’2* This
cytosolic PLA, {(cPLA,) requires micromolar cal-
cium, is sensitive to low pH, and is resistant to
DTT. Substrate specificity studies indicate that
cPLA, preferentially hydrolyzes AA from the sn-2
position of phospholipids.'® 1% 2! Murakami et al.?*
demonstrated the presence of three distinct PLA,
activities in IL-3-derived BMCMCs, including a
group I PLA,, cPLA,, and a phosphatidylserine-
specific PLA,. At present, little is known about the
role of different PLA, enzymes in the synthesis of
eicosanoids by BMCMC:s or other cell types.

A third factor that may influence eicosanoid
profiles in BMCMC:s is the activities of enzymes
distal to PLA, in the eicosanoid cascade. Malaviya
et al.® have recently demonstrated that immuno-
logic activation of IL-3—derived BMCMCs results
in the reversible translocation and activation of
5-lipoxygenase. However, little is known about the
influence of BMCMC maturation on activation or
translocation of 5-lipoxygenase. Similarly, it is not
known whether SCF-induced maturation can influ-
ence the induction of cyclooxygenase (cyclooxy-
genase [ or cyclooxygenase IT) in BMCMCs.

To better understand the factors that regulate
AA metabolism in mast cells, we attempted to
determine whether IL-3—derived BMCMCs, which
had been induced to undergo phenotypic changes
associated with maturation by long-term culture in
SCF,!¢ also exhibited changes in their AA precur-
sor pools, in the enzymes that release or metabo-
lize AA, or in the amount of AA or eicosanoids
released on stimulation of the cells.
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METHODS
Materials

Tritiated AA-labeled Escherichia coli (10 mCi/mmol)
and [5,6,8,9,11,12,14,15-*H]AA (76 Ci/mmol) were ob-
tained from New England Nuclear (Boston, Mass.).
Calcium ionophore A23187, fatty acid—free human se-
rum albumin, and diisopropyl fluorophosphate were
purchased from Sigma Chemical Co. (St. Louis, Mo.).
All high-performance liquid chromatography (HPLC)
solvents were obtained from Fisher Scientific (Charlotte,
N.C.). Racemic 13-hydroxy-9,11-octadecadienoic acid
and deuterated AA and eicosanoids were purchased
from Cayman (Ann Arbor, Mich.). Unlabeled fatty acids
and phospholipids were purchased from Avanti (Bir-
mingham, Ala.). All derivatization reagents were bought
from Pierce Chemical Co. (Rockford, Ill.). Thin-layer
chromatography plates were obtained from Analtech
(Newark, Del.). Preparative silica columns were ob-
tained from Baker (Phillipsburgh, N.J.). All tissue cul-
ture reagents such as Hanks’ balanced salt solution
(HBSS) and tissue culture media were purchased from
Gibco (Grand Island, N.Y.). Mouse IL-3 supplement
was obtained from Collaborative Research (Bedford,
Mass.). E. coli-derived recombinant rat SCF*** (SCF),
which represents essentially the entire extracellular li-
gand domain of the growth factor,!® was provided by
AMGEN, Inc. (Thousand Oaks, Calif.).

Cell culture

Normal mouse bone marrow cells were obtained from
CBA/J mouse femurs as described previously and cul-
tured for 3 weeks in a medium consisting of RPMI-1640
with 10% heat-inactivated fetal calf serum, 5 mmol/L
2-mercaptoethanol, 100 U/ml penicillin and streptomy-
cin, and 50 mg/ml gentamicin (growth medium), supple-
mented with 5% mouse 1L-3.26 Cells were fed twice per
week and placed in new flasks in order to remove
adherent cells. This procedure routinely yielded 95%
mast cells, with a viability of greater than 90%.%

To induce further maturation of BMCMCs, % 1 some
BMCMCs were then placed, for 0 to 42 days, in growth
medium without IL-3 but containing 100 ng/ml SCF.
Phenotypic changes indicative of maturation were evi-
dent by 28 to 42 days of culture in SCF (see Results).
The cells were provided with fresh growth medium
containing SCF three times per week. Electron micro-
graphs were prepared from 100 nm sections of gluteral-
dehyde-fixed cells embedded in epoxy resin and imaged
by using a Philips 400 TEM electron microscope (Philips
Electronic Instruments, Inc., Mahwah, N.J.).27 Cells
were routinely tested for maturation by staining with
alcian blue, safranin O, or toluidine blue.?®

Stimulation of BMCMCs and extraction of
glycerolipids

BMCMCs were washed once with 0.25 mg/ml human
serum albumin in HBSS and then twice with HBSS.
Cells were resuspended in HBSS with 1 mmol/L calcium
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TABLE |. Phenotypic changes in BMCMCs
treated with SCF for 28 days

Untreated SCF-treated
BMCMCs BMCMCs
Granule content (no. of + ++++
cytoplasmic granules)
Staining
Safranin O — ++
Alcian blue + +++
Toluidine blue + +++
Histamine content 14.4 675
(nmol/10° cells)
Histamine release
(% of total)

Control 16.6 13.2
Stimulatedt 29.3 34.8
Protein content 201 =094 364 =2.1*

(mg/10° cells)
Lipid phosphorus 106 =036 194 * 1.0*

(mg/10° cells)

A minus sign indicates that a particular characteristic cannot be
observed. The number of plus signs indicates the degree that
a particular characteristic can be observed.

