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Abstract. Various growth factors released by macrophages and other cell types mod- 
ulate normal hematopoiesis. The physiological mechanisms whereby these molecules 
interact with specific target cells are ill defined. Eicosanoids, the products of fatty acid 
metabolism, are known to regulate cell proliferation and differentiation. The release of 
membrane-bound phospholipid by phospholipase-A2 (PLA-2) is the first critical step 
in the initiation of membrane remodeling and eventually eicosanoid synthesis. We 
report here data that demonstrates how various cytokines exhibit a marked hydrolytic 
activity mediated through PLA-2 against both [I-14C] oleic acid- and [I-14C] arachidonic 
acid-labeled Escherichia coli (micelle) substrates. PLA-2 extracts were prepared from 
neutrophils elicited by injecting rats ip with 8% glycogen. The rate of hydrolysis of free 
fatty acids from the phospholipid substrate was found to be linear, rapid, and pH 
dependent and was calculated to be 30 nmoles of phospholipid/hr/mg protein lysate. 
Cytokines (i.e., interleukin-1 [IL-1, human and murine recombinant, a], mouse lung 
cell-derived colony-stimulating factor [L-CSF], granulocyte-macrophage colony- 
stimulating factor [murine recombinant GM-CSF], tumor necrosis factor [murine re- 
combinant TNF-a], and granulocyte colony-stimulating factor [human recombinant, 
G-CSF] all induced PLA-2 activity with the release of free fatty acids above basal 
levels. In contrast, lipopolysaccharide (LPS), interleukin-2, (IL-2, human recombinant), 
and macrophage colony-stimulating factor (M-CSF) did not significantly activate 
PLA-2 hydrolysis. The activation of this membrane-bound enzyme-substrate complex 
by these growth factors may serve as a mechanism whereby the appropriate target 
cells expressing receptors respond through either direct or secondary signals leading 
to the formation of free fatty acids with the eventual synthesis of prostanoid or lipoxy- 
genase products, resulting in cellular proliferation and differentiation. 
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n interrelated series of growth factors modu- 
late the biochemical activity of target cells (1, A 2). These growth factors are essential for in 

vitro clonal growth and maturation of hematopoietic 
progenitors. The precise mechanism of action by these 
factors on target cell activity is still ill defined. Growth 
factors such as granulocyte-macrophage colony- 
stimulating factor (GM-CSF), granulocyte colony- 
stimulating factor (G-CSF), macrophage colony- 
stimulating factor (M-CSF), tumor necrosis factor- 
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(TNF-a), and interleukin-1 (IL-1) not only affect cell 
growth but also modulate target cell activity (3, 4). 
Human recombinant GM-CSF stimulates the prolifer- 
ation and differentiation of myelomonocytic stem cells 
in vitro (5) .  G-CSF and M-CSF appear to influence the 
determined final pathway that uncommitted hemato- 
poietic progenitors will proceed either towards my- 
eloid or monocytic differentiation respectively. TNF-cx 
and IL-1 indirectly stimulate a variety of other cell 
types which produce and release other hematopoietic 
CSFs (6, 7). 

The mechanism of CSFs in their regulation and 
interaction with specific target cell receptor(s) is just 
beginning to be elucidated in experimental hematol- 
ogy. Such interactions have been implicated to involve 
a multitude of varied responses. For instance GM-CSF 
“primes” neutrophils to enhance the pharmacological 
response to calcium ionophore and leukotriene B, pro- 
duction. G-CSF and TNF-a affect cell growth and in- 
fluence neutrophils towards an enhanced responsive- 
ness to a number of external influences (8, 9). At the 
pharmacological level, neutrophil/monocyte stimula- 
tion involves a multitude of processes, including an 
increase N a + / H +  antiport system, C a + 2  fluxes, 
NADPH oxidase activity and stimulation of mem- 
brane-associated and cytosol-mediated phospholipase 
activity (8-12). GM-CSF and IL-1 have been shown to 
enhance both neutrophils and fibroblasts by releasing 
free fatty acid arachidonic acid (13, 14). Once free 
fatty acid is released via phospholipase (as a acylation/ 
deacylation step) activity, metabolism of either mem- 
brane-bound cyclooxygenase and/or cytosolic 5-li- 
poxygenase pathways can be activated. Prostaglan- 
dins modulate erythroid differentiation, whereas 
lipoxygenase products influence the signal induction 
on target cells by GM-CSF (15). 

In this investigation, we report evidence to sug- 
gest that several growth factors, all expressing hema- 
topoietic activity, stimulate the activation of a mem- 
brane-bound, phospholipase-A2 (PLA-2). This en- 
zyme catalyzes the formation of both prostaglandins 
and lipoxygenase products, and is considered the first 
rate-limiting step in the level of free arachidonate 
made available to cells which are used in the synthesis 
of their ecosanoid products which ultimately influ- 
ences their response to activation. 

Materials and Methods 
Growth Factors and Reagents. Purified recom- 

binant human GM-CSF (specific activity: lo8 units/mg 
protein) expressed in bovine papilloma systems was a 
gift from Dr. Anthony Beck (Sandoz Pharmaceuticals, 
Geneva, Switzerland). Recombinant human IL- 1 (spe- 
cific activity: 1.9 x lo7 unitdml) and IL-1 antisera 
were kindly supplied by Dr. Peter Lomedico (Hoff- 
man-LaRoche, Nutley, NJ). Mouse L-CSF (a condi- 

tioned medium, specific activity: lo3 units/mg protein) 
and L-CSF antisera were prepared as described ( 5 )  
was a generous gift from Dr. Richard E. Stanley (Al- 
bert Einstein College of Medicine, Bronx, NY). IL-2 
was obtained from Cetus (Emeryville, CA) (specific 
activity: lo6 units/mg protein). M-CSF (specific activ- 
ity: lo8 units/mg protein) and G-CSF (specific activity: 
lo6 units/mg protein) were a kind gift from Dr. Francis 
Ruscetti (Laboratory of Molecular Immunoregulation, 
Cancer Research Center, Frederick, MD). Murine re- 
combinant TNF-cx (specific activity: 2.9 X lo7 units/ 
mg) and polyclonal rabbit antisera to murine TNF-a 
were supplied by Genetech, Inc., (San Francisco, 
CA). Macrocortin and the monoclonal antibody to 
macrocortin (Rm 233) was generous gift from Dr. Rod- 
ney J .  Flower, School of Pharmacy and Pharmacol- 
ogy, University of Bath, United Kingdom; quinacrine 
hydrochloride and mellitin were purchased from 
Sigma Chemical Co., (St. Louis, MO). GTP-a S, and 
GDP-(3 S were purchased from Boehringer Mannheim 
(Indianapolis, IN). 

Neutrophil Cell Preparation. Preparation of pu- 
rified neutrophils was conducted using rats (Wistar, 8- 
to 10-week-old males, Charles River, Fall River, MA). 
Animals received an intraperitoneal injection of 8% 
glycogen (Sigma) in a 10-ml volume. After 24 hr, rats 
were sacrificed by C 0 2  asphyxiation. Neutrophils 
were harvested by peritoneal lavage and then isolated 
by a one-step Ficoll method by using resolving media 
(Flow laboratories) ( 16). Any contaminating red cells 
were removed by hypotonic lysis. This procedure 
yielded a population of cells that were 98% neutrophils 
based on morphological examination by Wright/ 
Giemsa staining. 

