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Abstract Introduction

The mechanism of neutrophil activation by the chemotactic pep-
tide formyl-methionyl-leucyl-phenylalanine (FMLP) has been
studied by pretreatment of human neutrophils with pertussis
toxin. Upon stimulation with FMLP, the cytosolic-free calcium
concentration, [Ca2j1, is increased both by stimulation of calcium
influx and mobilization of cellular calcium. Wehave measured
[Ca2+h as well as the generation of the phospholipid breakdown
product inositol trisphosphate (IP3), which is thought to mediate
Ca2+ mobilization. As the phosphoinositide pool in human neu-
trophils is difficult to prelabel with I3Hlmyoinositol, experiments
were also carried out in the cultured human promyelocytic leu-
kemia cell line HL-60 after differentiation with dimethylsulf-
oxide.

Pertussis toxin pretreatment of both cell types inhibited
FMLPstimulated membrane depolarization, exocytosis, and su-
peroxide production in a dose-dependent manner. This toxin ef-
fect was selective for the receptor agonist, since stimulation of
these parameters by two substances bypassing the transduction
mechanism, the calcium ionophore ionomycin and the phor-
bolester phorbol myristate acetate, were unaffected.

Rises in ICa2+ji, as well as generation of IP3 in response to
FMLP, were inhibited in parallel; for the inhibition of functional
responses, slightly lower toxin concentrations were required. The
attentuation of the ICa2+i rise was more marked in the absence
of extracellular calcium, i.e., when the rise is due only to calcium
mobilization.

The results provide evidence that phospholipase C stimu-
lation by FMLP resulting in IP3 generation is involved in the
signal transduction mechanism. Coupling of FMLPreceptor oc-
cupancy to phospholipase C activation is sensitive to pertussis
toxin, suggesting the involvement of a GTPbinding protein (N
protein), which has been shown to be a pertussis toxin substrate.
The parallel changes in ICa2+h and IP3 further support the hy-
pothesis that IP3 is the calcium-mobilizing mediator in FMLP-
activated cells.
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The interaction of the chemotactic peptide formyl-methionyl-
leucyl-phenylalanin (FMLP)' with specific cell surface receptors
in neutrophils leads to a rapid rise in cytosolic-free calcium
([Ca2+], which appears to be necessary for cellular activation
(1, 2). Two recent observations suggest that inositol trisphosphate
(UP3), a product of the hydrolysis of the plasma membrane phos-
pholipid phosphatidylinositol 4,5-bisphosphate (PIP2) by phos-
pholipase C (also referred to as polyphosphoinositide phospho-
diesterase), acts as a second messenger: IP3 is generated within
seconds after chemotactic peptide stimulation of neutrophils
(3, 4) and HL-60 cells (5) without the need for a previous rise
in [Ca2J]i (3); IP3 releases Ca2' from intracellular stores in neu-
trophils permeabilized by digitonin treatment (6).

It remains, however, unclear how the stimulus receptor
complex activates phospholipase C. Recent data in several sys-
tems suggest the involvement of nucleotide regulatory proteins,
called N proteins (7) or G proteins (8), in receptor stimulation
of PIP2 breakdown (9-1 1). Bacterial toxins, namely cholera toxin
and pertussis toxin, have been used in the past to investigate the
role of N proteins in receptor coupling, since they modify N
protein function by ADP ribosylation (8). Pertussis toxin has
been shown to impair the function of the inhibitory N protein
linked to adenylate cyclase, Ni (12, 13), and more recently it
has been suggested that pertussis toxin may interfere with re-
ceptor-mediated alterations of phospholipid metabolism. In
neutrophils, it has been shown that pertussis toxin interacts with
the FMLP-induced rise in [Ca2+]i (14) and alters the transient
decrease in PIP2 assessed by short-term labeling with 32p
(15, 16).

