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SUMMARY

N-Formyl-L-methionyl-L-leucyl-L-phenylalanine  (fMet-Leu-Phe)
stimulation of human neutrophils leads to a rapid increase of the
cytosolic free Ca®* concentration, [Ca?*},, which is significantly
reduced by removal of extracellular calcium. In the present study
we show that fMet-Leu-Phe-induced [Ca?*}, increases are, in
part, mediated by an increase of the plasma membrane perme-
ability to Ca®*. This conclusion is based on the following evi-
dence. (a) In the presence of extracellular calcium, addition of
La®** reduced the fMet-Leu-Phe-induced [Ca?*], increase to ap-
proximately the same level as that observed in the absence of
extracellular calcium. (b) A net increase of the plasma membrane
permeability for Mn®* could be observed after fMet-Leu-Phe
stimulation, as revealed by intracellular quenching of the quin2
signal. The influx of Mn?*, like that of Ca®*, was inhibited by La>*
and was more pronounced in the absence of extracellular Ca?*,
suggesting competition for the same pathway. (c) Temporal

dissociation of intracellular Ca?* release from stores and Ca?*
influx from the medium could be demonstrated by readdition of
calcium to cells stimulated in the absence of this cation. This
second [Ca®*}; increase could be abolished either by giving the
specific chemotactic peptide receptor antagonist, BOC-Met-Leu-
Phe, or Co®*. We could also show that the fMet-Leu-Phe-
dependent Ca®* influx was not due to the activation of voltage-
dependent calcium channels since depolarization either by K* or
gramicidin D did not affect the resting [Ca?®*}, nor did it affect a
subsequent [Ca®*]; increase induced by fMet-Leu-Phe. Further-
more, nifedipine and verapamil, at concentrations known to block
classical volta t calcium channels, had no significant
effects on the Ca®* influx induced by fMet-Leu-Phe. We suggest
that fMet-Leu-Phe promotes influx of Ca?* ions across the

plasma membrane of human neutrophils by opening of receptor-
dependent calcium channels.

Mature neutrophils play an important role in host defense
against microorganisms by virtue of their well known chemo-
tactic, phagocytic, and degranulating properties. Recent studies
on the ligand receptor transduction mechanism responsible for
initiating these cellular activities have been shown to include
polyphosphoinositide breakdown, [Ca®*); increases, membrane
depolarization, and activation of arachidonic acid metabolism
(1-4). The precise time sequence, as well as the interrelation-
ship between these phenomena, are not completely understood.
However, evidence is accumulating suggesting that the primary
event is the hydrolysis of PIP, by a GTP-regulated, membrane-
bound phospholipase C (for review see Refs. 5 and 6). This
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scheme is in agreement with the experimental observation that
inositol 1,4,5-trisphosphate, the hydrophilic product of PIP,
hydrolysis, is capable of mobilizing Ca?** from a membrane-
enclosed intracellular Ca?* store in a variety of cell types (7, 8),
including human neutrophils (9). Furthermore, it is well estab-
lished that a number of agonists linked to PIP, hydrolysis
increase [Ca®*]; in intact cells (for review see Ref. 6).

In a number of cell types, e.g., human neutrophils, it is
generally observed that in the presence of extracellular calcium
the amplitude and the duration of the [Ca®*); increases are
larger and more prolonged (10). These results, together with
the observations of an increased *°Ca uptake upon fMet-Leu-
Phe stimulation, led to the suggestion that receptor triggering
also results in an increased plasma membrane permeability to
Ca®*. However, no definitive experimental proof for such a
hypothesis has yet been provided. In the present study evidence
will be presented showing that, in human neutrophils, when
the chemotactic peptide fMet-Leu-Phe binds to specific recep-

ABBREVIATIONS: PIP,, phosphatidylinositol bisphosphate; quin2, methoxyquinoline derivate of bis (o-aminophenoxyl)ethane-N,N,N’ N’-tetraacetic
acid; quin2/AM tetraacetoxymethyl ester of quin2; fura2/AM, an acetoxymethyl ester of fura2; DTPA, diethylenetriaminepentaacetic acid; fMet-Leu-
Phe, N-formyl-L-methionyl-L-leucyl-L-phenylalanine; BOC-Met-Leu-Phe, N-tert-butoxycarbonyl-L-methionyl-L-leucyl-L-phenylalanine; TPEN, N.NN'N’-
tetrakis (2-pyridylmethyl)ethylenediamine; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; Hepes, 4-(2-hydroxyethyi)-1-

piperazineethanesulfonic acid; DMSO, dimethyl sulfoxide.

