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Summary. Purified rat peritoneal and pleural mast cells preincu-
bated briefly with radioactively labeled fatty acid were treated
with A23187, which bypasses primary receptors in stimulating
exocytosis. An enhanced incorporation of fatty acid into phos-
phatidy! choline (PC) that occurred in parallel with histamine
release at 24-25 °C was observed and was initially proportional
to the total amount of histamine discharged. Enhanced PC label-
ing and histamine secretion were also proportional at tempera-
tures ranging from 17-37 °C. Both radioactive linoleic and
palmitic acids were incorporated selectively at the B-position of
the glycerol backbone of PC. PC labeling by [*H]choline was not
detectably different in control and stimulated cells, and phos-
phatidic acid did not exhibit selectively enhanced S-acylation.
Thus, the stimulated labeling in A23187-treated cells may occur
secondary to the action of a phospholipase A, that favors PC as a
substrate.

Other peritoneal cell types exhibit a very similar A23187-
stimulated selective labeling of PC. Therefore, autoradiography
has been used to provide a direct demonstration that in purified
preparations, mast cells are the principal cell type engaged in
A23187-elicited incorporation of fatty acid into PC. The efficacy
of this approach has relied on special procedures devised to
obtain significantly different autoradiographic grain densities be-
tween control and stimulated preparations that can be attributed
to differences in the level of [*H]palmitate-labeled PC.

Preliminary tests using compound 48/80 as a secretory stim-
ulus for mast cells have identified a similar selectively enhanced
PC labeling. In either case, however, consideration of possible
relationships between PC metabolism and the secretory process
are premature since they have not been tested directly.
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Introduction

The mast cell is highly specialized for releasing
stored macromolecules by exocytosis, and, in large
part through its secretory activity, it is presumed to
play an integral role in processes related to host
defense [34]. Further, it is potentially a favorable
experimental system for conducting studies of the
mechanism of exocytosis for two reasons: (1) Mem-

branes involved in discharge constitute a large frac-
tion of total cell membrane [23], and (2) appropriate
secretory stimuli lead to complete discharge in less
than 2 min such that related metabolic events may
be amplified and compressed in time to a sufficient
extent to enable detection above the basal meta-
bolic and biosynthetic activities of the cell.

A number of metabolic processes, especially
those involving amplified phospholipid metabolism,
have been studied in a variety of cell types, includ-
ing mast cells stimulated by agents known to induce
secretion. These processes include the enhanced in-
corporation and turnover of inorganic phosphate
and inositol in phosphatidyl inositol (PI) (5, 10, 13,
28, 40], a transient increase in diglyceride (DG) lev-
els possibly related to PI metabolism [32, 45], the
liberation of arachidonic acid and its subsequent
metabolism via the cyclooxygenase and lipoxy-
genase pathways [4], and the enhanced N-methyla-
tion of phosphatidyl ethanolamine (PE) [25, 26,
29, 38, 39, 43]. In most cases, however, these
processes have been shown either to be more inti-
mately related to the proximal interaction of pri-
mary stimuli with the cell surface than with the ter-
minal discharge of secretion [40] or to be dissociable
from membrane fusion events such as exocytosis
[24, 31, 40].

In the studies reported in this paper we have
sought to focus on phospholipid effects that might
relate to the actual interaction of secretion granule
and plasma membranes during exocytosis in mast
cells. At the outset we have used experimental con-
ditions designed to avoid alterations in lipids that
appear to require stimulation of primary surface re-
ceptors. Our working hypothesis, similar to that of
others [e.g., 32, 38, 49] is that phospholipase A,
action may induce focal perturbations of membrane
structure and thereby facilitate reorganization and
establishment of continuity between bilayers in re-
gions where they are closely apposed. The follow-
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ing strategies and findings directly influenced the
design of the studies conducted.

1) Cell stimulation has been performed initially
and most extensively using the calcium ionophore
A23187. Although analogies between ionophore
action and physiological processes leading to in-
creased intracellular calcium activities are question-
able, it has been shown, first, that A23187 will in-
duce exocytosis [12] and, second, that discharge is
obtained without enhanced N-methylation of PE
(25), a process observed when mast cells are stimu-
lated with immunoglobulin E (IgE) [29].

2) Cells have been incubated during experi-
ments at 24-25 °C as a further attempt to reduce the
complexity of lipid metabolic events occurring with
stimulation. Under these conditions amplified *?P-
inorganic phosphate incorporation in mast cell
phospholipids treated with I1gE, compound 48/80,
concanavalin A, or A23187 is either reduced (for
phosphatidic acid (PA)) or largely disappears (PI,
phosphatidyl choline (PC)) [31] even though dis-
charge of histamine is readily observed [33, 60].

3) Due to the apparent inability to detect in-
creased levels of lysophosphatide upon secretory
stimulation (in exocrine pancreas [52], parotid and
mast cells (our own unpublished findings)), we have
assumed that there may be rapid repair of phospho-
lipids by reacylation and have sought to detect this
activity, We show that the labeling of PC at the 8-
position of the glycerol backbone by either radioac-
tive linoleic or palmitic acids is selectively en-
hanced and parallels histamine discharge in
stimulated mast cells.

4) Although arachidonic acid has been studied
widely as a fatty acid that is incorporated by ex-
change into phospholipids [64] and liberated in re-
sponse to stimulation [34, 46], we sought in charac-
terizing the enhanced acylation to avoid possible
complications that might arise from secondary me-
tabolism of arachidonate-labeled phospholipid.

5) The observation that enhanced incorporation
of palmitic acid also is selective for the B-position of
PC has made possible an autoradiographic demon-
stration that ionophore-stimulated labeling occurs
in mast cells. We show that palmitate-labeled PC
can be selectively retained during processing of
specimens for microscopy to such an extent that
grain density differences observed between control
and stimulated preparations can be inferred to re-
flect differences in the cellular content of labeled
PC.

6) Finally, we present preliminary evidence in-
dicating that compound 48/80, a secretory agonist
operating at the mast cell surface [41], induces an
enhanced selective acylation of PC analogous to
that observed with A23187.
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Materials and Methods

PREPARATION OF CELLS

Cell suspensions obtained by peritoneal and pleural lavage (pH
6, phosphate-buffered saline [59]) of male Sprague-Dawley rats
225-250 g (Charles River Suppliers, Wilmington, MA) sacrificed
by decapitation were used either for mast cell purification or as
an unfractionated population. Mast cells were purified on Ficoll
discontinuous gradients according to Uvnas [59] and were
washed free of Ficoll and stored (0 °C; <2 hr) in a solution con-
taining 4 mg/ml glucose, 1 mg/m! bovine plasma albumin (BPA),
145 mm NaCl, 2.7 mm KCl, 1.8 mm CaCl,, 1 mm MgCl,, 6.6 mmM
Sorensen phosphate buffer pH 7. Mast cell yield and purity de-
termined using a hemocytometer were 1.2-1.7 x 10 cells per
animal and 90 * 7%, respectively. Unfractionated cells used in
some experiments were harvested by centrifugation (100 x g, 3
min) and washed and stored in the same medium; cell density
and mast cell content (5-10%) were determined using a hemocy-
tometer.

Prior to experimental incubations cell suspensions were
washed free of albumin by centrifugation (3 times at 350 X g, 2
min) in 145 mMm NaCl, 2.7 mm KCl, 1.8 mMm CaCly, 1 mm MgCl,,
6.6 mM Sorensen phosphate buffer at pH 7.0, 4 mg/ml glucose,
and 1 mg/mi gelatin (referred to as suspension medium). The cells
were resuspended in this medium at a concentration of 7.5-9.0 x
109 cells/ml.