In the present study we directly measured the generation of
the putative second messenger iP3 after long-term labeling of
the phosphoinositides in human neutrophils and in the differ-
entiated human promyelocytic leukemic cell line HL-60. Our
results demonstrate that pertussis toxin blocks the FMLP-in-
duced rise in IP3 in both cell types, and provide substantial ev-
idence for the involvement of a pertussis toxin substrate, pre-
sumably a N protein, in the coupling of FMLPreceptors to the
stimulation of phospholipase C in two cell types. The concom-

1. Abbreviations used in this paper: [Ca2']i, cytosolic-free calcium;
Di-O-C5(3), 3-3'dipentyloxacarbocyanine; DMSO, dimethylsulfoxide;
FMLP, formyl-methionyl-leucyl-phenylalanin; GTP, guanosin-triphos-
phate; IPI, inositol phosphate; IP2, inositol bisphosphate; IP3, inositol
trisphosphate; PI, phosphatidylinositol; PIP,, phosphatidylinositol; PIP2,
phosphatidylinositol 4,5-bisphosphate; PMA, phorbol myristate acetate;
quin2/AM, quin 2 acetoxy-methylester.
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itant inhibition by pertussis toxin of a rise in [Ca2+]i and several
functional responses to FMLPbtit not to receptor independent
stimulation allowed the assessment of receptor-stimulated IP3
production in neutrophil activation.

Methods

The materials and their sources were as follows: pertussis toxin (List
Biological Laboratories Inc., Campbell, CA), FMLP, phorbol myristate
acetate (PMA), cytochalasin B, cytochrome c (Sigma Chemical Co., St.
Louis, MO), myo-(2-3H)inositol and quin2 acetoxy-methylesther (quin2/
AM) (Amersham Int'l. plc, Amersham, England), and Dextran T500
and Ficoll Hypaque (Pharmacia Fine Chemicals, Upsala, Sweden). 3-
3'dipentyloxacarbo-cyanine iodide, Di-O-C5(3) (Molecular Probes Inc.,
Junction City, OR), and 4-methylumbelliferyl substrates were from Koch
Laboratories, Haverhill, England. Ionomycin was a kind gift of Dr.
C. M. Liu of Hoffmann-La Roche, Inc., Nutley, NJ.

Preparation of human neutrophils. Neutrophils were prepared from
fresh blood samples (usually 90 ml) obtained from healthy volunteers.
Fresh neutrophils were purified by dextran sedimentation followed by
centrifugation through a layer of Ficoll as described previously (17, 18).
The cells were suspended in a riedium containing 138 mMNaCl, 6 mM
KCl, I mMMgSO4, 1.1 mMCaC12, 100 MMEGTA, I mMNaHPO4,
5 mMNaHCO3, 5.5 mMglucose, and 20 mMHepes, pH 7.4 (This
medium will be referred to as calcium medium; calcium-free medium
will refer to the above medium without CaCl2, supplemented with 1
mMEGTA).

Culture of HL-60 cells. The cells were cultured in RPMI-1640 me-
dium supplemented with 10% heat-inactivated fetal calf serum, penicillin
(100 U/ml), and streptomycin (100 Mg/ml). The cells were passaged once
every week, and only cells with passage number below 35 were used for
the experiments. Differentiation of the cells was induced by adding di-
methylsulfoxide (DMSO) (final concentration 1.3%, vol/vol) to the cell
suspension. Cells were used for all experiments after 4 d of differentiation.

Preparation of cells for labeling experiments. Phosphoinositides and
inositol phosphates were labeled by incubating cells in RPMI medium
containing myo-(2-3H)inositol (1 MCi/ml) and 10 and 3%heat-inactivated
serum, respectively, for HL-60 cells and human neutrophils. HL-60 cells
were incubated under these conditions for 48 h and human neutrophils
for 18 h, as described (3, 5).

Incubation with pertussis toxin. 50 g of pertussis toxin were diluted
in 500 Al of a buffer containing 0.1 Msodium phosphate, pH 7.0, and
0.5 MNaCl, yielding a stock concentration of 100 Ag/ml. Cells were
suspended in calcium medium at a concentration of 10' cells/ml and
incubated for 2 h at 37°C with the respective concentration of pertussis
toxin. Control cells were incubated with the equal amount of buffer.

Measurement of cytosolic-free calcium. Quin2 loading, fluorescent
measurement, and calibration were performed as described previ-
ously (1).