437

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

438 Anderssonetal.

tors on the cell surface, there is an increased influx of Ca?*
through the plasma membrane.

The demonstration of an fMet-Leu-Phe stimulated influx of
Ca?* naturally raises questions concerning the nature and reg-
ulation of this influx. In a number of other cell types the influx
of Ca** across the plasma membrane occurs through voltage-
dependent calcium channels (11, 12). This type of calcium
channel, which is regulated by the membrane potential, has
also been suggested to exist in the plasma membrane of human
neutrophils (13, 14). The data indicating the existence of volt-
age-dependent calcium channels in neutrophils are very weak,
although it is well established that the plasma membrane of
these cells depolarizes upon stimulation with fMet-Leu-Phe
(3). Consequently, alternative influx mechanisms for Ca?* have
to be considered. In the present study we will provide evidence
indicating that the fMet-Leu-Phe-stimulated influx of CaZ*
does not depend on the opening of classical voltage-dependent
calcium channels but rather on the activation of “receptor-
regulated calcium channels.”

Materials and Methods

Chemicals. All reagents used were of analytical grade. quin2/AM
and quin2 free acid were purchased from Calbiochem, La Jolla, CA.
Ionomycin was kindly provided by Dr. C. M. Liu of Hoffman, La Roche,
and bis-oxonol was provided by Dr. Roger Tsien, University of Califor-
nia, Berkeley, CA. fura2, fura2/AM, and TPEN were obtained from
Molecular Probes, Junction City, OR. fMet-Leu-Phe, BOC-Met-Leu-
Phe, DTPA, verapamil, and gramicidin D were obtained from Sigma
Chemical Co., St. Louis, MO. Dextran and Ficoll-Paque were from
Pharmacia Fine Chemicals, Uppsala, Sweden. Nifedipine was kindly
provided by Bayer, Germany.

Preparation of Human Neutrophils. Blood was obtained from
healthy adult volunteers, using citrate-containing tubes. Whole blood
was allowed to sediment on dextran after which the neutrophils were
isolated according to the method described previously (15). The rest of
the contaminating erythrocytes were eliminated by a 20-sec hypotonic
lysis in distilled water after which the polymorphonuclear leukocytes
were washed twice before resuspension in the described calcium-con-
taining medium. Cell counting of polymorphonuclear leukocytes was
performed either in a Burker chamber or with a Coulter Counter ZF
with a 100-channel pulse height analyzer from Coulter-Electronics,
Ltd., England.

Determination of Cytosolic Free Ca?*. The usual medium con-
tained: 138 mM NaCl, 6 mMm KCl, 1 mMm MgSO,, 1.1 mMm CaCl,, 0.1 mM
EGTA, 1 mM NaHPO,, 5 mM NaHCO;, 5.5 mM glucose, and 20 mMm
Hepes (pH 7.4). This medium is defined as “calcium-containing me-
dium” throughout this paper. When using La** (see Fig. 1C), PO, was
excluded from the medium. In some experiments Ca?* was omitted and
this medium is defined as “calcium-free medium.” Upon addition of 1
mM EGTA to this latter medium the extracellular calcium concentra-
tion decreased to less than 10~° M. The technique of loading the cells
with quin2 has been described previously (10). In short, the cells were
suspended at a concentration of 5 X 107 cells/ml and were allowed to
equilibrate at 37° for 5 min, after which quin2/AM was added to a final
concentration of 30 uM, from a stock solution suspended in DMSO.
The maximal final DMSO concentration during this part of the incu-
bation never exceeded 0.3% (v/v). Ten min after the addition of the
probe, the cell suspension was diluted to 1 X 107 cells/ml in the calicum-
containing medium supplemented with 0.5% (w/v) albumin. This pro-
cedure gave an intracellular quin2 concentration of 0.34 + 0.07 nmol/
10° cells (n = 19). For autofluorescence, control cells were incubated
with a similar concentration of DMSO, but without quin2/AM. Loading
the cells with fura2 was performed in the same way over a wide range
of concentrations, i.e., 2-50 uM. After the loading procedure the cells
were kept at room temperature until used. Just before use, a sample of