Preparation of PLA-2 Extracts. Membrane- 
associated PLA-2 was isolated and solubilized as de- 
scribed (17, 18). In short, the peritoneal exudates were 
harvested along with 3.0 ml of phosphate-buffered sa- 
line (PBS). The cell suspensions containing 3 x lo8 
cells were pooled and centrifuged to pellet the cells. 
After removal of the supernatant fluid, 200 pL of cold 
0.15 N sulfuric acid was added, and the pellet was 
homogenized with a Potter-Elvehjem homogenizer. 
The homogenate was left for 45 min at 4”C, homoge- 
nized again and centrifuged for 20 min at 15,000 g .  
Again the pellet was resuspended in 8 ml of Tris-HCL 
Buffer (100 mM), 5 mM CaCL,, pH 7.5. The amount of 
protein in the resulting supernatant fluid enriched in 
PLA-2 activity was determined by standard proce- 
dures and dialyzed extensively against acetate buffer 
( 5  mM, pH 5.0). This suspension was then filtered 
through nylon gauze (mesh size: 900 pm) and then 
centrifuged at 450 g for 10 min at 4°C. The pellet con- 
tained whole cells, nuclei, and other cellular organelle 
components. The supernatant was then recentrifuged 
at 15,000 g for 25 min at 4°C. The plasma membrane 
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pellet was carefully resuspended in a 100 mM Tris 
buffer and layered on top of a 35% (weight by weight) 
sucrose solution and recentrifuged at 24,000 g for 50 
min at 4°C. The plasma membrane enriched fraction, 
containing the PLA-2 enzyme, was collected at the 
sucrose-Tris interface and was carefully removed with 
a Pasteur pipette and resuspended in a particular vol- 
ume of 100 mM Tris buffer, 5 mM CaCl,, (pH 7.5) and 
dialyzed against an acetate buffer, 5 mM (pH 5.0) 
twice. The membrane enriched preparation was sub- 
sequently collected by centrifugation at 100,000 g for 
17 rnin at 4°C. Finally the amount of protein was de- 
termined by Lowry method (18) and subsequently 
used in the PLA-2 enzyme system or stored at -20°C 
and assayed within a 1-week period. 

Permeabilization. The whole neutrophil uni- 
formly labeled previously, with 14C arachidonic acid- 
labeled phosphatidyl 1-choline in the 2 position for 15 
rnin at 37"C, and/or the resulting cell lysate preparation 
to allow quanine nucleotides to enter the cell was ac- 
complished via the technique of Burch et al. (19). 
Briefly, 3.7 x lo8 neutrophils were incubated by plat- 
ing cells in 12-well plates without fetal calf serum but 
in the presence of saponin at a concentration of 15 
pg/ml for 5 min. In addition, the media contained qua- 
nosine-5-(y-thiol)triphosphate (GTP-y S) or guanosine- 
5-(P-thiol)diphosphate (GDP-P S). Subsequently, the 
wells were rinsed three times with culture media with- 
out saponin, but containing respective growth factors 
or controls. Then the cells were incubated at 37°C for 
60 min. The reaction mixture was then stopped with 
the addition of three volumes of CHCl,/CH,OH (1:2, 
vlv) and vortexed twice. The samples were then 
placed in a shaking water bath at 37°C for an additional 
10 min. The CHCl, was removed and evaporated un- 
der N2. The dried residue was then redissolved in 100 
pl of acetone and developed using thin-layer chroma- 
tography, along with reference materials (free-fatty ac- 
ids, prostanoid, and lipoxygenase products run as con- 
trols) looking for the synthesis of free fatty acids or 
prostanoid products. 

Arachidonic Acid Incorporation and Release. 
Granulocytes were suspended at 3.7 x lo8 celldm1 in 

calcium- and magnesium-free modified hanks' bal- 
anced salt solution (HBSS). An 0.01-ml aliquot of 
[3H]-oleooyl- or 2-[3H]-arachonyl-phosphatidylcholine 
(100 pWm1, Amersham Corp., Arlington Heights, IL) 
was added to the 1 ml cell suspension and incubated 
for 15 rnin at 37°C. The use of this label has been 
previously demonstrated by Nitts et al. (20), which 
assures the positional specificity of PLA-2 activity 
which was assessed by the formation of intracellular 
radioactive oleic acid or arachidonic acid. After the 
incubation with the appropriate reagents, total lipids 
were extracted accordingly to the method of Bligh and 
Dyer (21). The phases were separated by the addition 

of 0.5 ml of chloroform and 0.5 ml of 0.2 M KCl 0.5 
mM EDTA mixture. After centrifugation at 1000 g for 
10 min the lower organic phase was removed and 
evaporated under a stream of nitrogen gas. Lipids 
were dissolved in 50 pl chloroform/methanol (6: 1, 
v/v). Neutral lipids were separated on Silica Gel 60 
plates impregnated with 0.4 M boric acid, using chlo- 
roforndacetone (24:1, v/v) in a solvent system (22). 
Phospholipid separation involved 2-dimensional TLC 
(Silica Gel 60 plates impregnated with 2.5% magne- 
sium acetate) was performed with chloroform/ 
methanol NH,OH (65:35:6, v/v) as solvent system for 
the first dimension, and chloroform/acetone/methanoV 
acetic acid/water (3:4: 1: 1 :0.5, v/v) in the second di- 
mension (20). Lipids were visualized by exposure of 
the plates to iodine vapor and identified by co- 
migration with authentic standards. 

Measurement of PLA-2 Activity. PLA-2 activity 
was measured by the hydrolysis of [I-14C] arachidonic 
acid-labeled autoclaved Escherichia coli substrate 
(prepared by Dr. Richard C. Franson, Department of 
Biochemistry, Virginia Commonwealth University, 
Richmond, VA) (equivalent to 10 nmoles of phospho- 
lipid). Briefly, neutrophil plasma membrane extract 
(concentration of protein previously determined) was 
incubated with an appropriate concentration of growth 
factors or inhibitors. The concentration of each was 
previously established by values that optimally influ- 
enced the growth of hematopoietic progenitors cul- 
tured in semisolid media as performed routinely in the 
laboratory. The reaction mixture was carried out in a 
shaking water bath at 37°C for 60 min. The reaction 
was stopped by the addition of three volumes of 
CHCl,/CH,OH (1:2, v/v) and vortexed twice. Samples 
were then placed in a shaking water bath at 37°C for an 
additional 10 min. The CHC1, phase was removed and 
evaporated under N,. The dried residue was redis- 
solved in 100 pl of acetone, spotted on aluminum 
backed thin-layer chromatographic plates, and devel- 
oped in a solvent system consisting of petroleum 
ether-diethylether acetic acid (80:20: 10). The lipids 
were visualized by exposure of I2 vapor and the radio- 
active spots corresponding to standard phospholipid 
and/or free fatty acids were but from the plate. Radio- 
activity on the LC strips was determined by the addi- 
tion of 1 ml of CH,OH and 9 ml of hydroflur and 
counted in a liquid scintillation counter. Percentage hy- 
drolysis was determined using the following equation: 

Free Fatty Acid (cpm) 
Total Phospholipid and Free Fatty Acid' 

Rate of hydrolysis (nmoles/minute) was calculated as 
follows: 

% Hydrolysis x Phospholipid (10 nmoles) 
Incubation Time (min) 
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Results 
We attempted in these studies to demonstrate how 

various growth factors can induce both the stimulation 
and release of free fatty acids by the activation of an 
acid extracted neutrophil membrane-bound PLA-2. 
This is proposed to be an important first step in the 
growth factor induction of transmembrane signaling on 
target cells. 

