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N-Formyl-methionyl-leucyl-phenylalanine
(fMLP) is pothesis, originally proposed by Putney (91, has obtained furable to accelerate Ca2+ entryinto differentiated HL60 ther support from work in different
cell types (5-8, 10-22).
cells by a rather indirect mechanism consisting of the Activation of Ca2+ entry can also be achieved the
in absence of
opening of a plasma membrane pathway activated by agonists by emptying the intracellular
Ca" stores,byprothe emptying of the intracellular Ca2+stores caused by longed incubation in Ca2+-free medium (15, 20, 231, by treatthe agonist. This Ca2+ pathway can also be fully acti- ment with Ca2+ ionophores (20,23), or by inhibiting Ca2+ pumpvatedbyCa2+store
depletion withthapsigargin. We ing to the stores with thapsigargin (12,24). Alternatively, has
it
show here that, in addition to this store-operated Ca2+ beenproposed that second messengers produced on agonist
entry pathway (SOCP),
fMLP is able to activate another bindingto its receptor,such as InsP,, inositol1,3,4,5-tetreceptor-operatedCa2+ pathway
in thapsigargin-treated rakisphosphate (InsP,), or both, could either mediate the actiHL60 cells differentiated for24 h with dimethyl sulfoxvation of Ca2+ entry (25, 26) or potentiate the activation inide. Activation by
fMLP wasproduced even in cells with
fully empty Ca2+
stores. It started 30 s after fMLP addi- duced by emptying the Ca2+ stores(27).
We have shown recently that SOCP may be down-regulated
tion, was maximal after 2 min and then disappeared
a mechanism involving protein phosphorylation in human
by
to SOCP in that
within 5 min. This pathway was similar
The
neutrophils (24, 28) and differentiated HL60 cells (29).
it allowed passageof Mn2+and Ba2+ and was antagonized
accelerated
Ca2+
entry
following
depletion
of
the
Ca2+
stores
by
by Ni2+ and
by cytochrome P-450 inhibitors. fMLP is also
able to inhibit SOCP by a mechanism involving protein thapsigargin is transiently prevented byfMLP. Thus this agophosphorylation. Both the fMLP-induced activation of nist has a dual action onSOCP, a transient inhibition caused by
Ca2+entry andthe inhibition of SOCP were preventedby protein phosphorylation (24, 28, 29) anda stimulation secondary to the agonist-mediated emptyingof the Ca2+ stores(20).
pretreatment with pertussis toxin. However, the first
Here we present evidence for still a third action of fMLP on
appeared earlier than the last along differentiation of
HL60 cells. This suggests that the inhibition of SOCP Ca2+ entry.We find that, in HL60 cells differentiated for only
requires not only the development of fMLP receptors 24 h with dimethyl sulfoxide (Me,SO), fMLP induces a n addibut also an additional component placed
distally to the tional acceleration of Ca2+ entry in cells whose Ca2+ stores had
G protein in the transduction mechanism.
been fully depleted
of CaZ+ by treatment with thapsigargin.
is preActivation of this receptor-operated Ca2+ entry pathway
At later stages of
vented by treatment with pertussis toxin.
Human neutrophils and the closely related differentiated
differentiation the fMLP-induced inhibition
of SOCP, which
HL60 cells are able to respond to
a variety of extracellular also takes place througha pertussis toxin-sensitive G protein,
agonists with an increase of t h e cytosolic Ca2+concentration develops and overlaps withthe activation of the receptor-operof a fast and ated pathway.
([Ca2+1),' (1-5). This increase in [Ca2+li is composed
retransient inositol 1,4,5-trisphosphate (InsPJ-mediated Ca2+
MATERIALS AND METHODS
lease from the intracellular Ca" stores followed shortly by an
acceleration of Ca2+ entry from
the extracellular medium (4,5). Cell Culture"HL60 human leukemia cellswere obtained from
the [Ca"], response for a longer time Dr. Faustino Mollinedo, Centro de Investigaciones Biologicas del CSIC
Ca2+ entry helps to sustain
and facilitates refillingof the Ca2+ stores
(4-7). The mechanism (Madrid, Spain). They were propagated and cultured as described elsewhere (30).HL60 cells were differentiated toward granulocytes by culresponsible for this acceleration of Ca2+entry is still obscure, ture in medium containing 1.3% dimethyl sulfoxide (31) during 1-7
although there is much evidence that it is secondary to the
days.
by unknown mechanism, Measurementsof~Cu2+lc-A11
emptying of the Ca2+ stores, which, an
of the measurements were performedin
a Ca2+ entry pathway in
the plasma membrane fura-2-loadedcells.For experiments with cell suspensions, the cells
is able to open
(store-operated Ca2+ entry pathway, SOCP)' (5-10). This hy- were collectedand washed twicewith standard medium of the following
composition (in m):CaCl,, 0.2; NaCl, 145;
KCl, 5;MgCl,, 1; glucose, 10;
Na-HEPES, 10, pH 7.4. Then they were resuspended at 2% cytocritin
* This investigation was supported by Grant PB92-0268 from the the same medium and fura-WAM (final concentration, 4 PM)was added
Spanish Direccion General de Investigation Cientifica y Tecnica (DGI- from a 2 mM stock in Me,SO. After 30-45 min at room temperature, the
CY"). The costs of publication of this article were defrayed in part by
with standard medium in order toremove
the payment of page charges. This article must therefore be hereby cellswerewashedtwice
extracellular fura-2, resuspended at 1%cytocrit in the same medium,
marked "uduertisement" in accordance with 18 U.S.C. Section1734
and stored at room temperature until used. Fluorescence measuresolely to indicate this fact.