the cell suspension was centrifuged and resuspended in medium, either
calcium containing or calcium free. All of our experiments were per-
formed within 3 hr of quin2 or fura2 loading, during which no signifi-
cant elevation of cytosolic free calcium was observed. Fluorescence
measurements were performed with a Perkin-Elmer fluorimeter (LS3).
The cuvette holder was thermostated at 37° and equipped with a
continuous stirring device. The cell number in each cuvette was 1.5-
2.0 X 10° cells/ml. Excitation and emission wavelengths for quin2
measurements were 339 nm and 492 nm, respectively, and for fura2
measurements, 340 nm and 510 nm, respectively. To minimize light
scattering artifacts, we used two cut-off filters, UV D25 and UV 35, for
excitation and emission respectively. quin2 and fura2 fluorescence as a
function of the [Ca®'}; concentration was determined as previously
described (10, 16). The intracellular concentrations of quin2 or fura2
free acid were measured by comparing the Ca’*-dependent fluorescence
of unloaded cells, treated with 0.1% (v/v) Triton with the fluorescence
of a standard solution of quin2 or fura2 free acid in the presence of
unloaded cells, also treated with 0.1% (v/v) Triton in a calcium-
containing medium (10, 16). All graphs shown are representative ex-
periments of at least five very similar experiments.

Determination of Membrane Potential. For measurements of
membrane potential, the lipophilic anion, bis-oxonol, was used as
previously described (17). In short, 10° neutrophils were suspended in
2 ml of buffer and incubated with 100 uM bis-oxonol for 5 min to allow
a homogeneous distribution of the dye. Membrane potential changes
upon various stimulations were monitored at 37° in a fluorimeter
equipped with a continuous stirring device. Excitation and emission
wavelengths were 540 and 580 nm, respectively. As mentioned in Ref.
17, bis-oxonol can only be used to measure qualitative and not quan-
titative changes of the plasma membrane potential.

Results

We have previously reported that the duration and amplitude
of the fMet-Leu-Phe-stimulated [Ca®*); increase in neutrophils
are dramatically different if the stimulus is applied in the
presence or absence of extracellular calcium (10). The traces
from a typical experiment performed under these conditions
are shown in Fig. 1. The maximal [Ca®*]; in the presence of
extracellular calcium in a number of experiments of this type
(Table 1) is reached in approximately 90 sec (n = 19) and its
amplitude is nearly 3-fold higher than that obtained in the
absence of extracellular calcium, where the maximal cytosolic
free Ca®* concentration is reached in about 30 sec. Similar
results were obtained with cells loaded with the new fluorescent
Ca®* indicator, fura2 (Fig. 1, inset). These differences have
been generally taken as evidence for an increased influx of Ca?*
ions across the plasma membrane (2, 10). However, other
explanations could be offered for the longer duration and the
larger amplitude of the [Ca®*]; transients observed in the pres-
ence of extracellular calcium: (a) inhibition of Ca?* efflux; (b)
Ca?*-induced Ca®* release, as suggested by Fabiato (18) for
muscle sarcoplasmic reticulum (18); or (c) slow release of Ca**
from an intracellular pool which cannot be compensated for in
the absence of a basal Ca** influx.