The following parameters have been established in 
this assay system. The acid-extracted neutrophil-rich 
membranes were the source of the PLA-2 enzyme, 
with a final concentration of 275 pg/test, and the E. 
coli micelle was the substrate labeled with either 
[I-14C] oleic or [I-14C] arachidonic acid (Fig. I ) .  The 
rate of hydrolysis of free fatty acids from the phospho- 
lipid substrate complex was found to be linear, rapid, 
and pH dependent (Fig. 2 and 3). The rate of hydro- 
lysis under these optimum conditions was calculated 
to be 30 nmoles of phospholipid/hr/mg of protein ly- 
sate. Once the assay system was established, it was 
tested. A natural stimulator of PLA-2 is mellitin, 
which is a protein constituent extracted from bee 
venom previously shown to stimulate PLA-2 directly 
(23). In our system, mellitin was titrated against both a 
fixed concentration of enzyme substrate and fatty acid 
E. coli complex, and the results of these studies illus- 
trate the system was functional with an optimum re- 
lease of free fatty acids seen at 60 pM. Agents know to 
inhibit PLA-2 activity were also tested in this assay 
system. Quinacrine, an acridine derivative which irre- 
versibly binds to sites either on the enzyme or sub- 
strate components of this system, inhibits PLA-2 
background and stimulated the release of free fatty 

NEUlROPHlL PROTEN EXTRACT lug) 
Figure 1. The rate of hydrolysis demonstrating both the release 
of free oleic and arachidonic acid from E. coli substrates, and 
linear release of phospholipids up to 375 pg of protein lysate. 
Percentage hydrolysis equals free fatty acid (dnp) divided by 
total phospholipid plus free fatty acids (dnp). 

?we (-1 
Figure 2. The rate of hydrolysis with respect to time and a fixed 
protein concentration of neutrophil lysate (275 pg) protein. Re- 
action rate was both rapid and linear up to 40 min. Percentage 
hydrolysis equals free fatty acid (dnp) divided by total phospho- 
lipids plus free fatty acids (dnp). 

acid (FFA) by 90% with the ICSO at 40 pM. Macrocor- 
tin, a naturally occurring protein of molecular weight 
of 18,000 kDa specifically induced by glucocorticoid 
treatment of either monocytes/macrophages (24), in- 
hibited background FFA release by 72% at an ICSO of 
120 pM, but stimulated release was only attentuated 
by 32%. Macrocortin inhibition observed at the stim- 
ulated level was overcome by the addition of a higher 
concentration of the growth factor stimulant. To dem- 
onstrate the specificity of macrocortin activity, 
a monoclonal antibody specific for macrocortin, 
Rm 233, was employed and was shown to neutralize 
the inhibition observed by macrocortin in this assay 
system. 

It has previously been demonstrated that calcium 
ions are necessary for the maintenance of full activity 
in this enzyme system (25). Verapamil, a calcium 
channel blocker, was tested both in the cell-free sys- 
tem (acid extract PLA-2) and the intact neutrophil. 

1 A 1 A 1 

1 i 4 8 6 7 0 8 18 11 

PH 
Figure 3. The rate of hydrolysis with respect to pH. The maxi- 
mum activity for the hydrolysis of free fatty acid was 82% at a pH 
of 7.0. Percentage hydrolysis equals free fatty acid (dnp) divided 
by total phospholipids plus free fatty acids (dnp). 
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Figure 4 illustrates how the addition of verapamil to 
the cell free system inhibited the hydrolysis of FFA by 
48% with an IC,, of 100 pM. The inhibition due to 
verapamil is most likely the result of its displacement 
of calcium ions on the enzyme component, which al- 
ters its binding conformation to the E .  coli substrate 
complex (26). To demonstrate verapamil's true cal- 
cium channel-blocking activity, intact rat neutrophils 
were incubated with varapamil(0-100 pM). Verapamil 
attentuated the release of FFA over baseline levels 
and growth factor-induced release within an IC,, of 75 
p M .  In addition, EGTA was employed to demonstrate 
how the chelation of external calcium ions at 1.5 mM 
concentration resulted in no release of FFA, which 
also demonstrates how important external calcium 
ions are for optimum enzyme activity. 

To establish further that arachidonic acid release 
in mature neutrophils is a PLA-2-mediated event, 
experiments were performed with both cell-free mem- 
brane preparations and with whole neutrophils. Ma- 
ture rat neutrophils were isolated as previously de- 
scribed and prelabeled with [1I4C] arachidonic acid- 
labeled phosphatidyl 1-choline in the 2 position for 15 
min at 37°C (27). Then, either plasma membranes were 
prepared as previously described or the whole neutro- 
phi1 was made permeable with a short treatment of 
saponin. GTP-y S,  a poorly hydrolyzed GTP analog 
that activates G proteins, was then titrated against a 
previously determined concentration of membrane 
protein (275 pg). Similar to the results seen in Figure 4,  
GTP-y S at a I-mM concentration was observed to 
attentuate the release of FFA (Fig. 5). 

To determine if G proteins could possible be in- 
volved in the growth factor release of fatty acids, the 
growth factors previously tested in this study that 
demonstrate PLA-2 activity were combined with 

m ../ 
+ W I K K X M T I W  

* YCMMYK 
-0- MU 

0 0 8 a 8 0 t 0 1 0 9 Y O  
CONCENTRA71CW8 (pM) 

Figure 4. Demonstration of the effect of added agents with 
known phospholipase activity: quinicrine, macrocortin, Vera- 
pamil, and PGE2. Percentage hydrolysis equals free fatty acid 
(dnp) divided by total phospholipids plus free fatty acids (dnp). 

z c 
X 

4 + 
0 20 40 60 80 100 I20 

6DP-6-s pn 
Figure 5. The rate of hydrolysis of ['"C] arachidonic acid in the 
presence of either GTP-y S (1 mM) and increasing concentra- 
tions of GDP-p S t SEM; n = 3. Percentage hydrolysis equals 
free fatty acid (dnp) divided by total phospholipids plus free fatty 
acids (dnp). 

GTP-y S at a 100-pM concentration. In all instances in 
which growth factor + GTP-a S was tested, and en- 
hanced release of FFA was observed following the 
growth factor + GTP-y S combination versus either 
growth factor or GTP-y S alone (Table I). Then GDP-p 
S was added to GTP-y S or growth factor alone. In 
fact, the hydrolysis of FFA was reduced to within con- 
trol levels. In addition, if a growth factor (i.e., IL-2) 
that previously did not demonstrate any degree of hy- 
drolysis was combined with GTP-y S no hydrolysis 
resulted over GTP-y S alone. It appears that GTP-y S 
is required for full growth factor activation of PLA-2 in 
the rat neutrophil. This demonstrates how essential it 
is for growth factor receptor-ligand complex to take 
place prior to or simultaneously with such activity for 
full PLA-2 activity to occur. 