PREPARATION OF FATTY AcCID
CONTAINING MEDIA

Labeled fatty acids (0.4 mM [“C] or 2 mm [*H] in ethanol) were
diluted to a final concentration of 2.3 x 107% M in 145 mM Na(l,
2.7 mm KCl, 1.8 mM CaCl,, 6.6 mm Sorensen phosphate buffer
at pH 7.0 containing 4 mg/ml glucose and 0.048 mg/ml defatted
bovine serum albumin (~3:1 molar ratio of fatty acid to al-
bumin). This medium was used in studies examining the extent of
association of fatty acid with cells, the incorporation of fatty acid
into specific lipids, and the autoradiographic detection of stimu-
lus-enhanced labeling of PC. Unlabeled fatty acids were substi-
tuted at the same concentration in cell samples used for measur-
ing release of histamine and leakage of lactate dehydrogenase.

INCUBATION AND PROCESSING
OF CELL SUSPENSIONS

Incubations were carried out at 24-25 °C (except where tem-
perature was an experimental variable) in a constant temper-
ature recirculating water bath. Aliquots of cell suspension (55 ul,
4.5-5 x 10° cells) were preincubated 2 min in 1.5 ml polypropyl-
ene tubes; 44 ul fatty acid medium was then added followed |
min later by 1 ul ethanol (control) or 1 ul A23187 (7 X 107> M in
ethanol; stimulated) to start incubations that ranged in time from
10 sec to 9 min. Where compound 48/80 was used as a secretory
stimulus, suspension medium alone (control) or supplemented
with 48/80 (stimulated, final concentration 4 pg/ml') replaced eth-

UThe dose of compound 48/80 used (4 ug/ml) was chosen
based on a preliminary dose-response experiment where hista-
mine release was tested for mast cell preparations incubated at
25 °C, Stimulation has no apparent effect on cell integrity as de-
termined by examining the leakage of LDH.
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anol or A23187. The preparation of specimens for autoradiogra-
phy and the parallel evaluation of the selective retention of la-
beled PC required larger samples. In this case cell suspensions
contained 2.0-2.2 X 10° mast cells in 220 ul to which 178 wl fatty
acid medium and 2 ul either ethanol or 1.4 X 104 M A23187 were
added,

Incubations were terminated according to the ultimate use
of each sample.

a) Estimation of Total Cell-Associated Fatty Acid

Samples were cooled to 0 °C, and the cells were rapidly sedi-
mented by centrifugation (350 X g, 2 min). 50 wl of supernatant
fluid was removed and saved at —20 °C for scintillation counting
along with the cell pellet suspended in the remaining 50 ul of
medium.

b) Fatty Acid Incorporation into Specific Lipids

2 ul of 200 mm EDTA was added, and the sample was immedi-
ately frozen in liquid nitrogen. Samples were stored at —20 °C
until subjected to lipid extraction and thin-layer chromatography
(TLC).

¢) Autoradiographic Detection of Labeled PC

The procedure developed is discussed in a separate section of
Methods below.

d) Lactate Dehydrogenase (LDH) Leakage

Processing by cooling and centrifugation was the same as for b.
80 ul of the supernatant fluid was removed for determination of
released LDH activity. Cell-associated activity was calculated
from the total activity of the cell pellet resuspended in the re-
maining supernate.

e) Release of Histamine

50 ul of each incubation sample was pipetted onto a microfiltra-
tion unit (prepared individually for each sample) outfitted with a
Millipore filter (0.45 um porosity). A cell-free filtrate averaging
35 ul was recovered in 400 ul polypropylene tubes within 5 sec
under reduced pressure. 25 ul of filtrate and the remaining 50 ul
of unfiltered cell suspension were both diluted to 1 ml with 0.1 N
HCI and assayed for released and total histamine, respectively.
Independent tests using standardized histamine solution indi-
cated that the filtration devices caused no detectable change in
histamine concentration. The filtration procedure did not resuit
in detectable damage to cells since the activity of LDH in the
filtrate was the same as that found in the supernatant fluid when
mast cells were processed as in d.

In more than half of the experiments reported (reflecting the
availability of adequate numbers of cells) incubations testing the
incorporation of fatty acid and the release of histamine were
carried out in duplicate; the duplicates in most cases showed
agreement within 10%.

For studies of choline incorporation into PC, mast cells
were preincubated 1 hr in suspension medium containing 2 mm
[*H]choline (specific radioactivity 30 uCi/umol). After prelabel-
ing, the cells were transferred directly to 25 °C and following a 3-
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min temperature equilibration were incubated for 0—15 min in the
presence and absence of A23187. At timepoints samples were
taken for lipid extraction and TLC and for measuring the extent
of histamine release.

EXTRACTION OF LIPIDS AND
THIN LAYER CHROMATOGRAPHY

Lipids were extracted into organic solvent from cell suspensions
that were adjusted to 0.2 ml with 0.15 M NaCl [7]. The methanol-
aqueous phase was re-extracted with chloroform and unlabeled
standards (LPC, SPH, PC, PE, PS, PI. PA and linoleic acid for
phospholipid chromatography or mono-, di-, triglyceride, lino-
leic acid and cholesterol for chromatography of neutral lipids)
were added to the pooled extracts, Extracts were dried under
reduced pressure, and the residues were dissolved in 20 ul of N.-
saturated chloroform and spotted for TLC.

Phospholipids were resolved by two-dimensional TLC on
silica gel 60 plates (10 x 10 cm, E. Merck) using CHCL:/CH;OH/
H,O/NH; (90:54:5.5:5.5) followed by CHCI:;/CH;OH/
CH,COOH/H,0 (90:40: 12:2) [47]. Neutral lipids were resolved
by one-dimensional TLC on silica gel G (10 x 20 cm plates, hard
layer; Analtech) in CHCL/(CH;),CO (9: 1) [18]. Lipids were vis-
ualized by exposure to I, vapors, and the spots were either
scraped directly for scintillation counting or scraped following
autoradiography on X-ray film. Scrapings were mixed with 200
ul of water and 4.8 mi Liquiscint (National Diagnostics), stored
>12 hr for lipid elution from the silica, and counted in a Beckman
LS-250 liquid scintillation spectrometer. Using this protocol, it
was possible to recover 95% of the radioactivity present in a
standard sample of ["*C(U)] oleate-tabeled PC.

PRrROCESSING OF MAST CELL SUSPENSIONS
FOR ANALYSIS OF THE POSITIONALITY
OF GLYCEROL ACYLATION IN PC AND PA

Samples containing =2.5 X 10® mast cells incubated with radio-
active fatty acid in the presence or absence of A23187 were
subjected to lipid extraction [6, 7]. Small samples were saved for
two-dimensional TLC to provide estimates of recovery of the
individual phospholipid species. The remaining extracts were
supplemented with 30 nmol of the appropriate nonradioactive
phospholipid (PC or PA) and subjected to two-dimensional TLC.
PC and PA were located by a 5-sec exposure to I, vapor [16],
eluted (4 hr, 25 °C with shaking) into 1 ml of either chloroform/
methanol/water (60 : 20 : 4) for PC or chloroform/methanol/acetic
acid/water (50:20:7:3.5) for PA, dried. and redissolved in chlo-
roform. 30 nmol nonradioactive PA was added to the radioactive
PC eluate and ~30 nmol nonradioactive PC added to the labeled
PA in order to promote approximately uniform hydrolysis during
phospholipase digestion. Traces of silica gel were removed by
centrifugation, and the samples were dried. and each was resus-
pended in 200 i 75 mm MOPS at pH 7.2 containing 5 mm CaCls.
18 ng of phospholipase A, (E.C.3.1.1.4, purified from rabbit
parotid gland and shown to have absolute specificity of cleavage
at the glycerol g-position [11]) and 300 ul of diethyl ether [65]
were added, and incubation at 27 °C was carried out for 12 hr.
Following evaporation of ether, the digests were extracted and
lysophosphatides, residual phospholipids, and free fatty acid
were resolved by TLC [44] and the distribution of radioactivity
was determined. Radioactivity reflecting a-position acylation of
the original PC (or PA) comigrates with LPC (or LPA), whereas
that representing S-position acylation migrates with free fatty
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acid. Together with radioactivity remaining as unhydrolyzed
phospholipid, these values provide an estimate of extent of hy-
drolysis. By taking into account the overall recovery of radioac-
tive phospholipid subjected to positional analysis and the extent
of hydrolysis for each sample, control and stimulated prepara-
tions were compared for enhanced labeling at each of the acyla-
tion positions on the glycerol backbone.