In Fig. 1C, La®*, a trivalent cation known to inhibit Ca®*
binding and transport in a number of cellular systems (19-21),
was added to the calcium-containing medium prior to fMet-
Leu-Phe stimulation of quin2-loaded cells. In the presence of
La®*, even if Ca®* was present in the extracellular medium, the
duration and amplitude of the [Ca®*); increase were very similar
but not identical to that observed in Ca?**-free medium (Fig.
1B), and was not statistically different from this latter condi-
tion (Table 1). Similar results were also obtained using fura2-
loaded human neutrophils (Fig. 1, inset). Interestingly, La®*
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Fig. 1. Effects of extracellular Ca®* and La>* on fMet-
Leu-Phe-induced [Ca?*}, transients. Human neutro-
phils, loaded with quin2, were stimulated with fMet-
Leu-Phe (fMLP, 10™7 m) in the presence (A and C) or
absence (B) of extracellular calcium as described in
Materials and Methods. Where indicated (C), 20 um
La®** was added to the cells. The inset shows the same
experiments performed with human neutrophils loaded
with fura2.
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TABLE 1
Cytosolic free Ca* under the various experimental conditions

This table summarizes the resting [Ca®*},, [Ca?*), after the first 10 sec, peak [Ca®*}),, and times to reach peak [Ca?*} under the various experimental conditions reported
in the figures. Unless indicated, the experiments were performed in a medium containing Ca"asdesctibgdh Materials and Methods. Mean + standard error are given

for the number of experiments indicated in parentheses. Using Student's t test, no statistically signi

differences were found for any of the parameters either between

significant
fMet-Leu-Phe stimulation in calcium-free medium and fMet-Leu-Phe stimulation in the presence of La**, or fMet-Leu-Phe stimulation in the absence or presence of K* or
nifedipine. The indicated differences are given in comparison to control, i.e., fMet-Leu-Phe stimulation in a medium containing Ca®*.

(Ca™)

Experimental conditions Time to reach peak levels
Resting levels Level after 10 sec Peak levels
nM s6C
Ca?* medium 118 £ 13 (19)
Ca?*-free medium 110 £ 21 (12)
fMet-Leu-Phe (1077 m) in Ca**-free medium 178 £ 5(12) 265 + 22 (12)* 32+2(12y
La®* (20 um) + fMet-Leu-Phe (1077 M) 185 + 9 (8) 290 + 42 (8)* 37+2(8°
fMet-Leu-Phe (1077 m), control 190 + 8(19) 783 + 52 (19) 87 £5(19)
K* (40 mm) + fMet-Leu-Phe (1077 m) 175 + 20 (5) 739 + 69 (5) 88 +7(5)
Nifedipine (1078 m) + fMet-Leu-Phe (1077 m) 185 + 16 (5) 710 £ 74 (5) 85+ 8(5)

*p < 0.001.

did not alter the basal [Ca®*];. Similar results were obtained
when Co?* or Ni?*, instead of La®*, were added before the fMet-
Leu-Phe stimulation (not shown). Whereas La®*, as well as
Co** and Ni?*, has been used as a nonpermeable inhibitor of
calcium channels (20-22), other divalent cations such as Mn?*
and Ba** have been shown to be permeable through calcium
channels (20-21). Contrary to Ca®*, however, Mn** binding to
quin2 results in quin2 fluorescence quenching rather than in
fluorescence increase (22). It was thus predicted that if fMet-
Leu-Phe induces Ca?* as well as Mn?* influx across the plasma
membrane, then the influx of the latter cation should cause a
decrease rather than an increase of the quin2 signal. Fig. 2B
shows that in the presence of both Mn?** and Ca** addition of

fMet-Leu-Phe resulted in an initial fluorescence increase, sim-
ilar to that observed in the absence of extracellular Ca?*,
followed by a decrease of the quin2 signal well below basal
levels. Fig. 2D shows that this fluorescence decrease required
the addition of fMet-Leu-Phe, since the Mn?*-dependent decay
of the quin2 signal in unstimulated cells was much less pro-
nounced over the same period of time. Furthermore, the fluo-
rescence quenching induced by fMet-Leu-Phe was larger when
Mn?* was added in the absence of extracellular Ca’* (not
shown), suggesting a competition between the influx of Mn?*
and Ca®*. It can be argued that the quenching of quin2 fluores-
cence is not due to Mn?* influx into the cytoplasm but rather
to quin2 release into the medium containing Mn?*. However,
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Fig. 2. Effects of Mn?* and La®** on fMet-Leu-Phe-induced [Ca®*}, tran-
sients. Human neutrophils, loaded with quin2, were stimulated with fMet-
Leu-Phe (fMLP, 10”7 m) in a medium containing a calcium concentration
as described in Materials and Methods. Where indicated, Mn?* (0.5 mm),
DTPA (1 mm), TPEN (20 um), Triton X-100 (0.1%), and La®* (20 um) were
added to the cells. The ordinate is labeled as % Ca®* saturation since,
in the presence of Mn?*, the decrease of fluorescence is due to quenching
and does not necessarily reflect a decrease of [Ca®*].