Since the mechanism of growth factor induction is 
still unknown, the scope of this study was to test 
whether growth factors could stimulate the release of 
FFA by the activation of a neutrophil plasma mem- 
brane-bound acid-extracted PLA-2. The results of 
these growth factor induced effects are listed in Table 
11. IL-I is a protein growth factor with a molecular 
weight of 17.5 x lo3 kDa. In addition, IL-1 has also 
been shown to be produced in several tissue types 
including macrophages, monocytes, fibroblasts, and 
neurons (28). FFA was released upon addition of IL-1 
in our system with half maximal stimulation observed 
at 30 pM and maximal stimulation occurred by 6&70 
pM. The colony-stimulating factors are a known fam- 
ily of glycoproteins which regulate the survival, pro- 
liferation, and differentiation of hematopoietic progen- 
itors as well as the functional activities of mature cells 
(29-32). Murine L-cell CSF, a glycoprotein with a 
broad effect on macrophage-derived hematopoietic 
precursors, hydrolyzed FFA at a half-maximal stimu- 
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Table 1. PLA-2 Activity: Phospholipids Hydrolyzedhnin x lo8 Cells 
~ _ _ _ _ ~  

IL-1 + GTP GM-CSF-GTP G-CSF + GTP L-CSF + GSF TNF + GTP Mellitin + GTP 
(NM) (nM) (nM) (nM) (nM) (nM) 

UnitlpM 

0 5 2 0.25 3 k 0.12 5 5 0.10 3 * 0.08 5 2 0.09 4 2 0.3 
10 74 2 0.54 24 ? 0.18 27 2 0.18 25 0.16 22 2 0.40 8 2 0.14 
25 36 * 0.17 57 * 0.36 33 * 0.21 38 2 0.23 33 * 0.35 40 * 0.36 
50 54 2 0.83 67 * 0.43 53 k 0.76 49 * 0.17 41 * 0.40 57 * 0.21 
75 63 ? 0.09 88 * 0.19 64 2 0.55 63 * 0.34 57 5 0.35 60 2 0.51 

100 65 2 0.37 99 * 0.24 66 2 0.27 66 2 0.52 56 * 0.45 71 2 0.51 
Note. Rat neutrophils were isolated as described in Materials and Methods. Next, isolated rat neutrophils were resuspended at 3.7 x 
l o 8  cells/ml in HBSS. Cells were prelabeld with [‘“C] arachidonic acid-labeled phosphadidyll-choline in the 2 position for 15 min at 
37°C. The unincorporated arachidonic acid was washed away, and the cells were resuspended along with a predetermined concen- 
tration of the growth factors and GTP-y S. The mixture was incubated at 37°C for 60 min, at which time the reaction was stopped, the 
arachidonic acid extracted and determined according to the method of Bligh and Dyer (21). 

Table II. PLA-2 Activity: Phospholipids Hydrolyzed/min x lo8 Cells 

0 3 2 0.13 3 * 0.02 3 * 0.01 2 * 0.03 3 * 0.01 3 2 0.13 2.5 2 0.13 2 2 0.1 2 +. 0.1 2 2 0.13 
10 18 2 0.24 4 2 0.08 3 2 0.2 16 2 0.11 16 2 0.09 13 2 0.23 3 2 0.13 11 2 0.3 2.5 -+ 0.1 2 2 0.32 
25 28 2 0.15 2.5 2 0.05 3.5 2 0.1 32 2 0.14 23 2 0.17 28 2 0.35 4.5 2 0.21 18 2 0.17 2.5 -+ 0.1 42 2 0.24 
50 42 2 0.27 3.5 2 0.05 3 2 0.1 35 * 0.21 40 * 0.19 33 2 0.24 8 2 0.15 28 2 0.24 2 2 0.1 51 2 0.35 
75 52 2 0.13 3 2 0.08 3 2 0.1 46 2 0.24 42 2 0.34 44 2 3.2 10 2 0.21 34 2 0.3 2.5 -+ 0.1 6 3 2  0.40 

100 54 2 0.18 2 .52  0.02 3 2 0.1 48 2 0.31 44 2 0.24 45 2 0.21 1 0 2  0.22 35 2 0.25 2 .52  0.1 66 2 0.35 

Note. Rat neutrophils were isolated as described in Materials and Methods. Next, isolated rat neutrophils were resuspended at 3.7 x 
lo8  cells/ml in HBSS. Cells were prelabeled with [’*-C] arachidonic acid labeled phosphadidyll-choline in the 2 position for 15 min at 
37°C. The unincorporated arachidonic acid was washed away, and the cells were resuspended along with a predetermined concen- 
tration of the growth factors. The incubation mixture was incubated at 37°C for 60 min, at which time the reaction was stopped, and 
arachidonic acid extracted and determined according to the method of Bligh and Dyer (21). 

lation of 30 pM and maximal stimulation at 50-60 pM. 
GM-CSF, another granulocyte-macrophage progenitor 
cell-inducing factor with a molecular weight of 23 x 
lo3 kDa, produced a half-maximal response at 15 pM 
with a maximal response plateauing at 40-50 pM. 

Two additional growth factor glycoprotein mole- 
cules known to be involved in mechanism of granu- 
lopoiesis were also examined: G-CSF, which produces 
neutrophilic colonies, and M-CSF, which influences 

15 1 

DP-6-S 

0 20 43 60 80 100 120 

GOP-i3-5 pn 

Figure 6. The rate of hydrolysis of [’“C] arachidonic acid in the 
presence of either GTP-y S, GTP-y S + GDP-p S, or increasing 
concentrations of GDP-p S 2 SEM; n = 3. Percentage hydroly- 
sis equals free fatty acid (dnp) divided by total phospholipids 
plus free fatty acids (dnp). 

the maturation of monocyte progenitors. M-CSF did 
not significantly induce an increase in FFA formation 
over basal levels; however, G-CSF did stimulate the 
release of FFA with a half-maximal response observed 
at 15 pM and a maximal stimulation between 40 and 
50 pM. These findings help explain why the GM-CSF 
was observed to cause the release of FFA, since 
the G-CSF receptors are present on the neutrophil 
membrane. 

Tumor necrosis factor has emerged as a particu- 
larly important mediator of inflammatory responses 
(33). TNF-a has been demonstrated to stimulate the 
proliferation of normal fibroblasts and to activate poly- 
morphonuclear leukocytes. In addition, TNF-a in- 
duces the release of certain growth factors including 
IL- 1 ,  GM-CSF, p2-interferon and platelet-derived 
growth factor (34). TNF-a when introduced in our sys- 
tem released FFA with a half-maximal stimulation of 
30 pM and a maximal stimulation between 40 and 50 
pM. Another interleukin, IL-2, was also tested and 
found not to have any effect on the stimulation of 
PLA-2 activity in this system regardless of the con- 
centrations tested. In addition, lipopolysaccharide 
(LPS), derived from gram-negative bacteria known to 
interact within the hematopoietic microenvironment 
and on specific target cell, did not produce any effect 
on the activation or conversion of substrate bound 
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phospholipids into FFA formation. In all instances 
when monoclonal antibodies were employed to prove 
specificity of each growth factor action in this system, 
neutralization resulted with no release in FFA 
observed. 

Discussion 
In this study an acid extraction from a neutrophil 

cell homogenate yielded a plasma membrane enriched 
with PLA-2 activity The rate of hydrolysis was di- 
rectly proportional to the enzyme concentration and 
availability of the phospholipid substrate. The rate of 
FFA hydrolysis from both oleic and arachidonic acid 
was found to be linear, rapid, and pH dependent. It 
was noted that the acid extraction form of the plasma 
membrane enzyme components were extremely active 
even when compared with the PLA-2 activity found in 
either platelet homogenate or other commercial 
sources which are usually prepared under more neu- 
tral pH conditions. These results agree with those re- 
ported by both Chang et al. (35) and Kramer (36), who 
demonstrated that the use of an acid extracting proce- 
dure to prepare neutrophils significantly improved the 
recovery and possible conformational structure of the 
PLA-2 enzyme activity. 