$ Towhom correspondence should be addressed. Tel.: 34-83-423084;
Fax: 34-83-423085.
receptor-operated (ROCC),orsecond
messenger-operated (SMOCC)
The abbreviations used are: [Ca2+],, cytosolicfree calcium concen- Ca2+channels. Although SOCP could bea subclass of SMOCC, wewant
tration; SOCP, store-operated Ca2+entry pathway; fMLP, N-formyl- to stress with this name that this Ca2+entry pathway opens as a conmethionyl-leucyl-phenylalanine;
Me,SO, dimethyl sulfoxide;InsP,, ino- sequence of the emptying of the intracellular calcium stores rather than
sitol 1,4,5-triphosphate; InsP,, 1,3,4,5-tetrakisphosphate.
by the action of a second messenger generated directly on interaction of
The term SOCP was chosen
by analogy to voltage-operated(VOCC), an agonist with its membrane receptor.
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FIG.2. Effect of fMLP on the [Ca2+],increase inducedby addition of Ca2+to thapsigargin-treated1 day-differentiatedHL60
c"l
cells. Fura-2-loaded HL60 cells differentiated with Me,SO (DMSO)for
5 min
1 day were treated with 0.5 p~ thapsigargin for 10 min in 0.1 mM
FIG.1. Effect of tMLP on the [Ca2+liof thapsigargin-treated Ca2+-containingmedium. Then, 0.5 nm Ca2+was added either to control
cells at differentstages of differentiation.HL60 cells were treated cells or 1 min after theaddition of fMLP. The right panel shows a detail
with Me,SO as described under "Materials and Methods" for either 0 of the same experiment shown in the left panel. This experiment is
(N.D.,nondifferentiated), 1, 2, 3, 4, or 7 days, as indicated. They were representative of three similar ones.
then loaded with fura-2 and treatedwith 0.5 PM thapsigargin for 10 min
in 0.2 mM Ca2+-containingmedium. Then the [Ca2+liwas monitored and
1 p~ fMLP was added as shown by the arrows. The treatment with existence of a second fMLP-stimulated Ca2+entry, which was
thapsigargin is only shown in the case of nondifferentiated cells. This hidden by the inhibition of SOCP.
experiment is representative of three similar ones.
Preliminary experiments with thapsigargin-treated differen-

tiated HL60 cells showed that the [Ca2+l,rebound observed
2-3 min after fMLP addition appeared more consistently when
the extracellular Ca2+concentration was low (e.g. 0.2 m, giving [Ca2+],in thapsigargin-treated cells around 200-300 m)
than when it was 1mM (giving [Ca2+l,in thapsigargin-treated
cells around 600-800 m)(results not shown). In order to obtain
a clearer evidence for this NLP-induced [Ca2+1,increase we
tried t o avoid the fMLP-inducedinhibition of SOCP. The fMLPinduced inhibition of SOCP develops slowerthan other fMLPinduced responses along differentiation with Me2S0. For example, after 2 days of differentiation fMLP produced a partial
inhibition of SOCP in only 20%of the cells, whereas the height
of the [Ca2+],peak induced by fMLPwas then already near 50%
of maximum (29). On this basis, we studied the response to
fMLP in thapsigargin-treated cells that had been differentiated
by Me2S0 treatment for very short time periods.
thapsigarginFig. 1 shows the effect of fMLP on [Ca"], of
treated HL60 cells at different stages of differentiation. The
first truce documents also the action of thapsigargin, which was
similar (and is not shown) in the other truces. The concentration of Ca2+in theincubation medium was 0.2 m.fMLP had no
effect in nondifferentiated cells but produced a large decrease
of [Ca2+l,in cells differentiated for 7 days with Me,SO (compare
the first and the
lust truces). This confirms our previous reports
(29). In cells treated with Me2S0 for 1day it is apparent that
there is almost no NLP-induced decrease of [Ca2+l,,but, instead, a clear increase of [Ca2+],is seen. This increase starts
about 30 s after fMLP addition, reaches a maximum about 2
RESULTS
min later, and then decays slowly, the resting levels being
On treatment of human neutrophils or differentiated HL60 reached within 5 min. The increase of [Ca2+l,was caused by an
cells with the endomembrane Ca2+-ATPaseinhibitor thapsigar- increase of Ca2+entry and not to Ca2+release from the stores
gin, [Ca2+l,increases, reaching a plateau within 5-10 min that since the agonist-sensitive Ca2+stores were already completely
is maintained for at least 30 min (24). This maintained high depleted of Ca2+because of the treatment with thapsigargin
[Ca2+],is the expression of the new steady state attained be- (see below). As differentiation progresses, the fMLP-induced
tween the fast CaZ+ entry through
SOCP, activated by the store inhibition of SOCP increases both in intensity andduration in
depletion effected by thapsigargin, and the fast Ca2+extrusion such a way that thestimulation of Ca2+entry isalready difficult
through the plasma membrane Ca2+-ATPase, whichis stimu- to appreciate after 4 days of differentiation.