PROCESSING OF INCUBATED MAsST CELLS
FOR AUTORADIOGRAPHY

The following series of steps has been used to prepare [*H]palmi-
tate-labeled mast cell suspensions incubated 1.0 or 1.5 min at 24
°C in the presence or absence of 0.7 um A23187 for autoradiogra-
phy to detect cells exhibiting enhanced labeling of PC. For steps
1~7 the temperature was maintained at —3 to —5 °C in an ice-salt
water slurry; steps 9-13 were carried out at 0 °C.

1. Incubation was terminated by dilution with 3 ml suspen-
sion medium containing 20 mg/ml defatted BSA.

2. Within 1 min, the diluted suspension was layered in coni-
cal glass tubes over 1 ml 6% Ficoll 400 in suspension medium
containing 10 mg/ml defatted BSA and spun in a centrifuge (3
min, 400 X g) to completely pellet the cells.

3. The pellets were resuspended in 6% glutaraldehyde, 2%
formaldehyde, 0.1 M sodium cacodylate (pH 7.3) for 90 min.

4. The cells were pelleted 2 min at 350 X g (these centrifu-
gation conditions are used in all subsequent steps where solu-
tions are changed).

5. Unreacted aldehydes were quenched by resuspending
the cells for 20 min in 0.15 M Tris, pH 7.4.

6. The cells were treated with eight successive cycles, each
involving resuspension for 10 min in 10 mg/ml fatty acid poor
BSA in 0.1 M cacodylate, pH 7.3, followed by resedimentation.

7. The cells were washed free of BSA in 0.1 M cacodylate,
pH 7.3.

8. The samples were suspended in cacodylate-buffered
1.5% (wt/vol) tannic acid (pH adjusted to 7.3) and treated for 2.5
hr.

9. Tannic acid was removed by seven successive washes
with | ml 0.1 M cacodylate buffer, pH 7.3.

10. The samples were suspended and post-fixed for 60 min
in 2% osmium tetroxide in 0.1 M cacodylate.

11. The cells were washed three times (1 ml each) in 0.15 M
sodium acetate, pH 7.2, and subsequently stained 1 hr in 0.5%
(wt/vol) magnesium uranyl acetate in the same buffer.

12. Following two washes in 1 ml acetate buffer the sam-
ples were dehydrated in acetone: 2 X 10 min in 70% aqueous
acetone; 1 x 10 min in 95% acetone; 2 X 10 min in 100% acetone.

13. The cells were suspended and maintained 1 hrina 1:1
(vol/vol) mixture of acetone and Epon 8§12 [36].

14. The cells were suspended in Epon 812; after 15 min
they were packed as a loose pellet by centrifugation and main-
tained 6 hr at 4 °C.

15. The cells were repelleted, resuspended in fresh Epon,
maintained 60 min at room temperature, and spun to the tips of
embedding capsules by centrifugation (2 min, 8000 x g).

16. The embedded samples were polymerized for 48 hr at
70 °C.

For autoradiography, sections (0.25-0.5 pum) of embedded
cell pellets were mounted on glass slides, coated with photo-
graphic emuision [51] and stored (1-4 weeks at 4 °C) in desic-
cated boxes. The autoradiograms were developed in Kodak D-19
[9] and briefly stained with 1% methylene blue in sodium borate
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[44]. In each autoradiographic experiment sections from three
different samples of both control and A23187-treated prepara-
tions were photographed using a Zeiss photomicroscope and
printed for analysis at a final magnification of X 1125. For quanti-
tation the surface area of each cell section was measured and the
number of overlaying autoradiographic grains was counted.

OTHER ASSAYS

Histamine was assayed according to a modification [48] of the
fluorometric procedure of Shore et al. [54].

Lactate dehydrogenase (LDH) was determined on aliquots
of cell-free medium and mast cell suspension both dissolved and
diluted with 0.25% Triton X-100 in 0.1 M potassium phosphate,
pH 7.2, using as substrate 0.3 mm reduced nicotinamide adenine
dinucleotide and 4 mMm sodium pyruvate [52].

MATERIALS

Ficoll 400 was obtained from Pharmacia; gelatin from Difco Lab-
oratories; bovine plasma albumin Fraction V from Reheis Chem-
ical Co.; defatted bovine serum albumin from Miles [.aborato-
ries; unlabeled fatty acids were obtained from Nuchek and Sigma
Companies; compound 48/80 was purchased from Sigma and tan-
nic acid from Mallinkrodt. Radioactively labeled fatty acids
((“Cllinoleic acid, 900 mCi/mmol; [“C(U)]oleic acid, 990 mCi/
mmol; (“C(U)]palmitic acid, 610 mCi/mmotl; [9,10-*H]paimitic
acid, 12.3 Ci/mmol; and [*H]choline, 80 Ci/mmol (1 Ci = 3.7 x
10" becquerel)) were purchased from New England Nuclear.
The calcium ionophore A23187 was the generous gift of Dr. Ro-
bert L. Hamill, Eli Lilly Research Laboratories. All other chemi-
cals and solvents were reagent grade.

Results

THE DISCHARGE OF HISTAMINE
BY MasT CeLLS AT 25 °C

A23187-dependent discharge of histamine by puri-
fied mast cells typically observed at 24-25 °C is
shown in Fig. 1. Release increases by 1-2% in con-
trols over the 9-min incubation and ranges between
3 and 8% of the total histamine. Discharge by stimu-
lated preparations characteristically reaches a level
of 25-30% above control (substantially lower than
that customarily observed at 37 °C [19]). The initial
rate of discharge and the extent to which the rate
decreases after the first 3 min is variable from ex-
periment to experiment.

In order to confirm that the treatments—etha-
nol and A23187 in the presence of ethanol—cause
minimal damage to mast cells, parallel samples
were assayed for leakage of cytosolic LDH activity.
The control and stimulated preparations were indis-
tinguishable; in each case >96% of the LDH was
cell-associated at the onset of incubation while
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Fig. 1. The discharge of histamine by purified mast cells in the
presence (stimulated) and absence (control) of 0.7 um A23187 at
24 °C. These data constitute one of a series of six experiments in
which progressive histamine release and phospholipid labeling
were examined in parallel

>95% of the activity was retained by cells after 8
min.

THE INCORPORATION OF RADIOACTIVE
FatTtYy AcID INTO CELLULAR LIPIDS

When samples of purified mast cells (each contain-
ing 4 X 10° cells) were incubated in the presence of
1 uM ["“Cllinoleic acid, ~40% of the label was
bound and thus sedimentable by centrifugation.
Binding did not vary significantly as a function of
cell stimulation or time of incubation. Based on the
known average surface area of the plasma mem-
brane of a rat peritoneal mast cell [23], we estimate
that the level of cell-associated exogenous fatty acid
corresponds to one molecule per 30 phospholipid
molecules present in the plasma membrane. This
level of fatty acid constitutes a probe rather than a
perturbant of membrane properties especially since
the fatty acid is not expected to remain at the
plasma membrane but to distribute rapidly among
cellular membranes [56].