Growth factors have been generally known to ex- 
hibit innumerable effects on cells present in or consti- 
tuting the hematopoietic microenvironment. Although 
many of these activities appear direct, such as activa- 
tion, competence, and maturation of either my- 
elomonocytic or erythoid precursors, many growth 
factor-induced responses seem to be indirect and re- 
quire a secondary signal (37, 38). Examples of such 
growth factors include: GM-CSF, priming neutrophils 
for enhanced chemotactic and superoxide generation 
in response to chemotactic factors (39), and both IL-1 
and TNF, conferring significant protection of hemato- 
poietic progenitors by indirectly increasing levels of 
cAMP/PGE, and decreasing the myelotoxicity associ- 
ated with either drug or radiation exposure (40). Once 
the capability of measuring the release of FFA forma- 
tion was established, it was then possible to test the 
capacity of the growth factors known to have hema- 
topoietic activity to influence PLA-2 formation (41). 
Mellitin, a known stimulator of PLA-2 activity, hydro- 
lyzed the release of FFA in this system, while 
quinacrine, a known inhibitor of PLA-2 activity, sig- 
nificantly reduced the formation of PLA-2 in our sys- 
tem (Fig. 6). The relationship between these PLA-2 
modulatory substances and their ability to influence 
hematopoietic progenitor colony formation has only 
recently been speculated and in fact preliminary data 
from our laboratory and results reported by Beckman 
et al. (42), have indicated that quinacrine, in the pres- 
ence of optimal concentration of GM-CSF and eryth- 

ropoietin, attentuates the formation of both granulo- 
cytic and erythroid progenitors. 

It has been speculated that calcium ion flux influ- 
ences the action of growth factors. Calcium channel 
blockers and chelating agents are useful agents that 
effectively alter the position of calcium both in isolated 
cell-free systems and influx in cells. Varapamil, a 
known calcium channel blocker, has been demon- 
strated to inhibit the synthesis of lipid mediators such 
as prostaglandin formation from endothelial cells (43). 
Because of this known relationship between calcium 
and lipid metabolism, it could be argued that varapamil 
may act by blocking an early step in metabolism of 
FFA. When the neutrophil-PLA-2-acid membrane ex- 
tract was combined with varapamil at various concen- 
trations along with E. coli-labeled substrate, inhibition 
of FFA hydrolysis resulted. In addition, when Vera- 
pamil was introduced to intact rat neutrophil, attentu- 
ation in the release of both baseline and growth- 
induced FFA was observed at an ICso of 75 p M .  These 
findings agree in part with those of Chang et al. (35) 
utilizing both platelet-PLA-2 membrane extract and 
the intact mouse peritoneal macrophage. Obviously, 
other calcium antagonists must be examined and 
tested to evaluate whether structurally different cal- 
cium antagonists act in the same fashion. A function- 
ally similar naturally occurring inhibitory molecule has 
been identified and isolated from parallel perfused lung 
(42) and from rat peritoneal lavage cells (44). This pro- 
tein, which is specifically induced by glucocortocoids, 
has a molecular weight of 15,000 kDa and has been 
identified to be macrocortin (45). When macrocortin 
was introduced into this system, inhibition of FFA re- 
sulted by 72% with ICso of 120 pM. When mellitin was 
introduced along with macrocortin in the system, only 
a 32% inhibition was observed. The extact mechanism 
of macrocortin inhibition is not known; however, the 
results from these studies speculate that macrocortin 
inactivates membrane-bound PLA-2 by interacting 
with the enzyme component from the outside of the 
cell, due solely to macrocortin’s rapid degree of inhi- 
bition once added to the system. To demonstrate mac- 
rocortin’s effect in this enzyme system, a monoclonal 
antibody to macrocortin, Rm 233, was employed. In 
the presence of added Rm 233 and macrocortin in the 
reaction mixture, a release of FFA was measured. 
Thus, the monoclonal antibody neutralized macrocort- 
in’s effect in this system. 

Prostaglandins and related arachidonic acid me- 
tabolites have been shown to have a wide variety of 
pharmacological/biological effects on hematopoietic 
progenitors (46). Prostaglandin E2 has been shown in 
vitro to inhibit myeloid colony development and aug- 
ment erythroid growth (47,48). Since prostaglandin E2 
appears to influence progenitor cell development, it 
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was added to our enzyme system either in the pres- 
ence of enzyme or substrate simultaneously, or alone, 
and was without any increase in FFA release over 
basal levels. 

Hematopoietic growth factors are a family of gly- 
coproteins which influence the activation, survival, 
proliferation, and differentiation of hematopoietic pro- 
genitors. The signal transduction, negative or positive 
from outside the cell, which influences stem cell mat- 
uration is still an enigma. It was the purpose of this 
study to demonstrate how various growth factors and 
their receptors mediate signals which are linked pri- 
marily to PLA-2 and possibly other enzymes. IL-1, a 
prime mediator in the inflammatory response, has 
been demonstrated to have a wide variety of functions, 
some of which include inducting IL-2 by T cells and 
acting synergistically with GM-CSF to enhance my- 
eloid progenitor colony growth (48). IL-1, either a or 
p, used in this enzyme assay system stimulated a sig- 
nificant release of FFA which was optimal at 65 pM. 
GM-CSF, another growth factor responsible for a mul- 
titude of effects on both immature cells at different 
stages of differentiation, when added to this membrane 
complex enzyme system did hydrolyze phospholipids 
to FFA via membrane enzyme PLA-2. Granulocytes 
possess receptors for GM-CSF, and this factor has 
been shown to enhance the expression of complement 
receptors and altered the affinity of FMLP receptors 
(49, 50). When mouse recombinant GM-CSF was in- 
troduced into this system, a half-maximal response of 
15 pit4 was observed, with maximal response of FFA 
released between 40 and 50 pM. In the presence of 
human GM-CSF, no FFA was released, which verifies 
what has been observed in other systems comparing 
murine and human GM-CSF (50, 51). Murine L-cell 
CSF, a macrophage progenitor stimulatory molecule, 
has the capability of stimulating RNA synthesis in ma- 
ture granulocytes and to binds to granulocytes with 
high affinity (52), stimulated the hydrolysis of FFA 
with maximum activity observed at 50-60 pM. This 
data is consistent with what has been observed 
throughout these studies, that growth factor receptors 
must be present on the surface of the rat neutrophil to 
stimulate the PLA-2 membrane enzyme system. 
Whether these growth factors were murine derived 
natural or in a recombinant form, further studies are 
required to confirm these findings using an acid- 
extracted PLA-2 from human neutrophils and other 
target cells as well as purified formed PLA-2. 

These findings utilizing rat neutrophil acid- 
extracted plasma membrane preparations rich in 
PLA-2 activity support previous results observed with 
the intact neutrophil(53-58). More recent studies from 
our laboratory indicate that although growth factors 
stimulated PLA-2 from intact rat neutrophils, the 

amount of measurable breakdown products as a result 
of FFA liberation intracellularly was insufficient to 
quantitate using thin-layer chromatography (unpub- 
lished observations). Studies are presently in progress 
utilizing HPLC methodology to examine the full pro- 
file of arachidonate products. Preliminary data indi- 
cate that the breakdown products observed following 
growth factor stimulation are lipoxygenase products, 
since in the presence of the lipoxygenase inhibitor, 
nordihydroguauarettic acid and BW755C, the lipoxy- 
genase products were no longer detected. These pre- 
liminary findings support and suggest that lipoxygen- 
ase products could act as intracellular second messen- 
gers for G protein gating ion channels (59). Whether 
the growth factors tested here act directly upon the 
PLA-2 alone or via a membrane receptor enzyme com- 
plex is currently under investigation. 

