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Abstrac-We have explored the role of phospholipase D (PLD) activation in leukotriene B4 (LTB,)- 
induced Ca2+ mobilization and degranulation of human neutrophils. Stimulation of [3H]alkyl-acyl- 
phosphatidylcholine-labeled neutrophils with LTB, resulted in a rapid accumulation of [3H]alkyl- 
phosphatidic acid (PA) as well as a somewhat slower accumulation of [3H]alkyl-diglyceride (DG). In 
the presence of ethanol, PLD catalyzed a transphosphatidylation reaction in which LTB4 increased 
[‘Hlalkyl-phosphatidylethanol formation and simultaneously decreased LTB,-induced PA and DG 
accumulation. This pattern of lipid metabolism is consistent with the conclusion that LTB4 stimulates 
PLD activity in human neutrophils. Additional studies in which the extracellular and intracellular 
concentrations of Ca2+ were varied indicated that maximal LTBrinduced PLD activation was dependent 
upon Ca2+ and potentiated by inhibitors of protein kinase C. The time-course and concentration- 
response curves for LTBcinduced PLD activation were different from those for LTB,-induced Ca2+ 
mobilization, as measured by fura- fluorescence. On the other hand, the concentration-response curve 
for LTB,-induced PLD activation was similar to that for LTBrinduced degranulation. Preincubation of 
the cells with ethanol inhibited LTB,-induced PA and DG accumulation, as well as degranulation, 
suggesting that one or both of these metabolites were important for this response. In contrast, ethanol 
had no effect on LTBrinduced Ca2+ mobilization. Propranolol, an inhibitor of phosphatidate phos- 
phohydrolase, abolished DG accumulation in response to LTB, but had no effect on degranulation, 
suggesting that PA is more important than DG as a mediator of degranulation. Taken collectively, these 
data indicate that LTBrinduced activation of PLD in human neutrophils is mediated by a Ca2+- 
dependent mechanism, but not by protein kinase C. In addition, PLD activation in these cells may 
induce degranulation, but not CaZ+ mobilization. 

Leukottiene B4 (LTB&) is a S-lipoxygenase 
product that stimulates chemotaxis, aggregation and 
degranulation of neutrophils and other inflammatory 
cells [l]. As a prerequisite for producing these 
functional effects, LTB4 activates a variety of 
enzymes, including phospholipase C (PLC) and 
protein kinase C (PKC) [2-51, and induces Ca2+ 
mobilization (6-81. In addition, it has been reported 
recently that LTB4 activates phospholipase D (PLD) 
in rabbit and human neutrophils [9, lo]. PLD 
catalyzes the hydrolysis of phospholipids, primarily 
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choline-wntainingphosphoglycerides (phosphatidyl- 
choline, PC), to generate phosphatidic acid (PA) 
and choline. PA can be degraded further by 
phosphatidate phosphohydrolase to yield diacyl- and 
alkylacylglycerols (DG), which may then activate 
PKC. PA may also have a second messenger role in 
promoting Ca2+ entry into cells [ll-141, mobilizing 
intracellular Ca2+ [15,16], inhibiting adenylyl 
cyclase [M-18], activating phosphatidylinositol 4,5- 
bisphosphate (PIP2)-specific PLC [ 191, stimulatin 
DNA synthesis and cell proliferation [15,20 , k 
regulating stimulus-secretion coupling [21-231, and 
activating NADPH oxidase [24,25]. Although PLD 
has thus been implicated indirectly in mediating a 
number of cellular processes, limited evidence is 
available that strongly links activation of PLD with 
functional responses [25-301. 

The present studies were carried out in an effort 
to determine whether a link exists between LTBr 
induced PLD activation and key biological functions 
of the human neutrophil. The results provide 
evidence to support a role for PLD and its product, 
PA, in mediating LTB.,-induced degranulation of 
this cell, but not a role in stimulating Ca2+ 
mobilization. 

MATERIALS ANDMETHODS 

MateriaLs. l-[alkyl-l’,2’-3H]sn-Glyceryl-3-phos- 
phorylcholine (40 Ci/mmol) was purchased from 
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New England Nuclear (Boston, MA). Phorbol 12- 
my&ate-13-acetate (PMA), N-formyl-L-methionyl- 
L-leucyl-L-phenylalanine (fMLP), cytochalasin B, 
staurosporine, histopaque-1077, calphostin C and 
(*)-propranolol were obtained from Sigma (St. 
Louis, MO). Essentially fatty acid-free bovine serum 
albumin was obtained from Calbiochem (San Diego, 
CA). LTB4 and Ly 223982 were synthesized by the 
Department of Medicinal Chemistry (SmithKline 
Beecham Pharmaceuticals, King of Prussia, PA). 
Chelerythrine was obtained from LC Services 
(Woburn, MA), and RSS949 was supplied by Dr. 
D. de Chaffroy de Courcelles, Janssen Research 
Foundation (Beerse, Belgium). Precoated silica gel 
60 plates (0.25 mm thick) were purchased from E. 
Merck (Darmstadt, Germany). PMA, A23187, 
fMLP, cytochalasin B, staurosporine, chelerythrine 
and Ly 223982 were dissolved as 10mM stock 
solutions in dimethyl sulfoxide before further dilution 
into Krebs-Ringer-Henseleit buffer (KRH). The 
final concentration of dimethyl sulfoxide did not 
exceed 0.2% and did not affect the parameters being 
measured. LTBl stock solutions (2 mM) were 
prepared in a methanol:HzO (3:l) mixture before 
being further diluted into KRH. Other drugs were 
prepared as aqueous solutions. 