*Significant difference from untreated BMCMCs (p < 0.05,
n=3).

+tA23187 (1 pmol/L. X 5 minutes).

at a concentration of 1.0 X 10%ml and preincubated at
37° C for 5 minutes before stimulation with 1 pmol/L
(final concentration) calcium ionophore A23187 for 5
minutes. Cells were then immediately pelieted by cen-
trifugation (250 X g for 5 minutes). 2HgAA (=98 atom
% D; Cayman, Ann Arbor, Mich.) (100 ng) was added to
cell pellets as an internal standard for quantitation of
free fatty acids. Lipids were extracted from the cell
pellets by the method of Bligh and Dyer.?® Supernatant
fluids were added to 4 volumes of ethanol containing an
internal standard mixture consisting of 10 ng each of °H,
prostaglandin (PG)D,, °H,PGE,, *H,/PGF,, °H,
thromboxane (TX)B,, 2H, leukotriene (LT)B, and 100
ng of “HgAA. For the analysis of AA distribution in
phospholipid classes of BMCMCs, cellular lipids were
extracted by using the method of Bligh and Dyer.?
Glycerolipid classes were then separated by normal
phase HPLC as described below.

PLA, and 5-lipoxygenase assay

BMCMCs were washed twice in HBSS and placed in
HBSS containing 1 mmol/L ethylenediaminetetraacetic
acid (EDTA), 10 mmol/L. NaF, and 5 mmol/L diisopro-
pyl fluorophosphate for 10 minutes on ice. The cells
were then washed, resuspended in HBSS/EDTA/NaF at
2.5 X 10° cells/ml, and cavitated twice under N, at 750
psi for 15 minutes in a cell cavitation vessel. Unbroken
cells were removed by centrifugation (twice at 500 g for
5 minutes). Because the amount of protein per cell
increased as the cells differentiated in response to SCF
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treatment (Table I), PLA, activity was always assayed by
using an amount of protein equivalent to a predeter-
mined number of cells (2.5 X 10° cells) in a total volume
of 400 pl containing 50 mmol/L Tris HCI (pH 8.5), 50
mmol/LL NaCl, 10 ml of tritiated AA-labeled E. coli
suspension and 10 mmol/L. CaCl, in HBSS/EDTA/NaF.
In experiments in which DTT was used, this reagent was
added to the disrupted cell preparations for 15 minutes
on ice before the assay was started. All PLA, reactions
were started by the addition of CaCl, and substrate and
allowed to proceed for 60 minutes at 37° C. The reaction
was stopped by extracting the lipids by the method of
Bligh and Dyer.?° Solvents were removed under a stream
of N,, and lipids were chromatographed as described
below.

5-Lipoxygenase activity was assayed in a predeter-
mined number of cells (1 to 1.5 X 10° cells), essentially
as described by Coffey et al3° Briefly, aliquots of cell
cavitates were diluted to 600 wl in HBSS/EDTA/NaF,
and final concentrations of 100 mmol/L Tris HCI (pH
7.5), 1.8 mmol/L adenosine triphosphate, 5 mmol/L
CaCl,, and 1 mmol/L DTT were added. The reaction
was initiated by the addition of a substrate mix consisting
of 0.1 uCi tritiated AA, 1.67 pmol/L unlabeled AA, and
4.5 pmol/L 13-hydroxy-9, 11-octadecadienoic acid (final
concentrations) in methanol. The reaction was incu-
bated for 60 minutes at 37° C, after which 4 volumes of
ethanol were added and the samples were dried under a
stream of N, for analysis by HPLC as described below.

Histamine, lipid phosphorus, and
protein assays

Histamine levels were measured in aliquots of supet-
natant fluids from stimulated and resting BMCMCs by
using a commercially available iodine 125-labeled hista-
mine radioimmunoassay kit (AMAC, Inc., Westbrook,
Maine). Lipid phosphorus was assayed directly in thin-
layer chromatography scrapings.>> BMCMC protein
samples were assayed with a Coomassie blue reagent
available from Bio-Rad (Richmond, Calif.).

Chromatographic techniques

Lipid extracts from BMCMCs were fractionated into
neutral lipid classes (triglycerides, diglycerides, mono-
glycerides, and free fatty acids) on silica gel G plates
with a solvent system consisting of hexane/ether/formic
acid (90:60:6 vol/vol). This system was also used to
separate free AA from phospholipids in lipid extracts
after PLA, assays. Phospholipid classes were separated
by using silica gel G thin-layer chromatography plates
developed in chloroform/methanol/ammonium hydrox-
ide (65:35:8). 5-Lipoxygenase assay products were frac-
tionated by reverse-phase HPLC on a Beckman Ultra-
sphere ODS 5 wm column (2 X 250 mm; Beckman
Instruments, San Ramon, Calif.) with a Waters HPLC
system (Waters, Milford, Mass.). Products were eluted
with methanol/water/phosphoric acid (55:45:0.02 vol/vol,
pH adjusted to 5.0 with ammonium hydroxide) at a flow
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rate of 0.3 ml/min. The methanol composition was
increased to 100% in a linear gradient over 60 minutes.>?
Quantities were calculated from the ratio of the area of
each LT peak to the PGB, internal standard with
previously calibrated standard curves.