three lines of evidence strongly argue against this possibility.
1) Fig. 2B shows that addition of DTPA, a nonpermeant high
affinity heavy metal chelator (23), resulted in a negligible
fluorescence increase. However, after DTPA addition, lysis of
the cells with Triton X-100 increases the fluorescence up to
full Ca?* saturation (Fig. 2D). This indicates that DTPA would
have been effective if the Mn?*-quin2 complex had been in the
extracellular medium. 2) Fig. 2B shows that TPEN, a mem-
brane-permeant heavy metal chelator devoid of any Ca?* bind-
ing and ionophoric capacity (23), when added after DTPA,
increases quin2 fluorescence well above resting level. 3) Fig. 2C

shows that La®* largely prevents the fMet-Leu-Phe-induced
quenching of quin2 fluorescence in the presence of Mn?*.

Temporal dissociation of Ca®* release from stores and Ca®*
influx has been demonstrated in other cell types (24, 25). Fig.
3A shows that, in the absence of extracellular Ca®*, addition of
fMet-Leu-Phe caused the usual small and transient increase of
[Ca®*].

Addition of Ca?* back to the medium, 2 min after stimulation
with fMet-Leu-Phe, resulted in a second phase of [Ca®*); in-
crease, up to a level similar to that observed in the continuous
presence of extracellular Ca?*. This second phase depended on
the presence of fMet-Leu-Phe (Fig. 3B) and could be antago-
nized by either treatment with BOC-Met-Leu-Phe (Fig. 3C) or
Co?** (Fig. 3D). Taken together, these results (Figs. 1-3)
strongly support the hypothesis that the interaction of fMet-
Leu-Phe with its receptor results in increased plasma mem-
brane permeability to Ca®*.

In the experiments presented in Figs. 4-6 we investigated
whether this influx pathway could be identified as a classical
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Fig. 3. Temporal dissociation of Ca** mobilization from intraceilular stores
and influx across the plasma membrane. Human neutrophils, loaded with
quin2, were stimulated with fMet-Leu-Phe (fMLP, 1077 M) in a calcium-
free medium as described in Materials and Methods. Where indicated,
EGTA (1 mm), Ca?* (2 mm, giving a Ca®* concentration in the medium of
approximately 1 mm after saturation of EGTA), BOC-Met-Leu-Phe (BOC,
107* m), and Co?* (0.5 mm) were added to the cells.
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Fig. 4. Effects of K* and gramicidin D on the membrane potential and
resting [Ca?*]. Human neutrophils, loaded with bis-oxonol (A and D),
quin2 (B and E) or fura2 (C and F) were suspended in a medium containing
a calcium concentration as described in Materials and Methods. Where
indicated, K* (20 mm, 30 mm, or 50 mm) and gramicidin D (gram.D, 100
nm) were added to the cells. The arrows in A and D indicate bis-oxonol
fluorescence increase which qualitatively corresponds to plasma mem-
brane depolarization (arbitrary units).

voltage-dependent calcium channel, similar to that known to
exist in a number of neurosecretory cell types (11, 12). Fig. 4,
A-C shows that depolarizing concentrations of KCl had no
effect on [Ca®*];, nor did it change the subsequent response to
fMet-Leu-Phe (Fig. 5B and inset). Similar results were ob-
tained when a larger plasma membrane depolarization was
induced with the pore-forming ionophore, gramicidin D (Fig. 4,
D-F). It should be mentioned that gramicidin D, by increasing
dramatically the permeability of the plasma membrane to Na*,
should collapse the membrane potential to approximately 0
mV. Furthermore, when concentrations of nifedipine (1 uM) or
verapamil (20 uM), considered optimal for specifically blocking
voltage-dependent calcium channels in other cell types, were
used, the responses to fMet-Leu-Phe were unaltered (Fig. 5C
and inset, and Fig. 6). Normal fMet-Leu-Phe-induced
[Ca**); transients could also be elicited when higher concentra-
tions of both nifedipine (10 uM, not shown) and verapamil (40