Degranulation. 1.25 X 1O6 cells were suspended in 500 Ml of calcium
medium containing 2.5 Mg cytochalasin B and warmed at 37°C for 5
min before addition of stimuli at the indicated concentration and time.
Incubation was terminated by rapid cooling in ice and centrifugation
(800 gfor 10 min). Enzymes and vitamin B12-binding protein were assayed
in the supernatants and calculated as a percentage of control cells (cells
incubated without pertussis toxin). For control cells, percentage of total
cell protein released from an aliquot of the same cell suspension treated
with 0.025% Triton X-100 for 5 min at 37°C is shown in the figure
legend.

,B-glucuronidase and N-acetyl-,B-glucosaminidase were measured
fluorimetrically with 4-methylumbelliferyl substrates (19). The unsatu-
rated vitamin B,2-binding protein was assayed by a slight modification
of the method of Kane et al. ( 19).

Superoxide production. Superoxide production was monitored con-
tinuously in a double beam spectrophotometer, thermostated at 37°C
as previously described (20). Data are shown as percentage of control

cells (cells not treated with pertussis toxin). For control cells, absolute
values are given in the figure legend.

Depolarization. Changes in membrane potential were measured by
a flourimetric assay, using the membrane potential-sensitive Cyanine
Dye Di-O-Cs(3) as described by Seligman (21). A Perkin-Elmer fluorim-
eter was used. Excitation and emission wavelength were 460 nm and
520 nm, respectively. Di-O-C5(3) was added to a final concentration of
10-' Mand cells were added to a final concentration of 5 X l0 cells/
ml. The temperature of the cuvette was maintained at 370C and the
suspension was magnetically stirred. Fluorescence changes are reported
as a percentage of the maximal fluorescence, taking the fluorescence of
Di-O-C5(3) without cells as 0% and the fluorescence after the addition
of nonstimulated cells (equal maximal fluorescence) as 100%.

Measurement of phosphoinositides and inositolphosphates. For the
determination of stimulus-induced changes in phosphoinositides and
inositol phosphates the prelabeled cells were washed by suspending twice
at 370C for 10 min in RPMI medium without inositol. The cells were
resuspended in calcium medium and incubated for 2 h with or without
pertussis toxin. The cells were finally resuspended in calcium medium,
warmed for 5 min at 370C, followed by the addition of various stimuli
for the indicated time; control cells were treated in parallel with appro-
priate solutions. For experiments with human neutrophils and HL-60
cells, the number of cells used for each incubation condition was, re-
spectively, 12 X 106 cells and 3 X 106 cells. Preincubation of HL-60 cells
with lithium (10 mMLiCl2 for 10 min at 370C) in some experiments
did not alter basal or stimulated IP3 levels. Therefore, all our experiments
reported here were performed in its absence.

Incubations were terminated by addition of 10% (vol/vol) trichlo-
roacetic acid. The samples were kept on ice 5-10 min and centrifuged.
The phospholipids in the trichloroacetic acid precipitate were extracted
with 5.5 ml of chloroform/methanol/HCl, 12 N (2:1:0.0075), the extracts
washed three times with I ml of chloroform/methanol/HCa, 0.6 N
(3:48:47), and dried under a stream of air. Phosphoinositides were an-
alyzed by thin-layer chromatography according to Jolles et al. (22).

The supernatant was washed three times with a fivefold excess of
diethylether. The washed extract was adjusted to pH 7.5 with Tris 0.2
Mand inositol phosphates separated by stepwise elution from Dowex
(formate) columns as described (23). Radioactivity in the fractions was
determined by liquid scintillation counting with 67% (vol/vol) aquasol.
The inositol trisphosphate fraction may have included both the active
calcium-mobilizing isomer 1,4,5 and the isomer 1,J,4. No attempt has
been performed to distinguish between these two possibilities.

Results

Human neutrophils
Functional studies. Because of quantitative differences of the
effects of pertussis toxin on neutrophils from different donors,
the results presented here were all obtained from cells of the
same donor in order to allow quantitative correlation among
various functions. All parameters were qualitatively reproduced
in cells from two additional donors.