The incorporation of ['*C]linoleate into cellular
lipids has been followed for periods of time ranging
from 10 sec to, in most cases, 6 min after the addi-
tion of ethanol or A23187. In all cases incorporation
into phospholipid and neutral lipid combined was
less than 10% of the linoleate added. Autoradiogra-
phy of thin-layer chromatograms identified all lipid
species for which labeling was detectable. Quantita-
tive results (one of six experiments) focusing on
phospholipids and neutral lipids that exhibit either
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Fig. 2. Time course of labeling of mast cell lipids with {"“Cllino-
leate in the presence {(srim) and absence (cont) of A23187 at
24°C. (a): Incorporation into the phospholipid species that show
the most significant labeling with time. PE (not shown) generally
fabels to a much lower level and its labeling in stimulated sam-
ples decreases with time relative to that in controls. (6): Plot of
the difference in absolute levels of labeling between stimulated
and control preparations as a function of time. (c): Incorporation
of [“Cllinoleate into neutral lipids. (&): Incorporation of
“CTlinoleate into total phospholipid and total neutral lipid as a
function of time

substantial labeling or notable changes in labeling
with stimulation are presented in Fig. 2. The incor-
poration is expressed as total molecules per sample
(calculated from the measured disintegrations per
minute and the specific radioactivity of the fatty
acid) according to the assumption that existing fatty
acid pools in the cells are negligibly small relative to
the amount of exogenously added fatty acid [56].
This assumption is supported by the observation
that the levels of incorporation of fatty acid into
individual phospholipids are essentially unchanged
when the linoleate concentration is doubled or
halved (not shown). The major effect of the
ionophore is to stimulate selectively the labeling of
PC. In control preparations the labeling of PC in-
creases linearly, represents 39-43% of the total ra-
dioactive phospholipid (calculated from Fig. 2a and
d), and is presumed to reflect turnover. By con-
trast, incorporation into PC in A23187-treated sam-
ples initially increases relative to control (Fig. 2a
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Table 1. Labeling of mast cell phospholipids + A23187

A. [*Hlcholine incorporation into phosphatidyl choline®

Incubation time DPM control DPM stimulated

(min)

0 12830 13740
0.5 11680 11630
1 12700 12400
3 12180 13100

B. Fatty acid incorporation into individual phospholipids

Species [“C]palmitate [“C]linoleate
Control Ab Control Ab

LPC 47 42 33 13
SPH 678 114 380 3
PC 456 2020 1522 1824
PS, PI 99 31 275 218
PA 684 227 719 182
PE 422 63 332 86

C. Position specificity of acylation in PC and PA

Sample, Phosphatidyl choline
fatty acid
% Label® DPM stim LPC¢ DPM stim FFA¢
LPC FFA SD DPMcont LPC  DPM cont FFA
Control,
palmitate 387 613 38 23=x1.1 55+ 1.9
Stimulated,
palmitate 20.0 80.0 3.0
Control,
linoleate  17.1 829 4.7 13+03 1.7 £ 0.4
Stimulated.

linoleate 13.5 86.5 3.7

Sample, Phosphatidic acid
fatty acid
% Label¢ DPM stim LPA¢ DPM stim FFA¢
LPA FFA SD DPMcont LPA  DPM cont FFA
Control,
palmitate 37.1 629 2.0 1.0=0.1 14 £0.4
Stimulated,
palmitate 30.0 70.0 6.3
Control,
linpleate 50.0 500 86 14=04 1.7 £ 0.6
Stimulated,

linoleate 45.8 542 59

2 Data in A are values obtained for samples containing equal numbers of
cells. In the absence of information concerning the choline and CDP-
choline pools of mast cells, values are given as DPM.

b A signifies the difference stimulated-control. All values shown in A rep-
resent molecules X 107° for 4.0 x 107 cells as calculated from the specific
radioactivity of the fatty acid used.

¢ Label in C expresses the distribution of radioactivity between the hy-
drolysis products of phospholipase A, action and thereby the «- and 8-
hydroxyl groups of the parent phospholipids. Standard deviations (SD) are
given for three determinations of positional labeling of PC and two for PA.
Note that labeling of PC and PA by palmitate in control preparations
slightly favors the 8-position. The molecular turnover presumed to lead to
labeling probably involves not only the entire phospholipid molecuje but
also a more rapid exchange of individual fatty acids especially at the 8-
position.

¢ DPM stim LPC/DPM cont LPC, DPM stim FFA/DPM cont FFA for PC
and DPM stim LPA/DPM cont LPA, DPM stim FFA/DPM cont FFA for
PA are ratios of radioactivity calculated for stimulated and control sam-
pies after correcting for differences in % enzymatic hydrolysis and recov-
ery of radioactivity. % enzymatic hydrolysis was 82 = 18 {x * sp) and
recovery was 80 = 11 (x + sp) for 20 experimental samples.
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and b), signifying enhanced labeling. Between 15
sec and 6 min radioactive PC increases from 40 to
63% of the total phospholipid label. Based on the
chemical content of PC per mast cell (~3.6 x 10°
molecules, determined by lipid extraction and quan-
titative TL.C of a known number of cells) it is possi-
ble to estimate that the maximal level of enhanced
incorporation (~1.7 X 10° molecules/cell) involves
=0.05% of the total cellular PC. Among the other
labeled phospholipids, PI exhibits slightly enhanced
incorporation in stimulated preparations, whereas
PA labeling is more variable and usually shows a
small decrease in the presence of A23187. The
results obtained from time points up to 3 min are
quite reproducible from experiment to experiment
with the exception of the initial level of labeling of
PA which fluctuated between the level shown in
Fig. 2a and half that level. For incubations extend-
ing beyond 3 min, some variability was observed in
the level of labeling of all phospholipid species in
stimulated preparations. In most cases (four out of
five experiments in which incubation was extended
to 6 min or longer) differences between contro! and
stimulated samples either stabilized or decreased
(Fig. 26 and d) past 3 min.

Figure 2c¢ shows that labeled triglyceride is
maintained at a uniform, rather high level through-
out the incubation (presumably following a rapid
initial acylation of diglyceride) and that large differ-
ences in labeling of neutral lipids between stimu-
lated and control preparations are not observed.

Preparations were also checked for radioactiv-
ity that did not partition into the chloroform phase
during lipid extraction. The small amount of label
found in the combined methanol-aqueous phase and
protein interface solely constituted free fatty acid
(identified by TLC after inducing its partition into
CHCI; by mild acidification).

METABOLIC PATHWAYS RELATED
TO THE ENHANCED LABELING OF PC

Two studies have been carried out in evaluating the
possible pathways for enhanced labeling of PC.
First, we tested whether radioactive choline incor-
poration into PC was increased in A23187-treated
cells as a way of estimating the contribution made
by the reaction of diglyceride with CDP-choline.
Mast cell suspensions were preincubated 60 min at
37 °C with 2 mM [PHlcholine since previous studies
suggested that maximal labeling of the soluble cho-
line pools may be obtained under such conditions
[57]. Subsequently, incubations in the presence and
absence of A23187 were performed at 25 °C as in
other lipid labeling experiments. As shown in Table
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1A, there was no consistent or significant difference
in the amount of labeled PC between control and
stimulated samples over the same 3-min period
where enhanced fatty acid incorporation was con-
sistently observed. Although experimental ap-
proaches in which there is a substantial baseline of
PC labeling (as in the present case) may preclude
detection of minor changes in PC labeling, the in-
ability to observe any consistent trend suggests that
the synthesis of PC from CDP-choline and DG is
not amplified. Consequently, other mechanisms
should be considered to explain the stimulated PC
labeling observed with [“C]linoleate.