Preparation of human neutrophils. Human neu- 
trophils were isolated from freshly drawn heparinized 
venous blood obtained from healthy donors by the 
procedure of Biiyum [31]. Briefly, human blood was 
layered over Histopaque-1077, and the pellets were 
collected after centrifugation (400 g, 20 min at room 
temperature), resuspended and sedimented with 
1.5% dextran for 45 min. The resulting pellets 
were exposed briefly to deionized water to lyse 
erythrocytes. The remaining cells were collected by 
centrifugation, suspended in buffer (137 mM NaCl, 
2.7 mM KCl, 8.8 mM Na2HP04, 1.5 mM KH2P04; 
pH7.4), and counted. All final leukocyte prep- 
arations were of greater than 95% purity and 
viability, as determined by histological examination 
and trypan blue exclusion, respectively. 

Radiolabeling of human neutrophils. Purified 
neutrophils were resuspended to a density of 
3.3 X 107/mL in KRH (118 mM NaCl; 4.6 mM KCI; 
24.9 mM NaHC03; 1 mM KHzPO,; 11.1 mM D- 
glucose; 1 mM CaCI,; 1.1 mM MgClz; 5 mM 
4-(2-hydroxyethyl)-l- iperazine-ethanesulfonic acid 
(HEPES) and 1 mg mL radioimmunoassay grade P 
fatty acid-free bovine serum albumin; pH7.4). 
Cellular 1-alkyl-PC pools were radiolabeled by 
incubating cells with 5 pCi/mL of 1-[a0cyl-1’,2’-3H]- 
sn-glyceryl-3-phosphocholine for 60 min at 37”. 
Preliminary studies demonstrated that ~95% of the 
radiolabel had been taken up by the cells at this 
time and >90% of the cell-associated radioactivity 
was 1-alkyl-PC [32]. After labeling, unincorporated 
radioactivity was removed by washing cells twice 
with KRH. Washed, radiolabeled neutrophils were 
then suspended in KRH at a concentration of 10’ 
cells/ml and used to measure PLD activity. 

PLD assay. Measurement of [3H]alkyl-PA and 
[3H]alkyl-DG was used as an indirect index of 
changes in the mass of PA and DG. Labeled 
neutrophils (5 x 106) were prewarmed for 5 min at 
37” before being exposed to vehicle, LTB4 or other 

agonists (PMA and fMLP). Incubations were carried 
out in the absence or presence of CaZ+, ethanol, 
propranolol or various PKC inhibitors (stau- 
rosporine, chelerythrine, calphostin C) for the 
indicated time. Samples with calphostin C were 
incubated under direct light. All experiments were 
performed in the presence of S,uM cytochalasin B 
except where noted in the figure legends. At the 
appropriate time, the reaction was stopped by adding 
3 vol. ofchloroform:methanol:aceticacid(100:200:4, 
by vol.). The lipids were then extracted by the 
procedure of Bhgh and Dyer [33]. An aliquot 
(typically lOO,OOO-500,000 dpm) of the lower 
chloroform phase was dried and redissolved in 
chloroform, and the lipids were separated by thin- 
layer chromatography on silica gel 60 plates. None 
of the drug treatments altered the total amount of 
radioactivity extractable from the cell preparations. 
Plates weredeveloped using the organic phase of ethyl 
acetate:iso-octane:acetic acid:water (110:50:20:100, 
by vol.). Lipid standards were used to identify the 
separated lipid fractions [PC, Rr = 0; PA, R, = 0.09; 
phosphatidylethanol (PEt), Rf= 0.15; mono- 
glycerides, R = 0.5; DG, Rf = 0.91; triglycerides, 
Rf = 0.97][345. The [3H] lipid products were located 
by scanning individual lanes with a Bioscanner 
(Imaging Scanner 200-IBM, Washington, DC), and 
the silica gel areas containing individual lipids were 
scraped and the radio activity was quantified 
by liquid scintillation spectrometry. Data were 
expressed as a percentage of the total radioactivity 
applied to the plate. 