In Fig. I is shown the effect of preincubation of human neu-
trophils for 2 h at 37°C with various concentrations of pertussis
toxin on degranulation of secondary granules upon stimulation
with the chemotactic peptide FMLP (I MM), the calcium ion-
ophore ionomycin (250 nM), and the phorbol ester PMA(100
nM), as assessed by release of vitamin B12 binding protein. The
response to ionomycin and PMA, which bypass cell surface re-
ceptors, is unaltered, whereas the response to FMLPis inhibited
in a dose-dependent manner.

FMLP-induced degranulation of primary granules, as as-
sessed in the same supernatants by the release of ,-glucuronidase,
was 44%+2, 5±5%, and 2±5% of control (without pertussis toxin)
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Figure 1. Effect of increasing concentrations of pertussis toxin on vita-
min B12 binding protein release after 5 min incubation with 1 IiM
FMLP, 250 nMionomycin, and 100 nMPMAin human neutrophils.
Results are expressed as percentage of control cells (cells incubated
without pertussis toxin). Control cells released 39±1.8% (FMLP),
63±1.9% (ionomycin), and 49±1.5% (PMA) of their total vitamin B12
binding protein content (after subtraction of basal values). Results are

mean±SDof 3-6 determinations.

values after preincubation with 30, 100, and 250 ng/ml of per-

tussis toxin, respectively.
FMLP-induced superoxide production was 9±9% of control

(without pertussis toxin) values after preincubation with 30 ng/
ml, and was completely abolished after preincubation with 100
and 250 ng/ml of pertussis toxin.

Changes in the average membrane potential of human neu-

trophils were assessed with the fluorescent probe Di-O-CO(3) (21).
As is shown in Fig. 2, neutrophils are depolarized by FMLP
(panel A), ionomycin (panel B), and PMA(panel C). Pertussis
toxin treatment suppresses in a dose-dependent manner the re-

sponse to FMLP, while the depolarization induced by PMAor

ionomycin are unaffected.

Figure 2. Effect of increasing concentrations of pertussis toxin on de-
polarization of human neutrophils after the addition of 1 AMFMLP
(A), 100 nMPMA(B), and 250 nM ionomycin (C). The scale to the
left shows percentage of maximal fluorescence (medium plus Di-O-
C5(3) = 0%; medium plus Di-O-C5(3) plus unstimulated cells
= 100%). Traces (1), (2), (3), and (4) are done with neutrophils prein-
cubated with 0, 30, 100, and 250 ng/ml pertussis toxin, respectively.
Traces are representative of 3-6 experiments.

0 30 50 100
Pertussis toxin (ng/ml)
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Figure 3. (A) Quin2 traces recorded from human neutrophils in cal-
cium medium (left) and calcium-free medium (right), in cells preincu-
bated without (1), with 30 (2), and 100 (3) ng/ml pertussis toxin.
Traces typical for at least three other experiments. (B) Effect of in-
creasing concentrations of pertussis toxin on [Ca2J1i in human neutro-
phils after stimulation with 1 gMFMLPin calcium and calcium-free
medium. Values are given as percentage of quin2 changes of control
cells (same experiment as Fig. 4 A).

Intracellular signals. Human neutrophils loaded with the
fluorescent calcium indicator quin2 were used to assess the
FMLP-induced calcium transients in neutrophils preincubated
with increasing concentrations of pertussis toxin. In calcium
containing medium the calcium transients are inhibited by in-
creasing concentrations of pertussis toxin. To elucidate, whether
this inhibition is due to an effect on calcium influx or mobili-
zation from cellular stores, the experiments were repeated in
calcium-free medium. In the latter condition, [Ca2+]i rises reflect
release from internal stores, since calcium influx is negligible.
In calcium-free medium, the FMLP effect was attenuated at
lower pertussis toxin concentrations than in the presence of cal-
cium (Fig. 3). In contrast, the rises in [Ca2+]i induced by the
calcium ionophore ionomycin, which equilibrates Ca2+ along
the electrochemical gradients, were unaffected by pretreatment
of cells with pertussis toxin (data not shown).