TNF-a was first discovered as a protein compo- 
nent in the serum of endotoxin-treated animals (60). 
TNF-a has been shown to have both cytostatic and 
cytocidal activity against tumor cells in vitro (59). In 
addition, TNF-a has been shown to have both positive 
and negative effects on hematopoietic progenitor cells. 
TNF-a inhibits erythroid (BFU-E) and multipotential 
(CU-GEMM) progenitors (61). In contrast, TNF-a has 
also been shown to stimulate the production of GM- 
CSF from human lung fibroblasts and vascular endo- 
thelial cells (33). TNF-a has shown consistent activity 
in inducing polymorphonuclear neutrophil infiltration 
in the mouse peritoneal cavity (59-60). We do know 
that TNF-a acts directly on early progenitor cells; 
however, whether a secondary signal is involved or 
not is currently under investigation. When TNF-a was 
introduced into this test system, hydrolysis of FFA 
was seen with a half-maximal stimulation at 30 pM 
with a maximal stimulation at 45 pM. 

Since there are other interleukins within this cy- 
tokine family, which promote hematopoiesis with 
broader effects, an additional family member, IL-2, 
was tested. When IL-2 was used in this enzyme sys- 
tem, no evidence of FFA release could be measured 
above basal levels. This finding is not surprising since 
no experimental evidence exists to demonstrate that 
IL-2 affects neutrophils biochemically or functionally. 
IL-3 has been demonstrated to possess progenitor 
stimulating activity (62). Generally, high-affinity re- 
ceptors for IL-3 are not usually present on a wide va- 
riety of cell types; however, a number of cell lines 
which do become IL-3 dependent have receptors for 
IL-3 and upon isolation and preparation, plasma- 
membrane preparations act upon radioactive E.  coli 
fatty acid substrate to cause the release of FFA (per- 
sonal observation), but in this assay system IL-3 was 
shown not to have any effect. Observations by Lopez 
el al. (49) and Garland (63) have demonstrated that 
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IL-3 activates eosinophils but not mature neutrophils 
because membrane receptors for this growth factor are 
absent. 

In this study, an attempt was made to demonstrate 
that various growth factors activate membrane- 
associated PLA-2 from the rat neutrophil. This en- 
zyme system is believed to take an active part in the 
routine biology of phospholipid metabolism in bi- 
omembranes. Specific examples include eicosanoid 
biosynthesis and the acylation-deacylation of fatty ac- 
ids. The growth factors tested do indeed activate 
PLA-2 from the neutrophil target cell, but by what 
mechanism and at what level enzyme substrate of gua- 
nine nucleotide regulatory binding protein are cur- 
rently under investigation. 

These experiments support earlier work which 
found that with TNF-a and the whole neutrophil, all 
growth factors that alone stimulated PLA-2 markedly 
increase the release of FFA when combined with 
GTP-y S.  In addition, when GTP-P S was substituted 
or combined with GTP-y S,  no marked increase of 
FFA could be measured (64). These observations sug- 
gest the involvement of G proteins, however, whether 
growth factors directly couple their receptors to a G 
protein or use some secondary mechanism is currently 
under investigation. In preliminary experiments test- 
ing whole neutrophils treated with both Pertussis and 
Cholera toxin upon acid-extracted membrane-bound 
PLA-2, results suggest a sensitivity to Pertussis toxin 
for all growth factors successfully tested in this sys- 
tem, and no effect with Cholera toxin treatment. This 
study attempted to demonstrate how various cyto- 
kines affect PLA-2 activity. It was a surprise to us that 
cytokine receptor presence appeared essential for hy- 
drolytic breakdown and FFA formation. What we 
have not addressed in this study is whether each cy- 
toline receptor(s) has a unique signaling pathway to- 
ward the activation of membrane-bound PLA-2, nor 
have we examined whether acid treatment affects cy- 
tokine receptor stability or activation. A common un- 
derlying thread, however, is the necessary equivalent 
for receptor presence and GTP for optimum hydrolytic 
activity when compared with neutrophil membrane 
preparations under more neutral pH conditions. This 
article focuses upon acylationldeacylation of FFA 
from membrane preparation or substrate-bound phos- 
pholipase. Subsequently, this important event leads to 
a multitude of effects, of which several were at least 
implicated in this study. In addition, we have tried to 
emphasize how essential calcium ions are for optimal 
release of FFA both in the intact cell and the isolated 
membrane or substrate bound enzyme. A theory we 
are currently testing and which previous data has sug- 
gested is that growth factors act in concert with cal- 
cium ions to decrease the binding activity of an “en- 

dogenous” growth factor inhibitor(s) (e.g., macrocor- 
tin) target cell. Growth factor initiation of PLA-2, with 
the release of FFA, as a critical first step in the medi- 
ation of G protein influence on target cells and their 
receptors is suggested by previous findings (65) and 
this study. 

Furthermore, this study has suggested a novel ap- 
proach to how growth factors may transduce their sig- 
nal on their target cells. Whether growth factors di- 
rectly stimulate PLA-2 or do so via membrane-bound 
receptors with the possible recruitment of G proteins 
has only been partially addressed. With the recent 
cloning, isolation, and purification of the membrane- 
bound form of PLA-2, it may be possible to confirm 
these findings, and this is currently being pursued. In 
addition, whether a direct or indirect interaction exists 
between the growth factor ligand-receptor complex 
and the PLA-2 enzyme system may also be brought to 
light. These findings strongly suggest that growth fac- 
tors do cause the release of FFA, but the definite 
mechanism involved is still open to continued investi- 
gation of growth factor-modulated commitment to- 
wards stem cell proliferation and competence. 

The authors express their sincere gratitude to Drs. Julis Axel- 
rod, Barbara Beckman. Francis Ruscetti, and Richard Sullivan for 
their thoughtful and helpful suggestions in preparing the manuscript, 
to Mr. Ben Hulette for his assistance in the preparation of the fig- 
ures, and to Mrs. Karen Nokes and Ms. Dawn Eskridge for typing 
the manuscript. These studies were supported by grant (CA-06519), 
from the National Institutes of Health, the DHHS, and the Depart- 
ment of Veterans Affairs. Washington, DC. 

1 .  

2 .  

3 .  

4 .  

5 .  

6. 

7 .  

8. 

Sachs L. Regulatory proteins for growth and differentiation in 
normal and leukemic hematopoietic cells: Normal differentia- 
tion and the uncoupling of control in myeloid leukemia. In: Ford 
RJ, Maize1 AL, Eds. Mediators in Cell Growth and Differenti- 
ation. New York: Raven Press, pp 341-360, 1985. 
Metcalf D. The molecular biology and function of the granulo- 
cyte-macrophage colony stimulating factors. Blood 67:257-267, 
1986. 
Mier JW, Dinarello CA. Current concepts “Lymphokines”. N 
Engl J Med 317:940-945, 1987. 
Clark SC. Kamen R.  The human hematopoietic colony- 
stimulating factors. Science 236: 1229-1237, 1987. 
Metcalf D. Begley CG, Johnson GR, Nicola NA, Vadas MA, 
Lopez AF, Williamson DJ, Wong GG, Clark SC, Wang EA. 
Biological properties in vifro of a recombinant human granulo- 
cyte-macrophage colony stimulatory factor. Blood 67:37-45, 
1986. 
Dinarello CA. Interleukin- 1 amino acid sequence, multiple bio- 
logical activities and comparison with tumor necrosis factor (ca- 
chetin). Year lmmunol 2:68-89, 1986. 
Beutler B, Cerami A. Cachectin and tumor necrosis factor as 
two sides of the same biological coin. Nature 320:584-588, 1986. 
Vogel SN, Douches SD, Kaufman EN, Neta R. Induction of 
colony stimulating factor in vivo by recombinant interleukin- 1 
alpha and recombinant tumor necrosis factor alpha. J Immunol 
13&2 143-2 148, 1987. 