Calcium mobilization methods. Intracellular Ca2+ 
([Ca*+]i) was estimated using the Ca*+ fluorescent 
probe fura-2. Isolated neutrophils were suspended 
in KRH at a concentration of 2 x 106/mL and 
incubated with 2pM fura-2/AM, the pen- 
taacetoxymethyl ester of fura-2, at 37” for 45 min. 
Cells were centrifuged at 22Sg for 10 min, 
resuspended in KRH buffer, and incubated at 37 
for an additional 15 min to allow complete hydrolysis 
of the intracellular fura- ester. Neutrophils were 
centrifuged, resuspended at 4 x lo6 cells/ml and 
maintained at room temperature until used for 
fluorescence determination, which was performed 
within 2 hr. Prior to fluorescence determination the 
cells were diluted to a final concentration of lo6 
cells/ml in KRH and warmed to 37”. Aliquots 
(2 mL) of the cell suspension were added to a l-cm* 
cuvette and placed into a fluorometer (Johnson 
Foundation Biomedical Instrumentation Group, 
Philadelphia, PA), equipped with a temperature 
control and a magnetic stirrer under the cuvette 
holder. The excitation filter was 340 nm (10 nm band 
width) and the emission filter was 510 nm (20 nm 
band width). Fluorescence was recorded for 1 min 
to ensure a stable baseline before addition of agonist. 
Fluorescence was recorded continuously for at least 
2min after agonist addition. The [Ca’+]i was 
calculated using methods described previously [35]. 
Data are presented as maximal agonist-induced 
increases in [Ca*+]i over baseline (prestimulated 
levels). 

Degranulation assay. Degranulation was assessed 
using lo6 neutrophils in a final volume of 
1 mL. Neutrophils were preincubated with 5 pgg/mL 
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Fig. 1. Time-course of LTR,-induced accumulation of PA, 
DG and PEt in human neutrophils. [3H]Alkyl-acyl- 
PC-prelabeled cells were incubated &th 1 iM LTB; in ihe 
oresence (0) or absence (0. A) of 0.5% ethanol for the 
iimes indicated. PA, DG and PEt were separated by TLC, 
and radioactivity was quantified by scintillation counting. 

Data are the means + SEM of 3 experiments. 

cytochalasin B for 10 min at 37” followed by LIB4 
for 3 min. Incubations were conducted in the absence 
or presence of Ca*+, ethanol, staurosporine, 
propranolol or Ly 223982 added 5 min before agonist 
challenge. In time-course studies, incubations were 
terminated at specific times by separating the 
extracellular medium from the neutrophils by 
drawing the suspended cells through a syringe 
equipped with a 0.45pm I-IV filter (Millipore, 
Bradford, MA). In all other studies, the incubation 
was terminated by placing assay tubes on ice followed 
by centrifugation (400 g for 2 min). Myeloperoxidase 
(MPO) activity in the supematant fractions was 
determined kinetically as described by Bradley et al. 
[36]. Briefly, 50 PL of the supematant was incubated 
with 0.95 mL assay reagent containing 0.167 mg/mL 
0-dianisidine dihydrochloride, 0.0005% hydrogen 
peroxide and 50 mM potassium phosphate buffer 
(pH 6.0). Product formation was linear for >2 min 
and measured spectrophotometrically every 15 set 
throughout a 2-min period in a Beckman DU-70 
spectrophotometer at 460nm. One unit of MPO 
activity was defined as that degrading 1 pm01 of 
peroxidefmin at 25”. 

Data analysis and statistical evaluation. Each set 
of experiments was performed 3-5 times using cells 
from different donors. The data are expressed as 
means f SEM. Differences between two means were 
determined by a paired Student’s t-test and accepted 
as significant at P < 0.05. 

RESULTS 

Effect of LTB4 on PLD activity, Ca*+ mobilization 
and degranulation. Initial experiments were carried 
out to assess the ability of LTB, (1 PM) to stimulate 
the production of PA, DG and, in the presence of 
ethanol, PEt in human neutrophils. In these and all 
subse uent experiments PA and DG were measured 
as [3H alkyl-PA and [3H]alkyl-DG, respectively. As “1 
shown in Fig. 1, the production of these products in 

PEt 

q lv- 

q LJ-b 

n LlB,+EtoH 

141 

Fig. 2. Effect of ethanol on LTBcinduced PA, DG and 
PEt production in human neutrophils. [3H]Alkyl-acyl- 
PC-prelabeled cells were incubated with KRH (open bars) 
or 1 GM LTB., in the presence (solid bars) or absence 
(hatched bars) of 0.5% ethanol (EtOH) for 2min. PA, 
DG and PEt were seoarated bv TLC. and radioactivitv 
was quantified by s&tillation’countmg. Data are the 
means 2 SEM of 4-5 experiments. Key: (*) greater than 
control (P < 0.05), and (7) less than in the presence of 

LTR4 alone (P < 0.05). 

response to LIB4 was time dependent. It is 
noteworthy that PA accumulation appeared to 
precede the appearance of DG and that the levels 
of PEt had increased more than 3-fold by 1 min. By 
comparison, LIB.,-induced Ca*+ mobilization was 
extremely rapid, reaching a maximum within 8- 
1Osec (see Fig. 8), and thus appeared to precede 
the formation of PA, DG and PEt. In other 
experiments, MPO release was increased within 
30 set of exposure to 1 PM LIB4 (0.013 units/lo6 
cells, control vs 0.035 units/lo6 cells, plus LTB4; 
N = 2) and PA accumulation doubled within the 
same period (l.O%, control vs 1.9%, plus LIB,; 
N=2). 