Extensive experimental evidence indicates that IP3 is a second
messenger, which exerts its action by releasing calcium from
internal stores in a wide variety of cells, including phagocytes
(6, 24, 25). Wetherefore measured the production of IP3 and
its products of degradation inositol bisphophate (IP2) and inositol
monophosphate (IPI), upon stimulation with 1 gM FMLP in
cells incubated without and with a maximally inhibitory dose
of pertussis toxin (250 ng/ml). As IP3 is generated from the
phospholipid PIP2, and changes in the level of this phospholipid
might be an important reason for changes in the receptor-me-
diated production of IP3, we also measured the levels of PIP2
and its precursors phosphatidylinositol 4-phosphate (PIP,) and
phosphatidylinositol (PI). In Table I is shown the effect of per-
tussis-toxin on inositol phosphates and phosphoinositides in
neutrophils stimulated with 1 gM FMLP for 20 s. A doubling
of the production of inositol-phosphates (1P3, IP2, IPI) is observed
after stimulation. This rise is completely inhibited by the prein-
cubation of the cells with pertussis toxin. No major changes due
to pertussis toxin or FMLPare seen in the levels of the phos-
phoinositides.
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Table I. Effect of Pertussis Toxin (250 ng/ml)
on Levels of Inositolphosphates and Phosphoinositides in Human
Neutrophils after Stimulation with FMLP

Pertussis toxin

ng/ml ng/lm
0 250

IP3 269±16 110±3
IP2 183±10 99±5
IP1 215±15 103±3
PIP2 113±18 105±14
PIP, 128±18 142±11
PI 102±9 113±3

Neutrophils were cultured in the presence of myo-[2-3H]inositol (1
MCi/ml) for 18 h and with pertussis toxin 250 ng/ml for 2 h. 1 JM
FMLPwas added. The reaction was stopped after 20 s by adding
trichloracetic acid. Inositolphosphates were determined in the super-
natant, and phosphoinositides in the precipitate. The values are given
as percentage of basal values of control cells (cells incubated without
pertussis toxin). Basal values of control cells were 66±4, 70±5, and
104±4 dpm for IP3, IP2, and IP1, respectively, and 229±9, 449±26,
and 4131±30 dpm for PIP2, PIP,, and PI, respectively. Values are
mean±SDof three determinations.

HL-60 cells
In order to be able to correlate the effect of pertussis toxin on

functional results with the effect on intracellular signals, the
functional studies with HL-60 cells were always carried out on

the same day with the same batch of cells as studies of inositol-
phosphates and phosphoinositides. The extent of inhibition of
the different parameters by any dose of pertussis toxin did-in
contrast to human neutrophils-not vary between different
batches of HL-60 cells, reflecting the properties of a homogenous
cell line.

Functional studies. As differentiated HL-60 cells do not pos-
sess secondary granules, only the degranulation of primary
granules was determined, as assessed by the release of glucosa-
minidase (26). Although the amount of granule content released
is substantially lower than in human neutrophils, similar results
are observed, i.e., degranulation induced by 250 nM ionomycin
is not impaired by increasing concentrations of pertussis toxin,
whereas the degranulation induced by 1 MMFMLP is almost
completely abolished in a dose dependent manner (Fig. 4 A).
Superoxide production in HL-60 cells in response to 100 nM
PMA is unchanged by increasing concentrations of pertussis
toxin, whereas superoxide production in response to 1 MMFMLP
is markedly reduced at 30 ng/ml and is completely abolished at
100 and 250 ng/ml (Fig. 4 B).

Intracellular signals. In Fig. 5, left panel, the effects of per-

tussis toxin on 1P3 levels in differentiated HL-60 cells before and
30 s after stimulation with 1 MMFMLPare shown. IP3 levels
reach 318±16% upon stimulation in control cells. This response

is inhibited by pertussis toxin in a dose-dependent manner, such
that in cells preincubated with 250 ng/ml of pertussis toxin,
stimulated IP3 levels are only 112±5% of unstimulated control
cells. In parallel, there is a gradual decline of basal IP3 values
from 100±5% to 79±6% after preincubation of cells with the
maximal dose of pertussis toxin.