Neutral lipid and phospholipid classes were fraction-
ated by HPLC on a Beckman Ultrasphere silica 5 pm
(4.6 x 250 mm) column by using a mobile phase
consisting of hexane/2-propanol/ethanol/25 mmol/L
phosphate buffer pH 7.4/acetic acid (490:367:100:30:0.2
volfvol) (solvent A) and hexane/2-propanol/ethanol/25
mmol/L phosphate buffer pH 7.4/acetic acid (490:367:
100:50:0.6 volfvol) (solvent B) pumped at 1 ml/min.
Solvents were stirred overnight and filtered before use.
After 5 minutes, the phosphate buffer content was
increased from 3% to 5% over a 5-minute period, and
phospholipids were eluted by maintaining this solvent
composition for 30 minutes.?® UV absorbance in column
effluent was monitored at 206 nm with a Waters 490E
UV detector. Fractions corresponding to neutral lipids
or individual phospholipid classes were then pooled for
analysis of fatty acid content by gas chromatography/
mass spectrometry (GC/MS).

Fatty acid and eicosanoid determination by
GC/MS

Samples were prepared for GC/MS analysis of fatty
acids and prostanoids by sequential derivatization as
described previously.?> 33 Methoxime derivatives of ke-
tone groups were prepared by incubation with methoxy-
amine-HC] in pyridine for 12 hours at 30° C. Carboxyl
groups were converted to pentafluorobenzyl esters with
pentaflourobenzyl bromide (20% in acetonitrile) in di-
isopropylethylamine (20% in acetonitrile) for 20 min-
utes at 40° C, and hydroxyl groups were silylated by
reaction with N,O-bis(trimethylsilyl)trifluoroacetamide
for 15 minutes at 40° C. Carboxylate anions of LTB,
(m/z 479), *H,LTB, (m/z 483), PGD, (m/z 424),
*H,PGD, (m/z 428), TXB, (m/z 614), and *H,TXB,
(m/z 618) were analyzed by negative ion chemical ion-
ization GC/MS.3?

Fatty acids esterified in glycerolipid classes isolated by
HPLC were hydrolyzed with 2 mol/I. KOH in methanol/
water (75:25 volfvol) containing 100 ng *H,AA/sample
as an internal standard for 30 minutes at 60° C. Samples
were then neutralized with HCl, and free fatty acids
were extracted twice with ethyl ether. Solvents were
removed under N,, and fatty acids were converted to
pentafluorobenzyl esters as described previously for
GC/MS analysis. For analysis of intracellular free fatty
acids, cellular lipid extracts were loaded in hexane on
preparative Bakerbond (J. T. Baker, Phillipsburgh, N.J.)
silica columns. Fatty acids were then eluted with hexane/
ether 1:1 vol/vol, and solvents were removed with a
stream of N, and converted to pentafluorobenzyl esters
as described previously for GC/MS analysis. All samples
were analyzed on a Hewlett-Packard 5890 series II gas
chromatograph interfaced to a 5989A Quadrupole mass
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spectrometer and a 98785A work station. Derivatized
samples were analyzed by means of negative ion chem-
ical ionization GC/MS. Carboxylate anions of AA (m/z
303) and “HgAA (m/z 311) were monitored.®

Statistical analyses

Data are expressed as means = SEM. Data were
analyzed by using paired or unpaired Student’s ¢ tests or
analysis of variance, followed by Bonferroni-corrected ¢
tests for post hoc analysis.3*

RESULTS
Characterization of IL-3-dependent and
SCF-treated BNMICMCs

Electron microscopy of 3-week-old IL-3-de-
rived mouse BMCMCs showed that these cells
contained relatively few cytoplasmic granules and
that these granules were immature with large
electron-lucent areas (Fig. 1, 4). After 3 to 4 weeks
of culture in SCF, the BMCMCs contained in-
creased numbers of cytoplasmic granules, and
these appeared much more mature than those in
IL-3-derived BMCMCs that had not been treated
with SCF. Notably, many of the cytoplasmic gran-
ules in the SCF-treated BMCMCs had abundant
electron-dense content (Fig. 1, B).

In accord with the ultrastructural findings, SCF-
treated BMCMC:s stained strongly with dyes that
bind to cytoplasmic granules, such as alcian blue,
toluidine blue, and safranin (Table I). In contrast,
1L-3—derived BMCMC:s that had not been treated
with SCF stained weakly with alcian blue or tolu-
idine blue and failed to stain with safranin (Table
I). Thus the IL-3-derived BMCMCs treated with
recombinant rat SCF (100 ng/ml) for 4 to 6 weeks in
this study, like those in our previous study in which
SCF was used at a concentration of 50 ng/ml, exhib-
ited histochemical changes indicative of maturation
toward CTMC-like mouse mast cells.!

In addition to changes in structure and histo-
chemistry, SCF treatment induced a marked in-
crease in the total histamine content of BMCMCs.
For example, there was a 50-fold increase in the
histamine content of BMCMCs after 28 days of
treatment with SCF (Table I). However, the per-
cent release of histamine by SCF-treated cells,
both under resting conditions and in response to
stimulation with the calcium ionophore A23187,
was similar to that observed in BMCMCs that were
not exposed to SCF (Table I). SCF-treated cells
contained 1.8 times more protein and 1.8 times
more total lipid phosphorus (phospholipid con-
tent) than the untreated cells, probably in propor-
tion to the relative sizes of the cells. However,
there were no differences in the distribution of
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lipid phosphorus among phospholipid classes (i.e.,
PE, PI, PS, and PC) between BMCMCs not
treated with SCF and those treated with SCF for
42 days (data not shown). Taken together, these
data confirm results of our previous study,'® indi-
cating that in vitro treatment with SCF can induce
maturation of BMCMCs.