Ethanol serves as an alternative substrate to H20 
in the PLD-catalyzed hydrolytic cleavage of choline 
from PC. Thus, ethanol, rather than a hydroxyl 
group from H20, is incorporated via a trans- 
phosphatidylation reaction into the m-3 position of 
PC to form PEt. Theoretically, then, formation of 
PEt in the presence of ethanol should be accompanied 
by a decrease in the formation of the normal products 
of PLD, PA and its hydrolytic metabolite, DG. 
Indeed, in the presence of 0.5% ethanol, the ability 
of 1 PM LIB4 to stimulate the production of PEt 
was accompanied by an inhibition of DG and PA 
generation (Fig. 2). Because of the reciprocal 
relationship between the accumulation of PEt vs PA 
and DG, and because the production of PEt is a 
unique property of PLD, these results support the 
concept that LTBrinduced accumulation of PA and 
DG is mediated by PLD activation. Moreover, a 
preliminary experiment indicated that 3 PM R 55949, 
a DG kinase inhibitor [37], had no effect on LTBr 
induced PA and DG accumulation, suggesting that 
PLC activation was not involved with the response. 

PLD activity, Ca*+ mobilization and degranulation 
were stimulated by LIB., in a concentration- 
dependent manner (Fig. 3). LTBI stimulated 
PLD activity and degranulation over a similar 
concentration range, but was approximately lo-fold 
more potent in stimulating Ca*+ mobilization. Thus, 
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Fig. 3. Degranutation, Ca*+ mobilization, and PA and DG 
a~umuiation in response to various concentrations of 
LTB, in human neutrophils. PA and DG were measured 
after a 2-min exposure to LTB4. Degranulation measured 
as MPO release was determined after a 3-min exposure to 
LTB,. Ca*+ mobilization represents the peak response to 
LTB4 (lO-15sec after LTB,, administration). In the 
experiments shown, maxima1 MPO release in response to 
1 PM LTB4 was 4.3 x lo-* units/lO* cells and the basal 
[Ca’+& of 180nM was increased by 30 nM LTB4 to 
1077 nM. Each point is the mean of duplicate determinations 

from a single representative of 3 experiments. 

at LTB, concentrations that elicited a maximal 
increase in Ca2’ mobilization (i.e. 10nM LTB4), 
PLD activity and degranulation were stimulated to 
only one half of their maximal values. 

In another study, pretreatment of cells with 10 PM 
Ly 223982, an LTB,-receptor antagonist [38], 
abolished PEt production and degranulation in 
response to 1 ,uM LTB4 (Fig. 4). In contrast, 
Ly223982 had no significant effect on responses to 
1 PM fMLP, thus demonstrating the selectivity of 
the antagonist for LTB+ These results confirm that 
the ability of LTBI to produce its functional effects 
in the neutrophil is mediated by its interaction with 
the LTB4 receptor. 

Effect of cytochlasin B. Previous studies have 
demonstrated that cytochalasin B increases PLD 
activity in response to receptor-mediated agonists 
[9,39,40]. To extend this observation to the action 
of LTBI, we investigated the effect of cytochalasin 
B on LTBrinduced PLD activation, degranulation 
and Ca2+ mobilization in human neutrophils. 
Pretreatment of cells with cytochalasin B (SpM) 
markedly potentiated the accumulation of PA and 
PEt, as well as MPO release, induced by 1 PM LTB4 
by 4-, 4- and 17-fold, respectively (Fig. 5). 

Control LTB, LTB, + Ly fMLP fMLP + Ly 

Fig. 4. Effect of Ly223982 on LTBc and fhKP-induced 
PLD activation and MPO release in human neutrophils. 
Cells were exposed to vehicle or 10 PM Ly 223982 (Ly) for 
S min before being challenged with 1 PM LTBa or 1 FM 
WLP. Formation of PEt (top panel) and release of MPO 
(bottom panel) were determined 5 and 3 min, respectively, 
after agonist addition. Data are the means -+ SEM of 4 
experiments. Key: (*) significantly greater than control 
value (P < 0.05), and (t) significantly less than value in the 

presence of agonist alone (P < 0.05). 

Cytochalasin B also increased Ca2’ mobilization in 
response to a supramaximal concentration of LTB4 
(100 nM), although the increase was less than 2-fold. 