Fig. 5, left panel, shows changes in FMLP-induced calcium

Pertussis toxin (ng/ml)

Figure 4. (A) Effect of increasing concentrations of pertussis toxin on

glucosaminidase release after 5 min incubation with 1 MMFMLPand
250 nM ionomycin in HL-60 cells. Results are expressed as percentage
of control cells (cells incubated without pertussis toxin). Control cells
released 16±5 and 9±3% of their total glucosaminidase, respectively,
upon stimulation with FMLPor ionomycin (after subtraction of basal
values). The results are mean±SDof 3-6 determinations. (B) Effect of
increasing concentrations of pertussis toxin on initial rates of superox-
ide production in HL-60 cells in response to 1 MMFMLPor 100 nM
PMA. The results are expressed as percentage of control cells (cells
preincubated without pertussis toxin). Control cells released 6.1±1.4
and 2.5±0.5 nmol 0O-/106 cells/min upon stimulation with PMAand
FMLP, respectively. The results are mean±standard deviation of 3-6
determinations.

0 30 100 250

Pertussis toxin (ng/ml)

6 4 8 12

Time (min)

Figure 5. (Left) Effect of increasing concentrations of pertussis toxin
on IP3 generation in unstimulated and stimulated (FMLP, 1 MM, 30 s)
HL-60 cells. Results are expressed as percentage of IP3 values of un-

stimulated control (preincubation without pertussis toxin) cells and
are mean of the triplicates of one experiment, typical for three experi-
ments (for SD see Table II). (Right) Effect of preincubation with in-
creasing concentrations of pertussis toxin on calcium transients in dif-
ferentiated HL-60 cells, loaded with the fluorescent calcium indicator
quin2. All traces were done on the same day and with the same batch
of cells as in the left panel; to facilitate comparison they are superim-
posed. The scale on the right side shows the percentage of maximal
changes in Quin 2 flourescence. The traces are typical for three experi-
ments.
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transients monitored on the same day with the same batch of life span, allowing less prolonged labeling periods with
cells as that for the IP3 determinations. [Ca2+]i was lowered in [3H]inositol (18 h). Under these conditions, however, the cells
parallel to the effect on IP3 generation. Similar to human neu- exhibit reduced functional responses (3). In addition, large
trophils, calcium transients in calcium-free medium were slightly quantities of cells are necessary (12 X 106 cells per determina-
more affected than in calcium medium (not shown). In Table tion).
II, the values of inositol-phosphates and phosphoinositides are Working with HL-60 cells has the advantage that phos-
given. In addition to its effects on IP3, pertussis toxin inhibited phoinositides can be labeled to isotopic equilibrium (48 h), such
the generation of IP2 and IP1 due to FMLP. While degranulation that alterations in label reflect quantitative changes and that less
and superoxide production are more sensitive to pertussis toxin cells (3 X 106) are required for each determination. HL-60 cells
inhibition than IP3 generation and [Ca2+]i rises, the two latter remain fully responsive to the various stimuli after the labeling,
are equally sensitive to toxin treatment of HL-60 cells. allowing quantitative comparison between effects on intracellular

signals and functional responses. The effect of pertussis toxin
Discussion on human neutrophils is quite similar to that on HL-60 cells:

The FMLP-induced generation of IP3, rises in intracellular cal-
Two aspects of the present study should be emphasized. First, cium, degranulation, and superoxide production are inhibited
the inhibition of IP3 generation demonstrates directly that per- in a differential concentration dependent manner by pertussis
tussis toxin interferes with the FMLP induced activation of toxin. Calcium changes and functions tested in response to
phospholipase C. Second, modulation and monitoring of IP3 stimuli bypassing the receptor, such as the calcium ionophore
revealed parallel, although quantitatively different inhibition of ionomycin and the phorbolester PMA, are not inhibited. Thus,
IP3 generation, calcium rises and functional responses. our data demonstrate, that the action of pertussis toxin on the