182 CYTOKINES AND PHOSPHOLIPASE ACTIVITY 



9. Lamck LW, Graham D, Toy K, Lin LS, Senyk G, Fendly BM. 
Recombinant tumor necrosis factor causes activation of human 
granulocytes. Blood 6 9 : 6 4 W ,  1987. 

10. Snyder DS, Rosario C, Desforges JF. Antiproliferative effects 
of lipoxygenase inhibitors on malignant human hematopoietic 
cell lines. Exp Hematol 176-9, 1989 

11. Sherman ML, Weher BL, Datta R, Kufe DW. Transcriptional 
and post transcriptional regulation of macrophage specific col- 
ony stimulation factor gene expression to tumor necrosis factor, 
Involvement of arachidonic acid metabolites. J Clin Invest 
85:445,449, 1990. 

12. Ziboh VA, Wong T, Wu MC, Yunis AA. Modulation of colony 
stimulating factor induced murine myeloid colony formation by 
S-peptidi-lipoxygenase products. Cancer Res 46:600-603, 1989. 

13. Sullivan R, Melnick DA, Malech HL, Meshulam T, Simons ER, 
Lazzaci KG, Proto PJ, Gadenne AS, Leavitt JL, Griffin JD. The 
effects of phorbol myristate acetate and chemotactic peptide on 
transmembrane potentials and cytosolic free calcium in mature 
granulocytes evolve sequentially as the cell differentiate. J Biol 
Chem 262:12741281, 1987. 

14. Takenawa T, Humma Y, Nagi Y. Role of Ca' + in phosphati- 
dylinositol response and arachidonic acid release in formylated 
tripeptide of Ca' + ionophore 23187 stimulated guinea pig neu- 
trophils. J Immunol 130:2849-2855, 1983. 

15. DesForges JF, Synder DS. Lipoxygenase metabolites of arachi- 
donic acid modulate hematopoiesis. Blood 67: 1675-1679, 1986. 

16. Stanley ER, Heard PM. Factors regulating macrophage produc- 
tion and growth: Purification and some properties of the colony 
stimulating factor from medium conditioned by mouse L-cells. J 
Biol Chem 252:43054312, 1977. 

17. Thom D, Powell AJ, Lloyd WO, Rees DA. Rapid isolation of 
plasma membranes in high yields from cultured fibroblasts. Bio- 
chem J 168:187-194, 1977. 

18. Lowry OH, Rosebrough MJ, Farr AL, Randall RJ. Protein de- 
termination by use of the Folin-Phenol reagent. J Biol Chem 

19. Burch RM, Axelrod J. Dissociation of bradykinin induced pros- 
taglandin formation from phosphatidylinositol-turnover in Swiss 
3T3 fibroblasts: Evidence for G-protein regulation of PLA-2. 
Proc Natl Acad Sci USA 801:6374-6378, 1987. 

20. Nitta T, Saito-Taki T, Suzuki T. Phospholipase A2 Activity of 
Fc gamma 2b receptors of thioglycollate-murine peritoneal mac- 
rophages. Cell 36:493-504, 1984. 

21. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and 
purification. Can J Biochem Physiol37:911-917, 1959. 

22. Yano K, Hattori H, Imai A, Nozawa Y. Modification of posi- 
tional distribution of fatty acids in phosphatidylinisitol of rabbit 
neutrophils stimulated with formylemthionyl-leucyl-phenlala- 
nine. Biochem Biophys Res Commun 148:971-981, 1983. 

23. Hong SC, Levine L. Inhibition of arachidonic release from cells 
as the biochemical action of anti-inflammatory cortico-steriods. 
Proc Natl Acad Sci USA 73:1730-1734, 1976. 

24. Flower RJ. Macrocortin and the anti-phospholipase proteins. 
In: Weissman G, Ed. Advances in Inflammation Research. New 
York: Raven Press, Vol 8: p 1-34, 1984. 

25. Chang J,  Blazek E, Carlson RP. Inhibition of Phospholipase A, 
(PLA,) by nifedipine and nisoldipine is independent of their 
calcium channel-blocking activity. Inflammation 2:353-364, 
1987. 

26. Janis RA, Scrlabine A. Sites of action of Ca channel inhibitors. 
Biochem Pharmacol32:3499-3507, 1983. 

27. Chang JF, Wigley R, Newcombe D. Neutral protease activation 
of peritoneal macrophage prostaglandin synthesis. Proc Natl 
Acad Sci USA 77:47363740, 1980. 

28. Maca RD. The combined effect of prostaglandin E2 and inter- 
leukin- 1 on interleukin-2 production and lymphocyte prolifera- 
tion. Int J Immunopharmacol 9:611-618, 1987. 

193:265-275, 195 1. 

29. Breder CD, Dinarello CA, Saper CB. Interleukin-1 immunore- 
active innervation of the human hypothalmus. Science 24O:32 1- 
324, 1988. 

30. Strife A, Lambek C, Wisniewski D, Gulati S, Gasson JC, Golde 
DW, Welte K, Gabrilove JL, Clarkson B. Activities of four 
purified growth factors on highly enriched human hematopoietic 
progentor cells. Blood 69:1508-1523, 1987. 

31. Sieff CA, Emerson SG, Donahue RV, Nathan D, Wang EA, 
Wong GG, Clark SC. Human recombinant granulocyte- 
macrophage colony stimulating factor: A multilineage he- 
matopoietin. Science 230:1171-1173, 1985. 

32. Metcalf D. The granulocyte-macrophage colony stimulating fac- 
tors. Science 229:16-22, 1985. 

33. Beutler B, Cerami A. Cachectin and tumor necrosis factor as 
two sides of the same biological coin. Nature 320584588, 1986. 

34. Dinarello CA, Gannon JG, Wolff SM, Becnheim HA, Beutler B, 
Cerami A, Figari IS, Palladino MA Jr., O'Connor JV. Tumor 
necrosis factor (cachectyin) is an endogenous pyrogen and in- 
duces production of interleukin-1 . J Exp Med 163: 1433-1450, 
1986. 

35. Chang J,  Gillman SC, Lewis AJ. Interleukin-1 activates phos- 
pholipase A2 in rabbit chondrocytes: A possible signal for IL-1 
action. J Immunol 136:1283-1287, 1986. 

36. Kramer RH, Hession C, Johnson B, Hays G, McGary EP, 
Pizard R, Pepinsky RB. Structure and properties of a human 
pancreatic PLA-2. J Biol Chem 2645768-5775, 1989. 

37. Platzer E, Welke K, Gabrilove J,  Lu L, Hams P, Mertelsmann 
R, Moore MAS. Biological activities of a human pluripotent 
hematopoietic colony stimulating factor on normal and leukemic 
cells. J Exp Med 162:1788-1801, 1985. 

38. Chaplinski JJ, Niedel JE. Cyclic nucleotide induced maturation 
of human promyelocyte leukemia cells. J Clin Invest 70:953- 
964, 1982. 