Effect of ethanol on BABY-induced PLD ~~tiui~, 
degranuEation and Ca2+ mobikation. The effect of 
ethanol on LTB,-induced PEt, PA and DG 
accumulation, as well as MPO release and Ca2+ 
mobilization, is shown in Fig. 6. Increasing the 
concentration of ethanol over a range of 0 to 1% 
resulted in a concentration-dependent increase in 
PEt formation and a concomitant inhibition of LTBc 
induced PA and DG formation as wet1 as MPO 
release. In contrast, ethanol had no effect on Ca2+ 
mobilization in response to LTB+ These data suggest 
that LTB~-induced PLD activation is functionaliy 
linked to degranulation, but not to Ca2+ mobilization, 
in human neutrophils. 

Effect of propranoloi on ABBE-induced degranu- 
l&ion. To determine which product of PLD might 
be responsible to degranulation, we studied the 
effects of propranolol, an inhibitor of phosphatidate 
phosphohydrolase, on the functional responses of 
neutrophils to LTB+ Figure 7 shows that 2OOpM 
propranolol abolished DG production and 
potentiated PA production in response to a maximal 
concentration of LTB4 (1 FM). In spite of the 
abolition of LTBrinduced DG accumulation by 
propranolol, LTBeinduced degranulation was not 
inhibited in the presence of propranolol, suggesting 
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Fig. 5. Effect of cytochalasin B on LTB,-induced PEt and PA accumulation, degranulation and Ca2+ 
mobilization in human neutrophils. PEt (pane1 A) was measured 15 min after exposure to 1 pM LTBI. 
PA (panel B) was measured 2 min after exposure to 1 PM LTB+ MPO release (panel C) was measured 
3 min after exposure to 1 PM LTB,. Ca2+ mobilization (panel D) was measured 10-15 set after exposure 
to 1OOnM LTB,. In every panel, the two bars on the left represent data from cells pretreated with 
vehicle and the two bars on the right represent data from cells pretreated with 5 PM cytochalasin B. 
The open bars represent the basal values and the hatched bars represent LTBrstimulated values. Data 
are the means 2 SEM of 3-4 experiments. Key: (*) greater than the LTB+timulated value in the 

absence of cytochalasin B (P < 0.05). 

that PA rather than DG is the PLD product that is 
involved in LTBcinduced degranulation. Pro- 
pranolol also failed to potentiate degranulation in 
response to a wide range of LTB4 concentrations 
(1 nM-1 PM) (data not shown), even though it 
potentiated LTBrinduced PA accumulation. 

Role of Ca” and PKC. Multiple mechanisms are 
thought to be involved in mediating receptor-coupled 
PLD activation [41]. In many cell types, phorbol 
esters and Ca*+ ionophores activate PLD [32,42], 
suggesting that both PKC- and Ca*+-dependent 
pathways are linked to PLD activation. To explore 
the role of PKC and Ca*+ in LTBd-induced PLD 
activation in neutrophils, the effect of changing 
extracellular and intracellular Ca*+ concentrations 
on LTB,-induced PLD activation and degranulation 
was investigated, as were the effects of PKC 
inhibitors. 

To investigate the effect of Ca*+ on the activation 
of PLD and neutrophil degranulation, Ca*+ stores 
were depleted with the Ca*+-chelator ethylene glycol 
bis (Baminoethyl ether)-N, N, N’, N’-tetraacetic acid 
(EGTA). The importance of extracellular Ca*+ was 
studied as follows. Neutrophils were resuspended in 
Cat+-free KRH and 10 set prior to stimulation with 
LTB4, EGTA (2OOpM) was added to the cell 
suspension to remove extracellular Ca*+. As 
determined by Ca *+ levels during the post-stimulus 
plateau phase of the response, Ca*+ influx was 

virtually abolished by 200 PM EGTA and total Ca*+ 
mobilization was reduced by 75% (Fig. 8, A and B). 
Under these conditions, PLD activation and 
degranulation in response to LTB., were decreased 
by 72 and 45%, respectively (Fig. 9), suggesting that 
Ca*+ influx contributed to maximal LTBeinduced 
PLD activation and degranulation. 

The role of intracellular Ca*+ was investigated 
further by incubating neutrophils in Ca*+-free KRH 
containing 50 PM EGTA for 30 min. This treatment 
removed extracellular Ca*+ and depleted most of 
the intracellular Ca*+ stores, as evidenced by the 
ability of LTB4 to produce only a small, transient 
Ca2’ signal in these cells (Fig. SC). Depleting both 
intra- and extracellular Ca*+ abolished LTBeinduced 
PLD activity and produced a further, substantial 
reduction in deqranulation (Fig. 9). Re-exposing 
cells to 1 mM Ca + after they had been treated with 
5OpM EGTA for 30min returned their ability to 
respond to LTB4 nearly to the same level as un- 
treated cells (Figs. 8D and 9). These results suggest 
that in neutrophils both LTBrstimulated PLD 
activity and degranulation are dependent on the 
mobilization of intracellular Ca*+ as well as its influx 
from extracellular stores. 