Receptor-Mediated Calcium Influx 441

uM, Fig. 6) were used. However, above 50-100 uM verapamil,
some inhibition of fMet-Leu-Phe-dependent [Ca®*); increase
could be observed (Fig. 6).

The traces presented in the figures are typical examples of
experiments performed with qualitatively identical results on
at least five other occasions. In Table 1 the means (+ standard
error) of resting levels, the levels of [Ca?*]; after the first 10
sec, peak [Ca®*];, and times to reach peak [Ca®*]; are given for
all of the experiments described in the figures.

Discussion

Whereas the mechanism of fMet-Leu-Phe-induced Ca®*
release from intracellular stores in human neutrophils is rea-
sonably well understood (1, 9, 26, 27), the mechanism and
existence of an increased Ca®* influx from the extracellular
medium upon receptor stimulation remains a matter of contro-
versy. The previous evidence in favor of an increased influx of
Ca®* originates from studies with *“*Ca. Flux studies using
radioactive isotopes have, in the past, often given contradictory
results and, if not supported by direct measurements of
[Ca®*];, might lead to erroneous interpretations. The larger
amplitude and longer duration of the [Ca®*]; rise observed in
the presence of extracellular Ca’* are often taken as evidence
for an increased Ca®* influx from the extracellular milieu as a
consequence of receptor stimulation. However, it could be ar-
gued that either an inhibition of Ca®* extrusion or a Ca?*-
induced release of intracellular Ca®>* might similarly explain
such experimental findings.

In this report several pieces of evidence strongly support the
hypothesis that in human neutrophils the chemotactic peptide
fMet-Leu-Phe increases the permeability of the plasma mem-
brane to calcium ions. 1) Addition of La**, as well as Co** and
Ni**, reduced the fMet-Leu-Phe-induced [Ca?*]; increase to an
amplitude similar to that observed in calcium-free medium. 2)
The extent of Mn?* influx, measured as quenching of the
intracellular quin2 signal, is very low in unstimulated cells, but
increases severalfold upon fMet-Leu-Phe addition. 3) La®**, as
well as Co®* and Ni?*, largely prevents the fMet-Leu-Phe-
induced influx of Mn?*. 4) Ca®* release from intracellular stores
and increased influx of Ca** can be temporally dissociated by
applying the stimulus in a calcium-free medium and adding
Ca®* back when [Ca®*]; has returned to resting levels. The Ca®*
influx is dependent upon receptor occupancy since it is not
observed in the absence of fMet-Leu-Phe or in the presence of
BOC-Met-Leu-Phe, a specific antagonist of fMet-Leu-Phe re-
ceptor binding (28).

The observation that Co?*, an effective inhibitor of neural
voltage-dependent calcium channels (20, 21), is an effective
inhibitor of Ca®* influx raises the question whether in neutro-
phils the Ca®>* influx actually occurs through this types of
channel. This hypothesis has previously been suggested on the
basis of two experimental observations. First, receptor stimu-
lation with fMet-Leu-Phe strongly depolarizes the plasma
membrane of neutrophils (3). Second, verapamil, a classical
inhibitor of voltage-gated calcium channels, has been shown to
inhibit *Ca influx and neutrophil functions (13, 14). Our pres-
ent data argue, however, against the possibility that voltage-
dependent calcium channels, if present, participate in the fMet-
Leu-Phe-induced increase of [Ca®*}; in human neutrophils and
suggest, rather, that the fMet-Leu-Phe-induced Ca?* influx is
due to opening of receptor-operated calcium channels. This
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Fig. 5. Effects of K* and nifedipine on the resting level and fMet-Leu-Phe-induced increase of the [Ca®*}.. Human neutrophils, loaded with quin2,
were stimulated with fMet-Leu-Phe (fMLP, 10~7 m) in a medium containing a calcium concentration as described in Materials and Methods. Where
indicated, K* (20 mm) and nifedipine (10~ m) were added to the cells. The broken trace in B indicates correction for a drop in autofluorescence. The
inset shows the same experiments performed with human neutrophils loaded with fura2.
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Fig. 6. Effects of verapamil on the fMet-Leu-Phe-induced [Ca®*}, tran-
sient. Human neutrophils, loaded with quin2, were stimulated with fMet-
Leu-Phe (1077 m) in a medium containing a calcium concentration as
described in Materials and Methods. Three min before the fMet-Leu-Phe
stimulation various concentrations of verapamil (20-200 um) were added
to the cell suspensions. The response in the absence of verapamil was
set to 100% and all other responses were calculated as per cent of this
control. All values were from the same batch of cells.