39. Sullivan R, Griffin JD, Simons ER, Schafer AL, Meshulam T, 
Fredette JP, Mass AK, Gadenne AS, Leavitt JL, Melnick DA. 
The effect of recombinant human granulocyte and macrophage 
colony stimulating factors on signal transduction pathways in 
human granulocytes. J Immunol 139:3422-3430, 1987. 

40. Momssey P, Chamer K, Bressler L, Alpert A. The influence of 
IL-I treatment on the reconstruction of the hematopoietic and 
immune systems after sublethal irradiation. J Immunol 
140:4204-4210, 1988. 

41. Maulet T, Brodbeck V, Fulpius BW. Purification from bee- 
venom of melittin devoid of phospholipase A2 contamination. 
Anal Biochem 127:6147, 1982. 

42. Beckman BS, Seferynska I. Possible involvement of phospho- 
lipase activation in erythroid progenitor cell proliferation. Exp 
Hematol 17:309-312, 1989. 

43. Crutchley DJ, Ryan W, Ryan VS, Fishee GH. Bradykinin in- 
duced release of prostacyclin and thromoxanes from bovine pul- 
monary artery endothelial cells. Biochem Biophys Acta 751399- 
107, 1983. 

44. DiRosa M, Persico P. Mechanism of inhibition of prostaglandin 
biosynthesis by hydrocortisone in rat leukocytes. Br J Pharma- 

45. Gentile PS, Pelus LM. In vivo modulation of myelopoiesis by 
prostaglandin E2 11. Inhibition of granulocyte-monocyte pro- 
genitor cell (CFU-GM) cell cycle rate. Exp Hematoll51 19-126, 
1986. 

46. Gentile PS, Byer D, Pelus LM. In vivo modulation of murine 
myelopoiesis following intravenous administration of prosta- 
glandin E2. Blood 62:110&1107, 1983. 

47. Rossi GB, Migliaccio AR, Migliaccio G, Letteri F, Diorsa M, 
Mastroberardino G, Peschle C. In vitro interactions of PGE and 
CAMP with murine and human erythroid precurors. Blood 
56:74-79, 1980. 

48. Gallicchio VS, Watts TD, DellaPuca R. Synergistic action of 

COI 66:161-163, 1979. 

CYTOKINES AND PHOSPHOLIPASE ACTIVITY 183 



recombinent-derived murine interleukin- 1 on the augmentation 
of a colony stimulating activity on murine granulocyte- 
macrophage hematopoietic stem cells in v i m .  Exp Cell Biol 

49. Lopez AF, Williamson J,  Gamble JP, Begley CG, Harlan JM, 
Klebano SJ, Wattersdorph A, Wong G,  Clark SC, Vadas MA. 
Recombinant human granulocyte-macrophage colony stimulat- 
ing factor stimulate in vitro mature neutrophil an eosinophil 
functions, surface receptor expression and survival. J Clin In- 
vest 78:122&1228, 1988. 

50. Weisbart RH, Kwan L, Golde DW, Gasson JC. Human GM- 
CSF primes neutrophils for enhanced oxidative metabolism in 
response to the major physiologic chemoattractants. Blood 
69:18-21, 1987. 

51. Souza LM, Boone TC, Gabribove J,  Lai PH, Zsebo KM, Mur- 
doch DC, Chazin VR, Bruszewski J,  Lu H, Chen KK, Barendt 
J,  Platzer E, Moore MAS, Mertelsmann R, Welte K. Recombi- 
nant human-granulocyte colony stimulatine factor: Effects on 
normal and leukemic myeloid cells. Science 232:61-65, 1986. 

52. Metcalf D, Burgess AW, Johnson GR, Nicola NA, Nice EC, 
DeLamaster J ,  Thatcher DR, Mermod JJ. In vitro actions on 
hematopoietic cells of recombinant murine GM-CSF purified 
after production in E. coli: Comparison with purified nature 
GM-CSF. J Cell Physiol 128:421431, 1986. 

53. Stanley ER, Guilbert LJ, Byme PV. Distribution of cells bear- 
ing receptors for colony-stimulating factor (CSF- 1 )  in murine 
tissue. J Cell Biol 91:848-853, 1981. 

54. Morstyn G, Burgess AW. Hematopoietic growth factors: A re- 
view. Cancer Res 4 5 6 2 6 5 6 3 7 ,  1988. 

55. Sullivan R, Griffin JD, Wright J,  Melnick DH, Leavitt JL, Fre- 
dette JD, Home HJ Jr., Lyman CB, Lazzari KG, Simons ER. 
Effects of recombinant human granulocyte macrophage colony 
stimulating factor on intracellular pH in mature granulocytes. 

56. Silberstein DS, Owen WF, Gasson JC, DiPersio JF, Golde DW, 
Biva JC, Soberman R, Austen KF, David JR. Regulation of 

55:83-92, 1987. 

Blood 72:1665-1673, 1988. 

human eosinophil function by granulocyte-macrophage colony 
stimulating factor. J Immunol 137:3290-3294, 1986. 

57. Kim D, Lewis DL, Graziadei L, Neer EJ, Bar-Sag D, Clapham 
DE. G-protein Br-subunits activate the cardiac muscarinic K + - 
channel via phospholipase A2. Nature 337557-560, 1989. 

58. Imamura K, Kufe D. Colony-stimulating factor-1 induced Na+ 
influx into human monocytes involves activation of a pertussis 
toxin-sensitive GTP-binding protein. J Biol Chem 263: 14093- 
14098, 1988. 

59. Fafeur V, Jiong PH, Bohleiv P. Signal induction by bFGF, but 
not TGFB, involves arachidonic acid metabolism in endothelial 
cells. J Cell Physiol 147:237-283, 1991. 

60. Vilcek J ,  Junming LE. Tumor necrosis factor and interleukin- 1 : 
Cytokines with multiple overlapping biological activities. Lab 
Invest 56:234-248, 1987. 

61. Haranaka K, Satomi N, Sakurai A. Antitumor activity of mu- 
rine tumor necrosis factor (TNF) against transplanted murine 
tumors and hetero-transplanted human tumors in nude mice. Int 
J Cancer 34:263-267, 1984. 

62. McColl SR, Kreis C, DiPersio JF, Borgeat P, Naccache PH. 
Involvement of guanin nucleotide binding proteins in neutrophil 
activation and primary by GM-CSF. Blood 73588-591, 1989. 

63. Garland JM. Cell stimulation by haemopoietic lymphokines. Im- 
munol Lett 16:233-241, 1987. 

64. Jarvis MR, Gessner GW, Martin GB, Jaye M, Ravera MW. 
Dionne CA. Characterication of acidic fibroblast growth 
factor binding to the cloned human fibroblast growth factor re- 
ceptor PGG-Gly, on NOH 3T3 cell membranes: Inhibitory ef- 
fects of heparin, pertussis toxin and guanine nucleotides. J Phar- 
macol Exp Ther 263:253-264, 1992. 

65. Yang YC, Ciarletta AB, Temple PA, Chung MP, Kovacic S, 
Wilek-Giannotti JS, Leary AC, Kriz R, Donahue R, Wong GG, 
Clark SC. Human IL-3 (multi-CSF): Identification by expres- 
sion cloning of a novel hematopoietic growth factor related to 
murine IL-3. Cell 47:3-10, 1986. 

184 CYTOKINES AND PHOSPHOLIPASE ACTIVITY 