The role of PKC in LTBd-stimulated PLD 
activation and degranulation was investigated by 
incubating neutrophils with the kinase inhibitor 
staurosporine (1 PM) prior to stimulation with LTB4. 
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Fig. 6. Effect of ethanol on LTB,-induced PEt, PA and 
DG accumulation, degranulation and Ca*’ mobilization in 
human neutrophils. The parameters were quantitated in 
the presence of 0,0.25,0.5,0.75 or 1% ethanol. PEt (A), 
PA (0) and DG (O), MPO release (D) and Ca2+ 
mobilization (0) were measured 2 min, 2 min. 2 min. 3 min 
or 10-15 set, respectively, after exposure to 1 PM (PEt, 
PA, DG and MPO) or 100 nM (Ca*+ mobilization) LTB4. 
PEt data (top) is expressed as a percentage of total ‘H. 
The remaining data (bottom) are expressed as the 
percentage of the values obtained in the absence of ethanol 
(PA, 1.02 f 0.09% total ‘H; DG, 1.22 + 0.40% total 3H; 
MPO, 0.038 + 0.0007 units/l@ cells; and Ca2+, 773 ? 
105 nM above baseline). Significant decreases in PA, DG 
and MPO were observed at both 0.75 and 1.0% ethanol 
(P < 0.05; ANOVA with Scheffe F analysis of original 
data). Each point is the mean f SEM of 3-4 experiments. 

Such treatment did not significantly alter basal PLD 
activity or MPO release, but potentiated LTBr 
stimulated PLD activation and degranulation (Fig. 
10). In contrast, PEt accumulation in response to 
1OOnM PMA (0.16% of total 3H, control 9.4% of 
total 3H, PMA) was reduced significantly (6.1% of 
total 3H), but not abolished, by 1 @l staurosporine 
(N = 2). Two other PKC inhibitors, 5 PM cheler- 
ythrine [43] and 1 PM calphostin C [44,45], also 
potentiated LTB,-induced PLD activation (Table 
1). Thus, the activation of PKC does not appear to 
mediate PLD activation and degranulation of 
neutrophils in response to LTB4. 

DISCUSSION 

Although the ability of LTB4 to stimulate PLD 

Fig. 7. EffectofpropranololonLTB4-induceddegranulation 
and the production of PA and DG in human neutrophils. 
[3H]Alkyl-acyl-PC-prelabeled cells (for PA and DG 
production) and non-prelabeled cells (for MPO release) 
were incubated with KRH (open bars) or 1 PM LTB, for 
5 min (PA and DG) or 3min (MPO) in the absence 
(hatched bars) or presence (solid bars) of 2OOpM 
propranolol. PA and DG were separated by TLC, and 
radioactivity was quantified by scintillation counting. MPO 
activity was assessed as described in Materials and Methods. 
Data are the means IT SEM of 4-5 experiments. Key: (“) 
greater than value in the absence of LTB, (P < 0.05), and 
(7) different from value in the presence of LTB, alone 

(P < 0.05). 

activity in human neutrophils has been reported 
previously [lo, 461, the mechanism and physiological 
significance of LTB,-induced PLD activation are not 
completely understood. In thisstudy, we investigated: 
(1) the characteristics of LTB4-induced PLD 
activation in human neutrophils; (2) the mechanism 
by which LTB4 activates PLD; and (3) the role of 
PLD activity in degranulation and Ca*+ mobilization. 

LTB4 induced time- and concentration-dependent 
increases in PA and DG accumulation. Consistent 
with results using fMLP [32], DG generated in 
response to LTB4 was most likely derived from the 
sequential actions of PLD and phosphatidate 
phosphohydrolase. Several lines of evidence support 
this conclusion. First, in the presence of ethanol, 
LTB4-induced PEt formation was accompanied by 
a decrease in PA and DG accumulation, suggesting 
that both PA and PEt are produced via a common 
biochemical pathway, i.e. PLD. Second, DG 
accumulation occurred concomitantly with, or lagged 
slightly behind, PA accumulation. This is consistent 
with the proposal that DG was derived from PA. 
Third, the phosphatidate phosphohydrolase inhibitor 
propranolol nearly abolished DG generation and 
markedly potentiated PA accumulation, suggesting 
that most of the DG accumulation produced in the 
presence of LTB4 was derived from the hydrolysis 
of PA. Finally, in a preliminary experiment, the DG 
kinase inhibitor, R55949 (3 PM) [37], did not alter 
LTB4-induced PA and DG accumulation, suggesting 
that the PA generated in response to LTB4 was not 
derived from a product of PLC activity. 