In the second study, we compared the posi-
tional specificity of esterification of the glycerol
backbone of PC and PA (the latter, a general precur-
sor in phospholipid biosynthesis) using [“C]lino-
leate and [“C]palmitate. Linoleate constitutes 11%
of the total detectable fatty acid of PC from mast cells
[58] and is incorporated primarily into the glycerol
B-position of mammalian phospholipids [1].
Palmitic acid constitutes 27% of the fatty acid of PC
from mast cells [58] and is typically located at the
glycerol a-position [2]. The results are presented in
Table 1B and C. Part B shows the distribution of
both labeled palmitate and linoleate among the
phospholipids that was obtained in one of three sim-
ilar experiments. The basic finding that A23187 se-
lectively stimulates incorporation into PC (as in Fig.
2) is confirmed for both fatty acids. In each of the
three experiments, the A incorporation (stimulated
minus control) for palmitate vs. linoleate into PC
were very similar although the level of labeling of
PC in the control was always lower for palmitate.
The absolute magnitude of A incorporation into PC
varied between the three experiments; however,
the variations were paralleled by variations in net
(stimulated-control) histamine release.

Part C of Table 1 summarizes the results of the
three analyses of positional incorporation of palmi-
tate and linoleate into PC and PA. In each case
the data are presented in two forms. First, the per-
centage distribution of label has been calculated,
taking 100% to be the sum of radioactivity asso-
ciated with the hydrolysis products LPC (or LPA)
and free fatty acid (FFA). The exteat of hydro-
lysis averaged 82% for all samples analyzed; con-
sequently, the label distribution between the pro-
ducts should generally reflect the positional label-
ing of the parent phospholipid. Second, the ratios
DPM stimulated LPC DPM stimulated FFA

DPM control LPC DPM control FFA
have been determined following corrections for
differences in percent hydrolysis and recovery of
radioactivity. Values significantly >1.0 indicate
enhanced incorporation in stimulated samples,
while the relative magnitudes of the lysophospha-
tide and fatty acid ratios aid in the evaluation

and
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of selective positional labeling. From the percent-
age distribution (% label) figures, it is evident
that A23187 treatment leads to little, if any, signifi-
cant change in the positional labeling of PA with
either fatty acid whereas PC exhibits a slight en-
hancement in B-position labeling by linoleate and
a dramatically enhanced incorporation into this
position with palmitate. In the case of linoleate,
increased B-position labeling of PC would be
expected regardless of whether the stimulation
mechanism entailed selective acylation or ampli-
fication of de novo synthesis [1, 8, 63]. However,
the major shift in distribution for PC labeling
observed using palmitate indicates, first, that the
ionophore-enhanced incorporation strongly favors
the B-position and, second, that the putative acyl
transferase appears to use the most abundant
substrate [8]. The stimulated/control labeling ra-
tios for lysophosphatide and fatty acid shown in
Table 1 support these observations, since for PC
DPM stimulated FFA DPM stimulated LPC
DPM control FFA DPM control LPC

and further illustrate two additional features of the
labeling process. First, since the ratios observed for
products of PA hydrolysis are not significantly dif-
ferent and both close to 1.0, A23187-induced
changes in PA labeling typified by Fig. 2 probably
involve the whole PA molecule. Second, in the case
of PC, although the FFA ratio is significantly higher
than that for LPC, the LPC ratio is >1.0, suggesting
that a-position labeling may have been stimulated to
a small extent. a-position labeling may reflect either
the biosynthesis of PC from PA through DG, which
went undetected in the choline incorporation exper-
iment, or a minor direct «-acylation of 8-lysophos-
phatidyl choline. Overall, this second study pro-
vides the strongest evidence that A23187-enhanced
B-position labeling of PC occurs by a mechanism
distinct from pathways involving PA as a biosyn-
thetic precursor.

CORRELATION OF HISTAMINE RELEASE
AND PC LABELING

Comparison of Figs. 1 and 2 indicate that histamine
release and ionophore-enhanced labeling of PC pro-
ceed in parallel. To check whether these processes
could be correlated quantitatively, a plot was con-
structured of histamine release vs. A incorporation of
linoleate in PC using the data of six separate experi-
ments. The results shown in Fig. 3 appear to fall
into two categories. First, data from samples incu-
bated up to and including 3 min appear linearly re-
lated; linear regression analysis gives a line (shown
in the figure) with a correlation coefficient of 0.89.
Data obtained from samples incubated longer than 3
min form the second category and are more scat-
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Fig. 3. Correlation plot of enhanced (stimulated minus control)
incorporation of ['*Cllinoleate into phosphatidyl choline vs. the
net (stimulated minus control) histamine release for mast cell
preparations. The data expressed as molecules of labeled PC and
wg of released histamine for samples of identical size have not
been normalized either per cell or on a percent population basis
in order to avoid any implicit assumptions that the cells are
uniformly responsive to the stimulus. Data were obtained in six
separate experiments (each indicated by a different symbol) in
which mast cell preparations exhibited different degrees of pu-
rity: @, 87%; A, 82%; W, 86%; O, 91%; ¢, 95%; [, 93%. The
numbers next to each data point indicate the time of incubation
in seconds after addition of A23187 or ethanol. Linear regression
analysis of all results obtained for =3 min incubation (n = 19)
yielded the solid line (correlation coefficient = 0.89)

tered about the correlation curve. At these more
extended timepoints, we have observed that the
overall incorporation of fatty acids in stimulated
preparations is variably sustained or decreased and
that the rate of histamine release declines to differ-
ent extents from experiment to experiment; no sys-
tematic change in the relationships of two processes
is apparent.

To test the correlation further, histamine re-
lease and enhanced linoleate incorporation into PC
were compared at different temperatures—17, 25,
30 and 37 °C. An incubation time of 1 min was cho-
sen to insure that the rapid phase of secretory dis-
charge would be examined at each temperature.
The results shown in Fig. 4 indicate that the two
processes proceed to proportionate extents over the
entire temperature range.

ENHANCED PC LABELING IN A23187-TREATED
PERITONEAL CELLS

The data examined by correlation in Fig. 3 were
obtained in experiments in which mast cell purity
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Fig. 4. Comparison of enhanced PC labeling with [“Cllinoleate
and stimulated histamine release during | min incubation as a
function of temperature. The values plotted represent the differ-
ences observed between control and A23187-treated cells where
duplicate samples were tested both for histamine secretion and
fatty acid incorporation. The maximum discrepancy in the dupli-
cates was observed for the samples incubated at 24 °C, and the
range of the A values is indicated by vertical lines

varied from 82-95%. Since the ionophore can stim-
ulate calcium-mediated events in a variety of cell
types, the question arises as to the extent that cellu-
lar contaminants of the preparation could contrib-
ute to the observed labeling. Although the slope of
the correlation curve is insensitive to mast cell pu-
rity over the range studied (suggesting that contami-
nating cells considered as a group are not exclu-
sively involved in the process), the data cannot rule
out the presence of an individual cell type that as a
persistent contaminant could be responsible for the
enhanced fatty acid incorporation. Therefore, we
examined fatty acid incorporation using unfrac-
tionated peritoneal cells (containing only 5-10%
mast cells). The results obtained using 1.5 um
palmitic acid or 1 uM linoleic acid and 3 min incuba-
tion at 25 °C in the presence and absence of A23187
are shown in Table 2A. This experiment represents
one of four such studies and was carried out in par-
allel with that for purified mast cells (Table 1B and
(). Enhanced selective labeling especially of PC is
very similar in magnitude to that obtained for puri-
fied mast cells. Part B of Table 2 represents an anal-
ysis of the positional specificity of acylation of PC;
as in the case of purified mast cells, stimulated in-
corporation is highly specific for the 8-position.
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Tue LocarLizaTioN oF ENHANCED PC LABELING
T0 MAST CELLS

Since the preceding studies suggested that cell
types other than mast cells could be responsible for
the observed PC labeling, we sought direct evidence
of mast cell participation, For this purpose we have
devised a multiple-step processing procedure ap-
plied post-incubation (presented under Methods)
that leads to a selective retention of PC in cell sam-
ples, thereby enabling visualization by autoradio-
graphy of PC-dependent differences in labeling den-
sity between control and A23187-treated samples.