AA metabolism during maturation of
mast cells

In subsequent experiments we used GC/MS to
examine the profile of eicosanoids produced by
BMCMC s at various stages of maturation to de-
termine whether the phenotypic alterations that
were induced by SCF included changes in the
spectrum of eicosanoids produced by these cells.
Mouse BMCMCs challenged with ionophore
A23187 produced primarily PGD,, TXB,, and
LTB, (Fig. 2) and a small amount of LTC, (data
not shown), whereas unstimulated BMCMCs re-
leased undetectable amounts of AA and eico-
sanoids (data not shown). BMCMC:s treated with
SCF initially showed a transient but striking reduc-
tion in their capacity to produce eicosanoids in
response to A23187 challenge. Proportionate de-
creases were observed in the amounts of PGD,,
TXB,, and LTB, released by BMCMCs, which
were challenged 7 to 21 days after transfer into
medium containing SCF. However, by day 42 of
SCF treatment, the production of each of these
eicosanoids had returned to levels that were not
significantly different from those observed in
BMCMCs not treated with SCF (Fig. 2). Further-
more, there were no significant differences in the
ratio of 5-LO to cyclooxygenase products synthe-
sized by BMCMCs that had not been exposed to
SCF or had been matured with SCF for 42 days.

We also attempted to determine whether SCF
treatment influenced the release and accumulation
of free AA by BMCMCs (Fig. 2). As seen with the
eicosanoids, levels of AA release by stimulated
cells decreased between days 7 and 21 of treatment
with SCF. However, in contrast to the results with
eicosanoids, BMCMCs treated with SCF for 42
days released 2.4 = 0.12 times more free AA
when challenged than did identically stimulated
BMCMCs that had not been treated with SCF
(Fig. 2).

To determine whether the increased release and
accumulation of AA by SCF-treated cells was
specific for AA, we measured the levels of AA and
other fatty acids in A23187-stimulated SCF-un-
treated or SCF-treated BMCMCs. Cells treated
with SCF for 42 days released 302 = 15.6 pmol of
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FIG. 1. Transmission electron micrographs of BMCMCs. A, Untreated IL.-3-derived BMCMCs
not maintained in SCF. Cytoplasm contains relatively few granules, which appear immature,
containing a mixture of electron-dense and electron-lucent areas. B, BMCMCs derived in IL-3 and
maintained in 100 ng/ml SCF for 4 weeks. There are numerous cytoplasmic granules, and most
contain abundant, homogenously electron-dense material. (Magnification x7000.)

AA per million cells, whereas BMCMCs that had
not been treated with SCF released 124 = 21.0
pmol per million cells (Fig. 3, A). The greatest
increases in AA levels were seen intracellularly:
there was a 6.4-fold = 1.0-fold increase in the
accumulation of intracellular AA in SCF-treated

BMCMCs compared with BMCMCs that had not
been exposed to SCF (Fig. 3, B). In contrast, either
released or intracellular levels of linoleic acid pro-
duced by BMCMCs treated with SCF for 42 days
were not significantly different from those found in
BMCMC:s that had not been treated with SCF (Fig.
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FIG. 2. Effect of cufture in SCF on eicosanoid and AA production by stimulated BMCMCs.
IL-3-derived mouse BMCMCs were maintained in vitro with 100 ng/mi SCF for 0, 7, 21, or 42
days and then challenged with 1 pmol/L A23187 for 5 minutes. Eicosanoids and AA released into
supernatant fluids were measured by GC/MS as described in Methods. Asterisk indicates
significant difference from day 0 cells {(p < 0.05, n = 3).

3). Similarly, treatment with SCF did not have an
effect on the amounts of oleic acid mobilized by
BMCMCs (data not shown). These data indicate that
treatment of BMCMCs with SCF selectively in-
creased the capacity of BMCMCs to mobilize free
AA that was not further metabolized to eicosanoids.

Mechanisms of AA release in SCF-treated
mast cells

Several biochemical mechanisms could account
for the increased levels of free AA mobilized by
SCF-treated cells. One potential explanation is
that SCF treatment increased the AA content of
BMCMCs. We therefore used GC/MS to examine
the effect of SCF treatment on the AA content of
neutral lipids and the major phospholipid classes
in BMCMCs. BMCMC:s treated with SCF for 42
days resulted in a 2.2-fold = 0.2-fold increase in
the total AA content of mast cell glycerolipids.
Thus BMCMCs treated for 42 days contained
2.68 + 0.25 nmol of glycerolipids per 10° cells
compared with 1.20 + 0.17 nmol per 10° cells
in untreated BMCMCs (p < 0.002, n = 4). How-
ever, there were no significant changes in the
relative quantities of AA contained in various lipid
classes (i.e., neutral lipids, phosphatidylethanol-

amine, phosphatidylinositol, phosphatidylserine,
and phosphatidylcholine) in BMCMCs treated with
SCF (Fig. 4). For example, phosphatidylethanol-
amine contained the bulk (45% to 60%) of AA,
whereas phosphatidylcholine and phosphatidylinosi-
tol contained smaller quantities (28% to 35% and
13% to 20%, respectively) in both SCF-treated and
untreated cells. These data show that although the
total AA levels were higher in SCF-treated cells, the
increased production of AA by SCF-treated cells was
not associated with a change in the distribution of
AA among glycerolipid pools within these cells.