Regarding the mechanism(s) by which LTB4 
activates PLD in neutrophils, we demonstrated that 
LTBrinduced PEt accumulation and MPO release 
were inhibited by the selective LTBl antagonist 
Ly 223982. Furthermore, treatment of human 
neutrophils with Ly 223982 antagonized LTB4- 
induced PA and DG accumulation as well as Ca*+ 
mobilization (unpublished observations). These data 



PLD in human neutrophils 145 

A 
1270 - 

208 - 

Lb, LTB, 

B ;;;__p D:r_w 

t 

t 

LTB, LTB4 4 )+12sec 

EGTA 

Fig. 8. Role of Ca*+ in LTB,-induced Ca*’ mobilization in human neutrophils. Human neutrophils 
were loaded with fura- and treated with 1 @f LTB, to monitor Ca2+/fura-2 fluorescence in the 
presence of (A) 1 mM extracellular Ca2+, (B) 200 PM EGTA added to Ca2+-free buffer 10 set before 
LTB4, (C) SO @f EGTA in Ca2+-free buffer for 30 min at 37” and (D) same incubation as (C) followed 
by re-addition of 1 mM Ca2+ for 10 min. The arrows indicate the time at which LTB, was added. The 
calculated maximal LTBFinduced increase in [Ca2’]i over baseline [Ca2+], was (A) 1062 nm, (B) 264 nm, 
(C) 109 nM and (D) 694 nM. Data presented are representative Ca2+ transients induced by LTB+ Each 
condition was repeated four times with different donors. The relative change in LTB,-induced [Ca2’li 

versus the baseline value varied less than 5% among different donors for each of the conditions. 

indicate that all LTB,induced effects measured were 
mediated via LTBrreceptor activation. 

To define the post-receptor mechanism(s) by 
which LTB., activates PLD in neutrophils, the roles 
of Ca2+ and PKC were examined. Chelation of 
extracellular Ca2+ substantially reduced, but did not 
abolish, LTBrinduced Ca2+ mobilization and PLD 
activation. On the other hand, depleting both 
intracellular and extracellular Ca2+ completely 
inhibited LTBrinduced PLD activation and most of 
the Ca2+ mobilization. These results, coupled with 
the ability of the Ca2+ ionophore A23187 to stimulate 
PLD [32], strongly suggest that agonist-induced PLD 
activation in human neutrophils is Ca2” dependent. 
Caution should be exercised in applying these results 
universally since the role of Ca2+ in the activation 
of PLD in other cell types may be stimulus-specific. 
For example, whereas thrombin-induced PEt gen- 
eration in human erythroleukemia cells is Ca2+ 
dependent, PEt formation in response to PMA is 
Ca2+ independent [47]. As a result, it is likely that 
distinct mechanisms are responsible for PLD 
activation in response to receptor agonists versus 
phorbol esters. 

That PLD can be activated by multiple mechanisms 
is highlighted when the role of PKC in the activation 
of PLD is examined. Like Ca2+, PKC has a 
multifunctional role in regulating cellular activity. 
Consistent with this, evidence from various lab- 
oratories strongly supports the concept that PLD 
activation can be mediated by PKC. For example, 
phorbol esters appear to be universally effective in 
activating PLD [42], and PKC over-expression 
enhances phorbol ester-stimulated PLD activity as 
well as up-regulates thrombin-stimulated PLD 
activity [48,49]. In addition, down-regulating PKC 
by chronic exposure of cells to phorbol esters blocks 

carbachol-induced PLD activation in astrocytoma 
cells [50]. Similarly, Natarajan and Garcia [51] 
reported that down-regulating PKC by prolonged 
pretreatment of bovine pulmonary artery endothelial 
cells with phorbol ester abolishes bradykinin-induced 
PEt formation. Finally, PLD in membranes prepared 
from Chinese hamster lung fibroblasts can be 
activated by the addition of purified PKC [52]. 

Despite the substantial evidence linking a direct 
stimulation of PKC with activation of PLD, results 
from other studies on the involvement of PKC in 
mediating receptor-stimulated activation of PLD 
have been equivocal. For example, PKC inhibitors 
fail to reduce agonist-induced PLD activation in 
ovarian granulosa cells or human neutrophils [22,53]. 
In both human neutrophils [54] and rabbit peritoneal 
neutrophils [55], staurosporine strongly inhibits 
PMA-induced PEt formation, but, almost para- 
doxically, stimulates the formation of PEt in response 
to fMLP. Similar results were generated in the 
present experiments. That is, staurosporine inhibited 
PLD activation induced by the PKC activator, PMA, 
but potentiated LTBd-induced PLD activation. As 
the specificity of staurosporine is questionable, other 
PKC inhibitors with greater selectivity were also 
tested. The overall effect of these compounds, 
calphostin C and chelerythrine, was identical to that 
observed with staurosporine. The mechanism by 
which PKC inhibitors potentiate LTB,-induced 
activation of PLD in human neutrophils is not clear. 
However, the ability of staurosporine to enhance 
LTBrinduced Ca2+ mobilization [56], perhaps by 
reversing a PKC-mediated inhibition of phos- 
phatidylinositol bisphosphate-specific PLC activity 
(421, offers one potential explanation. Regardless, 
the inability of staurosporine and other PKC 
inhibitors to reduce PEt accumulation in these 



HAN-LIANG ZHOU etal. 