[*Hlpalmitate was used for fatty acid labeling
because it has a specific radioactivity suitably high
for autoradiographic studies and especially because
A23187 causes at least a fourfold increase in radio-
active PC over the levels observed in control sam-
ples. However, since most naturally occurring
phospholipids contain saturated fatty acid esterified
at the glycerol a-position [2], palmitate labeled
phospholipids in stimulated cells are expected to
contain two saturated fatty acid chains. Osmium
tetroxide will not crosslink and immobilize satu-
rated fatty acids; consequently, other means for re-
taining PC had to be explored.

The approach taken to preserve labeled PC in
fixed cells is based on a procedure developed by
Saffitz et al. [50] that employs tannic acid as a selec-
tive mordant for choline-containing phospholipids
[30]. Modifications have been introduced to insure
removal of labeled species other than PC to a level
sufficient to create a difference in autoradiographic
grain density between control and stimulated prepa-
rations ascribable to enhanced PC labeling. The
procedure has been validated by monitoring all so-
lutions for released radioactivity and by TLC of
lipid extracts of both partially processed cells and
processing solutions that contained significant
amounts of extracted label.

The Retention of Labeled PC
during Autoradiographic Processing

Table 3 shows the extent of extraction of total ra-
dioactivity (>98% free fatty acid) in the series of
processing solutions used to prepare cell samples
for autoradiography. Evidently the bulk (~90%) of
radioactivity is removed by step 1. In combination
principally with step 6, the cell-associated radioac-
tivity is reduced to ~2% of initial levels. 70% ace-
tone removes most of the remaining extractable ra-
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Table 2. Phospholipid labeling in peritoneal ceils (7% mast celis)

A. Fatty acid incorporation in the absence and presence of A23187

Species [**Clpalmitate 1.5 um [“Cllinoleate 1 um
Control At Control A2
LPC 106 6 105 131
SPH 591 134 338 34
PC 614 2516 900 1512
PS, PI 82 25 150 526
PA 162 66 162 64
PE 518 407 241 -1

B. Position specificity of acylation in PC

% Label® DPM stim LPCc  DPM stim FFA®

LPC FFA sp DPMcont LPC  DPM cont FFA

Control,
palmitate 29.4 706 2.5
Stimulated,
palmitate 5.9 941 0.1
Control,
linoleate 11.8 83.2 0.2
Stimulated,
linoleate 5.0 950 L5

0.9 x 0.1 59=19

2.8 0.7

2 A represents the difference stimulated-control. All values shown in A
represent molecules x 109 for 4.0 x 10° peritoneal cells as calculated
from the specific radioactivity of the fatty acid used.

b % Label in B refers to the distribution of radioactivity between the
hydrolysis products of phospholipase A; action and thereby the a- and
B-hydroxyl groups of the parent phospholipids. Standard deviations (SD)
are given for two determinations of positional labeling of PC.

< DPM stim LPC/DPM cont LPC, DPM stim FFA/DPM cont FFA are
ratios of radioactivity calculated for stimulated and control samples after
correcting for differences in % enzymatic hydrolysis and recovery of
radioactivity. For 8 experimental samples, % enzymatic hydrolysis was
94 = 8 (x = sD) and recovery was 82 = 6 {x = sD). As in Table 1C a ratio
significantly >1.0 indicates enhanced positional labeling.

dioactivity, and the considerably smaller amounts
of label extracted in more concentrated acetone
suggests that cell-associated free fatty acid had
been reduced to very low levels.

Table 4A compares the distribution of
[*H]palmitic acid among lipid species resolved by
TLC from control and A23187-treated mast cell
preparations both initially (frozen in liquid nitrogen
before any processing) and just prior to tannic acid
treatment (step 8). The results (corresponding to the
study reported in Table 3) were obtained with cell
preparations that had been incubated in 0.3 uMm
[*H]palmitate; higher concentrations of fatty acid
(0.5, 0.8 umM) used in two separate experiments gave
very similar distributions of radioactivity. Evi-
dently, the retention by the cell samples of labeled
PC is excellent while other phospholipids are varia-
bly retained. The loss of PA, which constitutes the
largest contribution to phospholipid labeling in con-
trol samples, is negligible. Radioactivity associated
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Table 3. The distribution of radioactivity in processing solutions
during preparation of mast cells for autoradiograhy

Processing  Solution Percent total label

step?
Control  Stimulated
1,2 Incubation medium + 20
mg/ml BSA diluent +
6% ficoll solution 89.7 89.7
3 Aldehyde fixative 3.3 3.1
S Tris quench 0.4 0.4
6 BSA (10 mg/ml) washes 3.9 3.6
7-9 Cacodylate buffer +
tannic acid 0.5 0.3
11 Acetate buffer +
magnesium uranyl acetate 0.4 0.4
12 70% Acetone 0.8 0.7
12 95% Acetone 0.1 0.1
12 100% Acetone 0.08 0.08
13 Acetone-Epon 812 0.05 0.08
Label retained by mast
cells® <0.7 <1.6

2 Step numbers correspond to those listed in Methods. OsO,
fixative (step 10) contained a negligible amount of radioactivity.
b Label retained by mast cells is a projected value for specimens
at the end of processing. The measurement of cell-associated
radioactivity was not directly determined past step 8.

with PS + PI and at the origin are only slightly
reduced, whereas major decreases are observed for
label at the level of SPH and PE and for LPC (al-
though in the latter case the total radioactivity in
question is rather small). In three different experi-
ments we observed that most of the radioactivity
associated with SPH was removed from the cells
(and could be identified in extracts of the processing
solutions by TLC) during step 6. Thus the level ob-
served in the pre-tannic acid sample probably accu-
rately refiects the actual amount of this species re-
maining with the cells?>. For PE approximately half
the amount appearing to be lost from the cells is
recovered in the dilution medium of the first step.
The remainder may have been crosslinked during
aldehyde fixation to other cellular components and
thereby rendered not extractable into CHCl;.

2 We cannot provide an explanation for the extraction into
BSA-containing solutions of cell-associated radioactivity tenta-
tively identified as SPH. Intact phospholipids such as SPH have
very low solubilities in aqueous media and characteristically do
not exhibit strong interactions with BSA. For our present pur-
poses, the extraction is fortunate since it reduces the level of
labeled species other than PC remaining associated with the
cells.
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Table 4.

A. Distribution of [*H]palmitic acid among mast cell lipids®

1.5 min incubation

Species Control Stimulated
Initial Pre-tannic Initial Pre-tannic
acid acid
Origin 328 402 348 282
LPC 342 102 863 116
SPH 8160 488 8440 787
PC 5046 4907 (97%) 32714 30135 (92%)
PS, PL 805 688 988 659
PA 8696 8896 9058 8110
PE 3155 112 3338 113
Fatty acid +
Neutral lipid 1353908 24821 (1.8%) 1296498 24286 (1.9%)

B. Projected label distribution for mast cell samples post-processing
based on TLC of processing solutions (steps 9-~12)

Species Control Stimulated
Origin 296 214
LPC 68 44
SPH 339 634

PC 4476 (89%) 28609 (87%)
PS, PI 565 627

PA 8495 7922

PE 88 62
Fatty acid +

Neutral lipid <1000 <2000
Expected % PC 29 71

DPM Stimulated 2.6
DPM Control

2 All values represent average disintegrations per minute for duplicate
samples from the same experiment. The duplicates agreed with each other
within 10-15%. Values in parentheses indicate the extent of retention of
the species relative to the initial sample. Based on the efficiency of TLC
extraction for fatty acid (average = 70%), the values for fatty acid shown
in A are ~70% of what is actually expected in cells at this stage of process-
ing. An accurate estimate of the distribution of radioactivity among lipid
species is critical in establishing whether autoradiography can be used to
detect enhanced PC labeling in mast cells. We have carried out the follow-
ing procedure in completing this projection, especially with regard to the
final level of radioactive fatty acid associated with cellular specimens. (1)
Processing solution generated by steps 9--12 were subjected to lipid ex-
traction and TLC; (2) radioactivity associated with individual lipid species
was determined; (3) the results were summed for all species and the
recovery of the total radioactivity present in the initial processing solution
was calculated. Although incomplete recoveries are likely to reflect selec-
tive loss of free fatty acid, the missing radioactivity was divided among
individual species in proportion to their levels assayed from the TLC
plate. In this way the projection shown reflects the maximal expected loss
of phospholipids and the minimal expected loss of fatty acid.