A second possibility is that an increase in PLA,
activity contributed to the enhanced AA release in
SCF-treated cells. To assess this possibility, we
disrupted equivalent numbers of SCF-treated and
untreated cells by nitrogen cavitation and mea-
sured the PLA, activity. PLA, activity in BMCMCs
that had not been treated with SCF was 353 * 33.6
pmol of AA hydrolyzed per hour per 10° cells.
There was a statistically significant 1.85-fold *
0.12-fold increase in PLA, activity in BMCMCs
treated with SCF for 42 days (654 = 40.6 pmol AA
hydrolyzed per hour per 10° cells, p < 0.04, n = 3).
However, in contrast to our results with eicosanoid
and free AA production, there was no decrease in
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FIG. 3. Effect of culture in SCF on fatty acid release and intracellular fatty acid accumulation by
BMCMCs. IL-3-derived BMCMCs or BMCMCs maintained in vitro with SCF for 42 days were
stimulated with 1 pmol/L A23187 for 5 minutes. A, Extracellular AA and linoleic acid (LA). B,
intracellular AA and linoleic acid (LA) released into supernatant fluids in IL-3—derived (/L-3) or
SCF-cultured (SCF) BMCMCs. Fatty acids were measured by GC/MS as described in Methods.
Asterisk indicates significant difference from IL-3-derived (/L-3) BMCMCs, (p < 0.05, n = 3).

total PLA, activity during the early stages of
treatment with SCF (data not shown).

The increase in total PLA, activity in SCF-
treated BMCMCs may have involved a propor-
tional increase in the activities of all PLA,

isozymes present within the cell or a relatively
selective change in some PLA, isozymes. The
reducing agent DTT inhibits enzymes that contain
disulfide linkages, including groups I and IT (secre-
tory) PLA, enzymes.>? We therefore examined the
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FIG. 4. Effect of culture in SCF on the distribution of AA among BMCMC glycerolipids. Glycerolipids
from IL-3-derived BMCMCs maintained in SCF for 0 to 42 days were extracted by the method of
Bligh and Dyer® and isolated by HPLC. Esterified fatty acids in isolated glycerolipid classes were
subjected to base hydrolysis, and the resulting free fatty acids were analyzed by GC/MS. See
Methods for additional details (n = 4). NL, neutral lipids; PE, phosphatidylethanolamine; PI/PS,
phosphatidylinositol/phosphatidylserine; PC, phosphatidylcholine.

sensitivity of total PLLA, activity to inhibition by
DTT in SCF-treated or untreated BMCMC prep-
arations. As shown in Fig. 5, BMCMCs treated
with SCF for 42 days contained PLA, activity that
was significantly more resistant to DTT inhibition,
relative to the activity in BMCMCs that had not
been treated with SCF. For example, 0.5 mmol/L
DTT inhibited 51.09% = 13.7% of the PLA, activity
in SCF-untreated BMCMC cavitates but only
2.2% * 10.7% of the activity in BMCMCs that had
been treated with SCF for 42 days (p = 0.05,n =
4). These findings suggest that treatment of BMC-
MCs with SCF induced an increase in the activity
of DTT-resistant isozymes of PLA, within BMC-
MCs. In an effort to determine whether BMCMCs
treated with SCF had elevated levels of cPLA,
protein, cell lysates of BMCMCs at various stages
of differentitation with SCF were analyzed by
Western blotting with a specific anti-peptide
¢PLA, antibody. Of three separate batches of
differentiated BMCMCs analyzed, one showed an
increase in cPLA, as a result of differentiation with
SCF, and two showed no change (data not shown).

One mechanism, which could explain increased
levels of free AA without a concomitant increase in
eicosanoid production in SCF-treated cells, is re-

duced activity of enzymes distal to AA mobiliza-
tion in the eicosanoid cascade. For example, a
decrease in 5-LO activity might account for the
change in the ratio of AA to 5-LO products during
maturation. To investigate this possibility, we as-
sayed N,-cavitated preparations from SCF-treated
and control BMCMCs for 5-LO activity. Under
optimal assay conditions, the major metabolite
produced was 5-hydroxyeicosatetraenoic acid, with
a small amount of LTB, (Fig. 6). This analysis
indicated that there were no significant differences in
the 5-LO activity present in SCF-treated BMCMCs
as opposed to control BMCMC:s that had not been
treated with SCF. Moreover, there were no changes
in 5-LO activity at any time during the maturation
process, including the period between 7 and 21 days
when the BMCMCs produced markedly reduced
levels of LTB, (data not shown). These data indicate
that treatment with SCF did not significantly affect
the 5-LO activity in BMCMCs.