_.- 

0.7 

0.6 
t 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

4.0 , 
l I 

lmMC.9 OCa+ZoopM OCa+5opM EGTA(30 mln), 
EGTA (10 WC) EGTA (30 mln) 1 mMCa 

Addbck 

9. Role of Ca2+ in LTBrinduced PLD activation and 
MPO release in human neutrophils. Measurements were 
made under the following conditions: (1) 1 mM Ca2+ KRH; 
(2) Ca*+-free KRH containing 200 ,uM EGTA for 10 set 
before LTB4 challenge to remove extracellular Ca2’; (3) 
Ca*+-free KRH containing 50 ,uM EGTA for 30 min before 
LTB4 challenge to remove extracellular Ca*+ and deplete 
intracellular Ca2+; (4) readdition of Ca*+ to the KRH for 
10 min after treating cells with 50pM EGTA for 30 min. 
PEt (panel A) and MPO release (panel B) were measured 
at 5 and 3 min after exposure to 1 PM LTB4, respectively. 
The open bars represent values in the absence of LTB4. 
Hatched bars represent LTB.,-stimulated values. Data are 
the means 2 SEM of 4-5 experiments. Key: (*) significantly 

greater than basal value (P < 0.05). 
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Fig. 10. Effect of staurosporine on LTB,-induced PLD 
activation and MPO release in human neutrophils. Cells 
were exposed to vehicle or 1 PM staurosporine for 5 min 
before being challenged with 1 PM LTBI. PEt and MPO 
release were measured at 5 and 3 min, respectively, after 
exposure to LTB+ Data are the means 2 SEM of 5 
experiments. Key: (*) significantly greater than vehicle 
value (P < 0.05), and (t) significantly greater than value 

in the presence of LTBl alone (P < 0.05). 

Table 1. Effects of chelerythrine and calphostin C on 
LTB1-induced PLD activation 

PEt 
Treatment (% of total -lH) 

Control 0.14 t 0.02 
LTB4 0.73 + 0.06* 
LTB, + chelerythrine 1.19 2 0.13t 
Control 0.19 
LTBj 0.57 
LTB, + calphostin C 0.75 

Cells were incubated with 0.5% ethanol and exposed to 
vehicle, 5 PM chereythrine or 1 PM calphostin C for 5 min 
before being exposed to 1 PM LTB+ PEt accumulation 
was measured 3 min after LTB4 treatment. Values are the 
means ? SEM of 4 experiments (chelerythrine) or data 
from a single experiment (calphostin C). 

* Significantly greater than control value (P < 0.05). 
t Significantly greater than value in the presence of 

LTB4 alone (P < 0.05). 

experiments suggests that activation of PKC is not 
critical for the expression of LTB,-induced PLD 
activity in human neutrophils. 

In terms of the functional role of PLD in the 
human neutrophil, the present experiments provide 
several lines of evidence suggesting that LTBI- 
induced PLD activation is linked to degranulation, 
but not to Ca2+ mobilization. First, theconcentration- 
response curve for LTB4-induced PLD activation 
was superimposable with that for LTBrinduced 
degranulation. In contrast, neither the con- 
centration-response curve nor the time-course for 
LTBh-induced PLD activation coincided with those 
for LTB4-induced Ca*+ mobilization. Second, 
ethanol produced a concentration-dependent inhi- 
bition of both PLD activity and degranulation, but 
had no effect on Ca*+ mobilization. Thus, in contrast 
to results of previous studies suggesting that PA has 
a role in Ca2+ mobilization [ll-141, our results failed 
to provide evidence supporting a role for PLD- 
derived PA in regulating LTB4-induced Ca2+ influx 
or release in the human neutrophil. Finally, in an 
effort to determine which PLD product, PA or DG, 
was involved in agonist-induced degranulation, 
experiments were conducted with the phosphatidate 
phosphohydrolase inhibitor propranolol. In these 
studies, propranolol abolished DG formation in 
response to a maximal concentration of LTBl but 
had no effect on degranulation. These results, when 
viewed in isolation, suggest that if PLD is indeed 
involved in agonist-stimulated MPO release from 
human neutrophils, then PA is likely to be a 
more important messenger than DG. However, 
propranolol also failed to potentiate LTB1-induced 
degranulation, an effect that would be predicted if 
PA is directly and solely responsible for LTB4- 
induced degranulation. The basis for the failure of 
propranolol to potentiate the functional response to 
LTBl is unclear. One possibility is that PA has a 
permissive role in the degranulation process, but 
that other intracellular signals are responsible for 
the absolute amount of MPO released. Of course, 
another obvious explanation is that neither DG nor 
PA is involved in LTB,-induced degranulation of 
the human neutrophil. Our data do not discriminate 
between these possibilities. 
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In summary, LTB4 was shown to stimulate PLD 
activity in human neutrophils. This stimulation was 
Caz+ dependent but did not appear to require the 
activation of PKC. In addition, PLD activation was 
linked to LTESrinduced neutrophil degranulation, 
but not Ca2+ mobilization. Thus, the results of these 
experiments support the growing body of evidence 
that implicates PLD as an important regulator of 
signal transduction in inflammatory cells. 
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