The label distribution shown in Table 4A is con-
sidered to be comprehensive since systematic
scraping, elution, and scintillation counting of the
entire silica surface of chromatograms failed to
identify radioactivity in unexpected regions. How-
ever, the recovery of radioactivity through TLC of
the extracts.of processing solutions averaged only
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Fig. 5. Light microscope autoradiograms of mast cells labeled with [*H]palmitate and exposed for 14 days. (a): Control preparation
predominantly showing intact mast cells exhibiting little evidence of exocytosis and generally low levels of overlying autoradiographic
grains. Two enlarged cells (*) (referred to as damaged or swollen in the text) can be seen. (b): Preparation that has been stimulated with
A23187. Evidence of discharge indicated by numerous images of partially dispersed granule content within membrane-bounded pockets
can be seen in many cells. Generally the autoradiographic grain density is higher than in a, especially over many of the discharging
cells. Again, expanded and broken (*) cells can be seen. Magnification a.b is X 1.100 (bar corresponds to 10 um)

~70%, due in large part to the incomplete extrac-
tion of free fatty acid into CHCl; ; consequently, the
values of radioactivity shown for fatty acid and neu-
tral lipid in Table 44 are likely to be underestimates.
These losses have also been taken into account in
Table 4B where the label distribution expected for
fully processed mast cell samples has been pro-
jected. Table 4 indicates that almost 90% of the ra-
dioactive PC has been retained in both control and
stimulated samples. Labeled PA is also very effi-
ciently retained (=90%), and we have not identified
ways of suppressing its labeling during incubation
or achieving its selective removal during process-
ing. Despite the retention of PA, the procedure
leads to a relative enrichment of labeled PC to the
extent that it represents an estimated 29 and 71% of
the total radioactivity, respectively, of control and
stimulated cells. Since we have shown that radioac-
tive fatty acid (specifically palmitate) is detected
nearly exclusively in species that are CHCI;-solu-
ble, the earichment allows the prediction that auto-
radiographic grains overlying mast cells in stimu-
lated preparations will be 2.6-fold higher in density
than those overlying cells in control samples if mast
cells are responsible for the enhanced PC labeling.

Autoradiographic Studies

Photomicrographs (from one of two experiments)
typifying the autoradiographic samples prepared in
parallel with the samples used for the TLC analyses
described above are presented in Fig. 5. Cells of
controls are replete with secretion granules (Fig.
5a) while those in stimulated preparations show im-
ages of extensive compound exocytosis (Fig. 55).
Autoradiographic grains overlay cell profiles almost
exclusively with very little background (extracellu-
lar) labeling. The number of grains associated with
A23187-treated cells is apparently higher than that
for unstimulated cells, thus supporting the conten-
tion that mast cells are responsible for stimulated
fatty acid incorporation into PC. Contaminating cell
types were rare in preparations used in the autora-
diographic studies. Where observed, such cells (pri-
marily lymphocytes and macrophages) occurred as
aggregates, and no obvious difference was visual-
ized in their degree of labeling between control and
stimulated preparations. In both types of samples
shown in Fig. 5 damaged cells constitute ~15% of
the overall population; they show either extensive
swelling or partially dispersed granules and are gen-



226

Table 5. Overall autoradiographic grain density for mast cell
preparations

Sample Cells Total Total area Grains/area
counted  grains  (mm?)
Control 194 719 27.85 25.8
Stimulated 113 955 18.41 51.9
Stimulated
Control 2.0

erally less heavily labeled compared to the rest of
the cells?.

We carried out two types of quantitative mea-
surements on the autoradiograms. First, the num-
bers of overlying grains and surface areas were
measured for a large population of cell profiles (in-
cluding those which were either swollen or dis-
rupted since many contain detectable labeling
above background). The total number of grains and
total surface area were used to compute an overall
grain density, which is expected to be proportional
to radioactivity per cell volume. The ratio of densi-
ties obtained for stimulated and control samples
(2.0 in Table 5) agrees reasonably well with the ratio
of DPM (stimulated/control) predicted on the basis
of TLC analysis (2.6 in Table 4).

In the second type of measurement, we sought
to verify statistically that mast cells in control and
stimulated preparations are labeled at significantly
different levels. In this case, the ~15% swollen and
disrupted cells present in each sample were ex-
cluded from consideration. Distributions of grain
densities were created by grouping the results tabu-
lated for individual cells in increments of 10 grains/
mm? in order to plot a histogram (Fig. 6). The
distributions appear substantially different with
A23187-treated preparations displaying a larger
number of cells having higher grain densities; the
average grain density for control cells (n = 161) was
34.2 grains/mm?* compared to 68.9 grains/mm? for
stimulated cells (n = 96). For statistical analysis we
could not assume a normal distribution of grain den-
sity especially for A23187-treated cells since after
1.5 min stimulation the labeling response is not only
partial but also may involve a fraction of the cells
treated. Thus, we tested statistically whether the

* When mast cells were processed by procedures not in-
volving fatty acid removal, damaged cells having a similar ap-
pearance were not detected. In the present case these cells never
exhibited exocytotic figures, and we suspect that they represent
a small population of unresponsive cells that is especially suscep-
tible to damage initiated by exposure to large amounts of defat-
ted BSA.
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Fig. 6. Histogram of the autoradiographic grain density for
[*H]palmitate-labeled mast cells incubated in the absence and
presence of A23187. Densities have been tabulated in increments
of 10 grains/mm?* except at the extreme right of the abscissa
where all cells exhibiting densities greater than 150 grains/mm?
have been grouped. The latter grouping was not done for statisti-
cal calculations in which all intervals were of equal size. Evi-
dently stimulated preparations are enriched in mast cells having
higher grain densities.

results obtained for control and stimulated prepara-
tions could have arisen from the same population of
cells using the nonparametric two-sample test of
Kolmogorov and Smirnov [55]. The analysis indi-
cated that the probability is less than 0.1% that such
a hypothesis is appropriate. Therefore we consider
the data to provide strong support that A23187
causes the stimulated labeling of PC in mast cells.

PC LABELING IN PERITONEAL CELLS
STIMULATED WITH COMPOUND 48/80

The direct demonstration that A23817 causes en-
hanced S-position acylation in PC in mast cells pro-
vides a basis for comparing responses to more se-
lective secretory stimuli that operate via cell
surface receptors. A preliminary experiment of this
kind has been carried out on unfractionated perito-
neal cells using compound 48/80, a selective mast
cell agonist [41]. The results are shown in Fig. 7
using ['“CJoleate which exhibits very similar label-
ing patterns to linoleate. As in Fig. 2b, an enhanced
selective incorporation of fatty acid into PC is ob-
served. The A incorporation (stimulated-control)
for 4 X 10° peritoneal cells is an order of magnitude
smaller than that obtained when A23187 is added to
the same number of purified mast cells. However,
mast cells constitute 10% of the peritoneal popula-
tion used and are expected to be uniquely respon-
sive to compound 48/80 [41]. The ordinate in Fig. 7
then reflects net incorporation by 4 x 10* mast
cells, and the magnitude and distribution of labeling
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among phospholipid species is quite similar to that
observed using A23187.