DISCUSSION

In this report we have investigated AA mobili-
zation and metabolism in BMCMCs that have
been induced to mature by long-term exposure to
SCF in vitro. A principal finding of these studies is
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FIG. 5. Effect of culture in SCF on inhibition of PLA, activity by DTT. PLA, activity towards
tritiated AA-labeled E. coli membranes was assayed in cellular cavitates of iL-3-derived (/L-3) or
SCF-cultured BMCMCs (SCF) in the presence of varying concentrations of DTT. Data are
expressed as percent inhibition of activity in control samples that received no DTT. Asterisk
indicates significant difference from untreated BMCMCs (p < 0.05, n = 4).

that the accumulation of free AA by BMCMCs
stimulated with the calcium ionophore A23187 was
significantly increased after treatment of the cells
with SCF for 6 weeks. In contrast, there were no
significant differences in the synthesis of 5-LO or
cyclooxygenase products in BMCMCs before or
after 6 weeks of treatment with SCF. Moreover,
the A23187-induced mobilization of fatty acids
other than AA was not enhanced in association
with SCF-induced BMCMC maturation. One
straightforward explanation for the increase in free
AA production in the absence of an accompany-
ing increase in eicosanoid generation would be a
reduction in the activities of enzymes distal to
PLA, (e.g., 5-LO). However, as shown in Fig. 6,
BMCMC 5-LO activity did not appear to be af-
fected by treatment of the cells with SCF.

Our data, showing the majority of the released
AA to be intracellular and the majority of released
linoelic acid to be largely extracellular (Fig. 3),
suggest differential compartmentalization of these
two fatty acids in separate lipid pools within the
cell. Previous studies from our laboratory have
attempted to determine whether the AA that is not
further metabolized to eicosanoids and the AA
that forms LTs are derived from different phos-
pholipid sources.’> AA-containing phospholipids
of BMCMCs were radiolabeled with AA such that

all major phospholipid subclasses contained differ-
ent specific activities.!> By comparing the tritium to
carbon 14 ratios of free AA and LTs produced by
stimulated BMCMCs, we showed that free AA and
AA that forms 5-LO products are probably derived
from distinct AA phospholipid pools.’> One impli-
cation of these data is that the metabolic fate of
AA is determined, at least in part, by its localiza-
tion within these distinct lipid pools. These obser-
vations also raised the intriguing possibility that
separate mechanisms control the mobilization of
AA from distinct sources. In light of these previous
findings, results indicating that the production of
free AA, but not eicosanoids, increases in SCF-
treated cells suggested two possibilities: (1) that
these products are derived from separate AA pools
and that SCF treatment causes a selective accumu-
lation of AA in the pool responsible for free AA
formation®® and (2) that these products are derived
from separate AA pools and that SCF treatment
increases the cells’ capacity to mobilize a pool of
AA that is not further metabolized to eicosanoids.

We evaluated the possibility that the increase
in AA production by SCF-treated BMCMCs is
due to a shift of AA into a lipid pool, which
might serve as a source of free AA. Analysis of
the fatty acid content of phospholipid classes
showed that the total amount of AA in the cells
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FIG. 6. Effect of culture in SCF on 5-lipoxygenase activity in BMCMCs. 5-Lipoxygenase activity
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doubled, in parallel with the increases in cell size
and in total protein content, which were induced
by SCF treatment. However, treatment with
SCF did not induce significant changes in the
distribution of AA among BMCMC lipids. In
agreement with this finding, SCF treatment also
resulted in roughly a doubling of total phospho-
lipid mass, yet the relative composition of phos-
pholipid classes (as determined by lipid phos-
phorus) did not change in association with
SCF-induced maturation. These findings suggest
that the total mass of AA available in phospho-
lipids was increased in SCF-differentiated
BMCMCs. It is conceivable that SCF treatment
induces a redistribution of AA within BMCMC
phospholipid subclasses, a change that would not
have been detected in these experiments; it is
also possible that SCF induced a shift of AA
between different anatomic locations within the
cell. Additional studies are needed to address
these issues. However, our evidence indicates
that increased AA production by SCF-treated
BMCMC s does not merely reflect a redistribu-
tion of AA among phospholipid classes.

A second mechanism that might account for the
increased production of free AA in SCF-treated
BMCMC:s is the induction of an AA mobilization
pathway that specificaily leads to the production of
free AA. One such possibility is a change in PLA,
activity in SCF-treated BMCMCs. We found a
significant increase in total PLA, activity in

BMCMCs treated with SCF for 6 weeks. This
increase (~twofold on a per-cell basis vs BMCMCs
that were not treated with SCF) paralleled the
changes in total protein, total phospholipid mass,
and total amount of AA in SCF-treated cells.
However, SCF-treated BMCMCs also exhibited a
striking increase in the resistance of the total PLA,
activity to inhibition by DTT. These data suggest
that the SCF-induced increase in BMCMC PLA,
activity was accompanied by a change in the pro-
portion of PLA, isozymes in the treated cells. It is
important to note that most of the increase in total
PLA, activity in SCF-treated BMCMCs was insen-
sitive to DTT and coincided with an increase in the
specific release of AA. Although results of West-
ern blotting analyses for cPLA, were inconclusive,
the data showing an increase in PLA, activity that
was resistant to DTT treatment suggested the
induction of a PLA, type that is distinct from
sPLA, in BMCMC s differentiated with SCF. Ad-
ditional studies are required to identify the PLA,
isozyme increased by SCF treatment.