Two cell types that possess specific chemotactic peptide chemotactic peptide receptor is proximal to the IP3 rise, and
FMLPreceptors were used for this investigations: human neu- that the regulation of calcium rise, superoxide production, de-
trophils and the differentiated human promyelocytic cell line granulation, and membrane depolarization is distal to the site
HL-60, and for both cell types the same pattern of results was of inhibition of the toxin.
observed. Neutrophils possess the advantage of being mature Elevation of [Ca2+], upon chemotactic peptide activation in
and functional cells, but they have the disadvantage of a short neutrophils has been shown to consist of two components: release

of Ca2" from intracellular stores and influx across the plasma-
Table HI. Effect of Different Concentrations of Pertussis Toxin lemma from the extracellular medium (1). Although the release

on Levels of Inositolphosphates and Phosphoinositides of calcium from the stores appears to be mediated by IP3 (6),
on Unstimulated HL-60 Cells and FMLP-stimulated HL-60 Cells not much is known about the mechanism that induces calcium

influx from the extracellular medium. Our data show parallel
Pertussis toxin inhibition of Ca2+ transients both in the presence and absence

of extracellular Ca2,; thus, both release from internal stores and
ng/mI ng/ml ng/ml ng/ml Ca2" influx are affected by pertussis toxin. The inhibition of
0 30 100 250 [Ca2+]j rises is slightly more pronounced in calcium-free medium,

Basal 100±5 91±8 85±6 79±6 possibly because of a different sensitivity of influx and release
IP3 Stimulated 318±16 228±3 158±10 112±15 to the inhibition by pertussis toxin. Alternatively, phospholipase

Basal 100±4 76±4 75±6 63±8 C might be more sensitive to inhibition by pertussis toxin in the
IP2 Stimulated 297±24 241±70 152±9 106±5 absence of extracellular calcium.

The correlation of the generation of IP3 with the rise in [Ca2+]j
Basal 100±10 100±4 93±4 83±22 measured in intact cells confirms and extends the findings that

IP, Stimulated 139±9 124±5 109±5 90±13 IP3 mobilizes Ca2" as assessed in permeabilized neutrophils (6).
Although our studies cannot define whether IP3 is involved in

PIP2 Stimulated 100±5 10178 122±19 106±9 calcium influx across the plasmalemma, they do suggest its de-
pendency on a signal created distally to the site of action of

Basal 100±13 79±21 87±6 66±6 pertussis toxin. In another study, in which the quin2 method
PIP, Stimulated 101±8 96±11 106±8 88±6 has been applied to rabbit neutrophils, it was concluded that

Basal 100±1 97± 12 100± 11 90± 14
pertussis toxin selectively inhibited FMLP-stimulated calcium

Pi BStimulated 108±3 97+100±6 10 904 influx without affecting calcium mobilization (14). Although in-
P-Stimulated108±3100±6 96±4 97±3 terspecies differences might account for these conflicting results,

they are hard to reconcile with the knowledge that in a variety
HL-60 cells were cultured in the presence of myo-[2-3H]inositol (1 of other cells, IP3 has been shown to release calcium from in-
,gCi/ml) for 48 h and with pertussis toxin at the indicated concentra- tracellular stores (24, 25).
tions for 2 h 1 MMFMLP (stimulated) or 0.1% DMSO(basal) was In human neutrophils, [Ca2+]i transients and secondary
added. The reaction was stopped after 30 s by adding trichloracetic granule releases were less sensitive to pertussis toxin action than
acid. Inositolphosphates were determined in the supernatant, and superoxide production depolariztion and primary granule re-
phosphoinositides in the precipitate. The values are given as percent- lease. In HL-60 cells, comparison Of IP3 production with the
age of basal values of control cells (cells incubated without pertussis 2eae.Ionresponsels, compariso in rsp ons wto the
toxin). Basal values of control cells were 122±6, 140±6, and 350±36 functional responses and the Ca transients in response to FMLP
dpm for IP3, IP2, and IP,, respectively, and 671±64, 1,027±130, and could be performed under identical experimental conditions.
1,287±237 dpm for PIP2, PIP,, and PI, respectively. Values are The inhibition of superoxide production and degranulation re-
mean±SDof three determinations. quired lower concentration of pertussis toxin than the inhibition