DiscussIioN

The original strategy of using the calcium ionophore
A23187 as a secretory stimulus for mast cells was to
reduce the complexity of the supposed cascade of
events that result in exocytosis [14, 24, 29] by by-
passing interactions with primary surface receptors.
In this way we hoped to identify processes possibly
closely related to the mechanism of secretory dis-
charge. The discovery that fatty acid labeling of PC
is selectively amplified in stimulated cells has
prompted us to probe in detail the nature of the
enhanced incorporation and the degree to which it
is commensurate with the discharge of histamine.

Fatry Acid Labeling

Since fatty acid rapidly equilibrates into cell mem-
branes and exocytosis in mast cells did not influ-
ence the level of fatty acid binding to cells, we felt
justified in considering mechanisms by which the
calcium ionophore could affect reactions directly
related to PC production and/or utilization and not
merely substrate availability for PC synthesis. In
this respect, the results of the analysis of position
specificity of incorporation into the glycerol back-
bone of PC and PA were most definitive, consist-
ently indicating that enhanced labeling was to a
large extent specific for the glycerol B-hydroxyl
group of PC and that, at most, only a small portion
of stimulated PC labeling could reflect PC biosyn-
thesis.

The possible ways leading to enhanced fatty
acid incorporation include amplified fatty acid acti-
vation, increase in the concentration or availability
of the acceptor, a-lysophosphatidyl choline, or
stimulation of the putative acyltransferase. The ap-
parent absence of a calcium requirement for both
fatty acid activation [22] and acylation [17, 62] cou-
pled with the B-position specificity of incorporation
and the established Ca?* dependence of most phos-
pholipases A, [3, 15, 20, 21, 61] suggest that the
presence of the ionophore may activate phospholi-
pase A;, thereby increasing the available acceptor.

Correlation with Stimulated Histamine Release

The data presented in Fig. 3 showing an apparent
quantitative relationship between stimulated incor-
poration into PC and net rapid release of histamine
from mast cell preparations treated with A23187 are
in agreement with the initial hypothesis that the
action of a phospholipase A, could be involved in
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Fig. 7. The difference (A) in incorporation (stimulated-controi)
of [“C]loleate into specific phospholipids of 4.0 x 10° unfrac-
tionated peritoneal cells in response to 4 ug/ml compound 48/80.
Incubation time at 24 °C is plotted on the abscissa; since the
peritoneal population used contained 10% mast cells, the values
given on the ordinate relate to a population of 4.0 x 10* mast
cells. ®——@, APC; ¢ — — ¢, APE; A— —&, APA; N----A,
API

the discharge process. Similarly, the parallelism ob-
served for 1-min incubations at temperatures rang-
ing from 17 to 37°C (Fig. 4) is also supportive, al-
though the principal intention of the latter study
was to check that the correlation is not lost as in the
case of histamine release vs. enhanced incorpora-
tion of inorganic phosphate into PA, PI, and PC of
mast cell preparations (31]. The limitations of such
correlations must be stressed especially because
our assay is indirect (phospholipase action has only
been inferred) and because of the known diversity
of effects of A23187 on eukaryotic cell structures
and function. It is not possible at present to distin-
guish whether the processes are functionally inde-
pendent expressions of cellular stimulation or
whether enhanced incorporation could be related to
secretory discharge.

Two studies already can be viewed as necessary
in attempting to relate enhanced PC labeling in mast
cells to stimulated cellular processes. First, its ki-
netics and magnitude must be carefully checked in
relation to the release of prostaglandins and other
mediators of inflammation and local homeostasis
under the same experimental conditions since acyl-
ation may reflect utilization of lysophosphatides
generated during liberation of precursor arachi-
donic acid. Prostaglandin production by mast cells
in response to IgE and A23187 has been reported
[35, 46]; at 37 °C it lags in large part behind secretory
discharge and apparently involves considerably
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larger quantities of fatty acid (a minimum of three-
fold more over the period of exocytosis (Fig. 4 in
[35]) than are involved in acylation of PC (shown
herein for 37 °C in Fig. 4).

The second study involves more direct ap-
proaches to characterizing the phospholipase(s) A,
whose stimulation is presumed to lead to enhanced
PC labeling. Two recent reports examined phospho-
lipase A, action in rat mast cells and basophilic leu-
kemia cells and suggest its possible involvement in
histamine release. N-substituted derivatives of PS
have been identified as potent inhibitors of phos-
pholipase A, activity of mast cells and their applica-
tion leads to parallel inhibition of phospholipase
action and histamine release not only in the pres-
ence of a primary stimulus, concanavalin A (supple-
mented with PS as a potentiator), but also with
A23187 [37). An analogous inhibition of fatty acid
release and histamine secretion by phospholipase
inhibitors p-bromophenacyl bromide and mepacine
has been characterized using basophilic leukemia
cells [38]. Additionally, the latter study suggests
that A23187 may elicit the release of a spectrum of
fatty acids from briefly prelabeled cells whereas IgE
causes selective release of arachidonate [14]. Evi-
dently these lipolytic processes should be subjected
to a detailed investigation in which the entire spec-
trum of substrates and products of uniformly prela-
beled cells are qualitatively and quantitatively iden-
tified.

PC Labeling in Peritoneal Cells

Our results showing that unfractionated peritoneal
cells carry out an acylation reaction analogous to
that observed with purified mast cells underscore
our hesitancy in suggesting that functional relation-
ships might exist between stimulated phospholipase
action and the secretory process. Regardless of the
apparent wide variation in the degree of specializa-
tion of these cells for the extracellular discharge of
stored products, we are not dissuaded from examin-
ing more closely the possible role of phospholipase
action in exocytosis for a number of reasons. First,
as may be the case for basophilic leukemia cells,
A23187 may amplify multiple phospholipase activi-
ties, some of which are not closely related to secre-
tory discharge. Second, it may be possible to ration-
alize all or a part of the enhanced labeling of
other cell types as related to membrane interactions
involved in endocytosis as well as covert [42] secre-
tion. Third, adrenal cortical cells, which do not ap-
pear to use exocytosis for releasing accumulated
steroids, exhibit no enhanced fatty acid incorpora-
tion into PC in the presence of A23187 when exam-
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ined in experiments very similar in design to our
own [53].

Autoradiographic Studies

The abilities to use palmitic acid as a label for the 8-
position of PC in stimulated cells and to obtain a
selective, thorough retention of labeled PC during
processing of specimens for autoradiography have
made possible the direct demonstration that ampli-
fied PC labeling occurs in mast cells. However, the
extent of labeling of individual cells in both stimu-
lated and control preparations is variable. Hetero-
geneity is particularly notable in stimulated samples
where there is a very strong but not absolute corre-
lation of grain density and visual evidence of com-
pound exocytosis. These heterogeneities have led
us to express quantitative results concerning label-
ing and discharge in relation to the total mast cell
population rather than per individual cell. Although
many of the autoradiographic grains formed over
discharging cells (Fig. 5b) appear close to regions
where compound exocytosis is evident, studies
conducted at the electron microscopic level will be
necessary to check whether stimulation increases
the grain density over specific organelles,

Compound 48/80-Stimulated Labeling of PC

The results obtained with compound 48/80 can be
viewed as a first step toward our ultimate objective
of testing for analogous behavior by mast cells in
response to primary stimuli. It will be most interest-
ing to examine responses mediated by surface inter-
actions of IgE not only because this method of trig-
gering histamine discharge appears to express the
main physiologic response of mast cells [34], but
also because Ho and Orange [27] have reported a
120-200% increase over control in [*H]oleic acid
labeling of PE (rather than PC) in sensitized rat peri-
toneal mast cells challenged with antilgE. Absolute
levels of labeling were not reported; consequently,
comparisons to the extent of PC labeling as well as
the relatively low levels of PE labeling that we have
observed +A23187 is currently not possible.
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