The roles of different PLA, isozymes in AA
metabolism are not yet clearly defined. Work by
Murakami et al.*® on human umbilical vein endo-
thelial cells indicates that both sPLA, and cPLA,
contribute to the mobilization of the AA used in
eicosanoid synthesis in BMCMCs. Moreover, re-
cent findings in our laboratory support the hypoth-
esis that sSPLA, activity contributes some of the AA
that is used for eicosanoid synthesis in BMCMCs.*?
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It is possible that one PLA, isozyme selectively
releases AA for eicosanoid metabolism, whereas
another produces free AA that is not metabolized
further by the cell. On the basis of our current
understanding of the function of PLA, isotypes, as
well as on the basis of data in this study, we
speculate that treatment with SCF induces in-
creased levels of cPLA, activity in BMCMCs and
that this accounts, at least in part, for the increased
production of free AA by SCF-treated BMCMCs
that are stimulated by A23187.

Although free AA was once thought to be merely
an intermediate in the synthesis of eicosanoids, we
now recognize that it can also represent a distinct end
product of cellular activation. This AA may be re-
leased by one cell type to be metabolized to eico-
sanoids by other cells.*” In addition, AA may be a key
participant in certain signal transduction path-
ways,*® 3 most notably as an activator of protein
kinase C* %' and as a promoter of intracellular
calcium mobilization*>*3 and nucleotide binding to
the plasma membrane.** Thus the increase in AA
release and accumulation, which is observed on
A23187 stimulation in BMCMCs that have been
induced to mature in response to SCF, may point to
an altered capacity of these cells to respond to
biologic stimuli and to participate in proinflamma-
tory cell-to-cell interactions.

We thank Mr. Javid Heravi and Mr. Steve Brooks for
their expert technical assistance and Dr. Keith Langley,
of AMGEN, Inc., for providing recombinant rat SCF*®*,

REFERENCES

1. Henderson W. Eicosanoids and platelet activating factor in
allergic respiratory diseases. Am Rev Respir Dis 1991;143:
$86-590.

2. Kaliner M. Mast cell mediators and asthma. Chest 1987;91:
171s-175s.

3. Gordon J, Burd P, Galli S. Mast cells as a source of
multifunctional cytokines. Immunol Today 1990;11:458-63.

4. Galli S. Biology of disease: new insights into “the riddle of
the mast cells.” Lab Invest 1990;62:5-33.

5. Peters S, Schleimer R, Naclerio R, et al. The pathophysi-
ology of human mast cells. Am Rev Respir Dis 1987;135:
1196-200.

6. Galli S. New concepts about the mast cell. N Engl J Med
1993;328:257-65.

7. Kay A. Provoked asthma and mast cells. Am Rev Respir
Dis 1987;135:1200-3.

8. Schleimer R, MacGlashan D, Schulman E, et al. Human
mast cells and basophils: structure, function, pharmacology
and biochemistry. Clin Rev Allergy 1983;1:327-41.

9. Schwartz L. Mast cells and basophils and their mediators.
In: Lachman PJ, Peters DK, Rosen FS, Walpond MJ, eds.
Clinical aspects of immunology. 5th ed. Boston: Blackwell
Scientific, 1993:549-93.

10. Tsai M, Takeishi T, Thompson H, et al. Induction of mast

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

J ALLERGY CLIN IMMUNOL
JUNE 1996

cell proliferation, maturation and heparin synthesis by the
rat c-kit ligand, stem cell factor. Proc Natl Acad Sci
1991;88:6382-6.

Gurish M, Ghildyal N, McNeil H, Austen F, Gillis S,
Stevens R. Differential expression of secretory granule
proteases in mouse mast cells exposed to interleukin 3 and
c-kit ligand. J Exp Med 1992;175:1003-12.

Mueller H, Purdon A, Smith J, Wykle R. 1-Alkyl-linked
phosphoglycerides of human platelets: distribution of ara-
chidonate and other acyl residues in ether-linked and diacyl
species. Lipids 1983;18:814-9.

Mueller H, O’Flaherty J, Green D, Samuel M, Wykle R.
1-O-alkyl-linked glycerophospholipids of human neutrophils:
distribution of arachidonate and other acyl residues in the
ether-linked and diacyl species. J Lipid Res 1984;25:383-8.
Suguira T, Nakajima M, Sekiguchi N, Nakagawa Y, Waku
K. Different fatty acid chain compositions of alkenylacyl,
alkylacyl, and diacyl phospholipids in rabbit alveolar mac-
rophages: high amounts of arachidonic acid in ether phos-
pholipids. Lipids 1983;18:125-32.

Fonteh A, Chilton F. Mobilization of different arachidonic
acid pools and their roles in the generation of leukotrienes
and free arachidonic acid during immunologic activation of
mast cells. J Immunol 1993;150:563-70.

Kramer R, Hession C, Johansen B, et al. Structure and
properties of a human nonpancreatic phospholipase A,. J
Biol Chem 1989;264:5768-75.

Murakami M, Kudo I, Inoue K. Eicosanoid generation
from antigen-primed mast cells by extracellular mammalian
14-kDa group II phospholipase A,. FEBS Lett 1991;294:
247-51.

Kramer R, Johansen B, Hession C, Pepinsky R. Character-
ization of a secretable phospholipase A, from human
platelets. Adv Prostaglandin Thromboxane Leukot Res
1990;20:79-86.

Murakami M, Kudo I, Suwa Y, Inoue K. Release of 14-kDa
group-1I phospholipase A, from activated mast cells and its
possible involvement in the regulation of the degranulation
process. Eur J Biochem 1992;209:257-65.