1352 K.-H. Krause, W. Schlegel, C. B. Wollheim, T. Andersson, F. A. Waldvogel, and P. D. Lew



of Ca2" transients and IP3 production. These results indicate a
tighter relationship between IP3 and [Ca2+], than IP3 and func-
tional responses. It is known that FMLP receptor occupancy
generates another potent stimulatory signal (1), presumably dia-
cylglycerol, which also is produced by phospholipase C. This
compound is generally believed to activate protein kinase Cand
synergise with Ca2+ to generate functional responses. Although
this remains to be shown, the more marked inhibition of func-
tions could be explained by concomitant inhibition of both IP3
and diacylglycerol. In previous studies it was reported that FMLP
transiently decreased PIP2 levels, assessed after short-term la-
beling with 32P1, and that pertussis toxin abolished this response.
PIP2 can be decreased both by the action of phosphomonoes-
terase or phospholipase C; the data presented above showing a
block of FMLP-induced IP3 production by pertussis toxin now
provides evidence that it is indeed the activation of phospholipase
Cthat is impaired by the toxin. In addition, in HL-60 cells labeled
to isotopic equilibrium, no significant decrease of PIP2 was ob-
served at 30 s, indicating that resynthesis of phosphoinositides
maintains constant PIP2 levels, except for times very early after
stimulation as suggested by the 32P-labeling experiments
(15, 16).

The diminished FMLP-induced IP3 rise after preincubation
with pertussis toxin does not seem to be a consequence of an
accelerated degradation, as it is associated with decreased levels
of its degradation products, IP2 and IP. The essentially unchanged
levels of membrane phospholipids argue against a diminished
concentration of phospholipase C substrate as a cause of the
inhibition of IP3 production. A reduction of FMLPbinding sites
as well as substantial alterations of cAMP levels by pertussis
toxin have been excluded by previous studies (27, 28). Our data
suggest an inhibition of the receptor-mediated phospholipase C
activation by pertussis toxin. What could be the molecular
mechanism of this event? A direct effect of pertussis toxin on
phospholipase C is possible, however there is no positive evidence
for this. The most likely site of action is the known substrate of
pertussis toxin, an N protein. Several lines of evidence suggest
this: (a) N proteins are guanosine-triphosphate (GTP)-dependent
proteins, and GTPhas been shown to influence the affinity of
chemotactic peptide receptors of neutrophils (29) and the stim-
ulus-response coupling in mast cells (10); (b) the phospholipase
C of human neutrophil plasma membranes can be activated
simply by adding GTPanalogues (1 1); (c) the role of GTP-de-
pendent proteins in the signal transduction from the stimulus-
receptor complex to the catalytic unit of the adenylate cyclase
is well known (7, 8); (d) an Nprotein that can be ADP-ribosylated
by pertussis toxin has been demonstrated in neutrophil plasma
membranes (27, 28); and (e) nicotinamide, an inhibitor of ADP-
ribosyltransferase, attenuates the effect of pertussis toxin on
neutrophils (27).

However, this effect of pertussis toxin appears to be a selective
event which does not inhibit all calcium mobilizing receptor
agonists. Whereas these agonists are inhibited in neutrophils,
HL-60 cells, and mast cells, the calcium mobilization by the
carbamylcholine receptor of the insulin secreting cell line
RINmF5 and the thyrotropin releasing hormone receptor of the
pituitary cell line GH3, for instance, are not inhibited even by
high doses (up to 1 gg/ml) of pertussis toxin (Wollheim C. B.,
and W. Schlegel, unpublished data), although both receptor types
are thought to work by phospholipase C activation, IP3 produc-

tion, and consecutive calcium rise, just as the FMLP-receptor
of human neutrophils (25), and in beta cells and GH3cells, an
N protein that can be ADP-ribosylated by pertussis toxin has
been demonstrated in the plasma membrane (30, 31). Interest-
ingly, in human neutrophils, the concanavalin A-induced rise
in [Ca2+]i is not inhibited by pertussis toxin (15). Taken together,
these findings suggest the existence of differences in transduction
mechanisms between calcium mobilizing agonists.

Since submission of this manuscript, it has been reported
that pertussis toxin inhibits exocytosis and IP3 formation in re-
sponse to FMLPand LTB4 in rabbit neutrophils and HL-60
cells (32-34).
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