conclusion is based on the following observations. 1) The
concentrations of verapamil necessary for effectively inhibiting
Ca?* influx in neutrophils are at least 1 order or magnitude
higher than those necessary to block classical voltage-depend-
ent calcium channels in nerve, muscle, and endocrine cells (20,
21), In a recent study by Della Bianca et al. (29), it was
concluded that the inhibition of neutrophil functions induced
by verapamil is complex and included effects on cAMP levels,
inhibition of protein kinase C, and binding of Ca?* to cellular
components. 2) Another specific blocker of voltage-gated cal-
cium channels, nifedipine, is ineffective in neutrophils at con-
centrations of 10 uM or more, whereas it completely blocks
Ca®* influx induced by plasma membrane depolarization in
several neuroendocrine cells at nM levels (11, 12). 3) Plasma
membrane depolarization either with high K* concentrations
or with the pore-forming ionophore, gramicidin D, which ex-
changes intracellular K* with extracellular Na*, are without
effect on both the resting [Ca®*]; and on the [Ca®*); increases
induced by maximal stimulatory doses or fMet-Leu-Phe. Inci-
dentally, the lack of effect of gramicidin D argues against a
major role of Na* in regulating Ca?>* homeostasis in human
neutrophils. Two other experimental observations from our
and other laboratories also argue against the participation of
classical voltage-dependent calcium channels in the fMet-Leu-
Phe-induced increase of [Ca®*]; in human neutrophils. First,
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phorbol myristate acetate has no effect on resting [Ca®*]; levels
despite being very powerful in depolarizing the plasma mem-
brane of neutrophils (30, 31). Second, normal [Ca®*]; increases
in response to fMet-Leu-Phe are observed in neutrophils from
patients with chronic granulomatous disease, even though their
cells depolarize only slightly upon stimulation (32). Using an
experimental approach similar to that employed in this study,
Hallam (33) and Pozzan et al. (25) concluded that in platelets
and PC12 cells, receptor-operated calcium channels are opened
upon stimulation of receptors linked to polyphosphoinositide
breakdown. The present data, however, do not offer any clues
as to the mechanism of regulation of these receptor-operated
calcium channels in human neutrophils. A receptor-operated
channel is in fact a practical definition of an experimental
observation and no evidence regarding the molecular nature of
this channel is presented. Neither do we know whether the
increase of Ca®* influx is brought about by a channel or depends
on the generation of an endogenous Ca** ionophore. The exist-
ence of receptor-operated calcium channels has been postulated
for a number of agonists in a variety of cell types. Direct
(electrophysiological) evidence for their existence, however, has
not yet been provided. There are a number of particularly
important questions regarding receptor-operated Ca®* influx.
a) Is this channel part of the receptor itself or does it comprise
a unit separate from the receptor? b) Does it open as a conse-
quence of ligand binding or does it require the generation of
intracellular messengers? Relevant to this second question is
the observation that, in neutrophils, pertussis toxin entirely
inhibits fMet-Leu-Phe-induced Ca®* influx and mobilization
from intracellular stores, as well as the increased production of
inositol phosphates (26). This makes it tempting to speculate
that products of polyphosphoinositide breakdown, apart from
mobilizing Ca®* from intracellular stores, might also be involved

in the regulation of Ca®* influx.
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