Lih-Ling L, Lin A, Knopf J. Cytosolic phospholipase A, is
coupled to hormonally regulated release of arachidonic
acid. Proc Natl Acad Sci 1992;89:6147-51.

Sharp J, White D, Chiou X, et al. Molecular cloning and
expression of human Ca®"-sensitive cytosolic phospho-
lipase A,. J Biol Chem 1991;266:14850-3.

Clark J, Lin L, Kriz R, et al. A novel arachidonic acid-
selective cytosolic PLA, contains a Ca?*-dependent trans-
location domain with homology to PKC and GAP. Cell
1991;65:1043-51.

Fujimori T, Murakami M, Kim D, et al. Immunochemical
detection of arachidonoyl-preferential phospholipase A,. J
Biochem 1992;111:54-60.

Murakami M, Kudo I, Umeda M, et al. Detection of three
distinct phospholipases A, in cultured mast cells. J Bio-
chem 1992;111:175-81.

Malaviya R, Malaviya R, Jakschik B. Reversible transloca-
tion of 5-lipoxygenase in mast cells upon IgE/antigen
stimulation. J Biol Chem 1993;268:4939-44.

Fonteh A, Chilton F. Rapid remodeling of arachidonate from
phosphatidylcholine to phosphatidylethanolamine pools dur-
ing mast cell activation. J Immunol 1992;148:1784-91.

Lewis J, Taylor R, Jones N, St. Clair R, Cornhill J.
Endothelial surface characteristics in pigeon coronary ar-
tery atherosclerosis. Lab Invest 1982;46:123-38.



J ALLERGY CLIN IMMUNOL
VOLUME 97, NUMBER 6

28.

29.

30.

31

32.

33

34.

35.

36.

Matsson L. Mast cell heterogeneity in oral mucosal sites in
the rat. Arch Oral Biol 1992;37:445-50.

Bligh E, Dyer W. A rapid method of total lipid extraction
and purification. Can J Biochem Physiol 1959;37:911-20.
Coffey M, Peters-Golden M, Fantone J, Sporn P. Mem-
brane association of active 5-lipoxygenase in resting cells.
Evidence for novel regulation of the enzyme in the rat
alveolar macrophage. J Biol Chem 1992;267:570-6.
Martinek R. Review of methods for determining inorganic
phosphorus in biologic fluids. J Am Med Technol 1970;32:
337-48.

Fonteh A, Bass D, Marshall L, Seeds M, Samet J, Chilton
F. Evidence that secretory phospholipase A, plays a major
role in arachidonic acid release and eicosanoid biosynthesis
by mast cells. J Immunol 1994;105:5348-446.

Hubbard W, Litterst C, Liu M, et al. Detection and
quantitation of eicosanoids by combined gas chromatogra-
phy-mass spectrometry. In: Walden TL, Hughes HM, eds.
Prostaglandin and lipid metabolism in radiation injury.
New York: Plenum Publishing Co., 1987:365-77.

Snedecor G, Cochran W. Statistical methods. Ames, lowa:
Iowa State University Press, 1978.

Laposata M, Kaiser S, Capriotti A. Icosanoid production can
be decreased without alterations in cellular arachidonate
content or enzyme activities required for arachidonate release
and icosanoid synthesis. J Biol Chem 1988;263:3266-73.
Murakami M, Kudo I, Inoue K. Molecular nature of
phospholipases A, involved in prostaglandin I, synthesis in
human umbilical vein endothelial cells. J Biol Chem 1993;
268:839-44.

37.

38.

39.

40.

41.

42,

43,

44,

Samet et al. 1341

Antoine C, Murphy R, Henson P, Maclouf J. Time-depen-
dent utilization of platelet arachidonic acid by the neutro-
phil in the formation of 5-lipoxygenase products in platelet-
neutrophil incubations. Biochem Biophys Acta 1992;1128:
139-46.

Sumida C, Graber R, Nunez E. Role of fatty acids in signal
transduction: modulators and messengers. Prostaglandins
Leukot Essent Fatty Acids 1993;48:117-22.

Naor Z. Is arachidonic acid a second messenger in signal
transduction? Mol Cell Endocrinol 1991;80:C181-C-186.
McPhail L, Clayton C, Snyderman R. A potential second
messenger role for unsaturated fatty acids: activation
of Ca®*-dependent protein kinase. Science 1984;224;
622-5.

Shinomura T, Asaoka Y, Oka M, Yoshida K, Nishizuka Y.
Synergistic action of diacylglycerol and unsaturated fatty
acid for protein kinase C activation: its possible implica-
tions. Proc Nat Acad Sci 1991;88:5149-53.

Wolf B, Turk J, Sherman W, McDaniel M. Intracellular
Ca®* mobilization by arachidonic acid. Comparison with
myo-inositol 1,4,5-triphosphate in isolated pancreatic islets.
J Biol Chem 1986;261:3501-11.

Wolf B, Pasquale S, Turk J. Free fatty acid accumulation in
secretagogue-stimulated pancreatic islets and effects of
arachidonate on depolarization-induced insulin secretion.
Biochemistry 1991;30:6372-9.

Abramson S, Leszczynska-Piziak J, Weissman G. Arachi-
donic acid as a second messenger. Interactions with GTP-
binding protein of human neutrophils. J Immunol 1991;147:
231-6.