An increased plasma membrane permeability to Ca2+can
lated by the high [Ca2+l,.Inhibition of SOCP by fMLP can be
conveniently evidenced by a decrease in [Ca2+l,in these thap- also be evidenced by a quick increase of [Ca2+l,following a
sigargin-treated cells (lust truce in Fig. 1; see Ref. 24 for more sudden increase of the extracellular Ca2+concentration ([Ca2+l,
details). This inhibition is transient and, after the initial
drop, overshoot) (24,29). Fig. 2 shows the [Ca"], overshoots induced
fMLP addition in thapsigargin-treated1day-differentiated HL60 cellsby sud[Ca2+],returns to the high levels observed before
within about 3 min (24). However, we observed in some cases denly increasing the externalCa2+concentration from 0.1 to 0.6
that the[Ca2+],values reached 3 min after fMLP addition were mM. Addition of fMLP 1min before Ca2+(labeled fMLP) considactually higher than those observed before agonist addition erably accelerated the [Ca2+],increase (see right panel inFig. 2
(see for example Fig. 1 of Ref. 24). This suggests the possible for expanded time scale). In three different experiments the rate

ments were performed in 0.5-ml aliquots of the cell suspension and
under magnetic stirringina
fluorescence spectrophotometer constructed by Cairn Research Ltd. (Newnham, Sittingbourne, Kent,
U. K.), which allows quasisimultaneous (30-300 Hz) measurements of
fluorescence excited at up to six different wavelengths. Fluorescence
emitted was filtered using a high pass 520-nm filter, and the readings
were integrated at 1-s intervals. [Ca2+liwas estimated from the ratio of
Ref. 32). Measurethe fluorescences excitedat 340 and 380 nm (R340,380;
ments were performed at 37 "C. Mn2+uptake was monitored from the
quenching of the fura-2 fluorescence excitedat 360 nm, which is insensitive to variations in [Ca2+l,(32). Ba2+uptake was monitored fromthe
increase of fura-2 fluorescence excited at 360 nm. Fura-2 fluorescence
excited a t 360 nm increases by about 50% after binding to Ba2+(Ref, 33;
see spectrum of fura-2-Ba" complex in Ref. 19).
Measurements of Membrane Potential-Changes in membrane potential were monitored using bisoxonol (DiSBaC,(3)),which was added
to the suspension of fura-2-loaded cells at a concentration of 10 nM.
Bisoxonol fluorescence increases on cell depolarization because of redistribution of the dye between the cells and the incubation medium.
Bisoxonol fluorescence was excited at 490 nm. Since emitted fluorescence (maximum a t 580 nm) was measured using a high pass 520-nm
filter, simultaneous measurements of fura-2 ([Ca"],, excitation at 340,
360, and 380 nm) and bisoxonol (membrane potential, excitation at
490 nm) can be performed in the same cell suspension.
Fura-2/AM and bisoxonol (DiSBaC, (3)) were obtained from Molecular Probes (Eugene, OR).Thapsigargin and chelerythrine were obtained
from Alomone Laboratories (Jerusalem, Israel). Pertussis toxin was
obtained from Research BiochemicalsInc. (Natick, MA). fMLP and
staurosporin were obtained from Sigma. Other chemicals wereobtained
either from Sigma or E. Merck, Darmstadt.
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0.2 mM Ca", and then5 mM EGTAfollowed
by 200 n~ionomycin were added,as indicated in the figure.
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containing 0.2 mM Ca2+, and then 5 mM EGTA followed by 200 n~
ionomycin were added, as indicated in the figure. The experiments
shown are representative of six similar ones.
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FIG.3. Effect of fMLP on theM n 2 + entry (upperpanel) and the
Ba2+ entry(lower panel) induced by addition of Caa+ tothapsigargin-treated 1 day-differentiated HL60 cells. Fura-2-loaded
HL60 cells differentiated with Me,SO (DMSO)for 1 day were treated
with 0.5 PMthapsigargin for 10 min in 0.1
mM Ca2+-containing medium.
Then, the fluorescence excited at 360 nM was monitored and either
0.1 mM Mn2+(upperpanel)or 10 mM Ba2+(lowerpanel) was added either
to control cellsor 1 min after the additionof fMLP. Data were normalized to 1 0 0 8 F,,, just before MnZ+or Ba2+ addition. The experiments
shown are representative of three similar ones of each type.

of the [Ca2+],increase (measured10 s after theaddition of Ca2+)
was 57 2 11%(means * S.E.) faster in cells treated with fMLP
than in control cells. Note that in these thapsigargin-treated
cells the SOCP wasfully activated so that thisrelatively modest
increase in Ca2+ permeability would correspond to a large increase when compared to the resting Ca2+permeability.
Fig. 3 shows that fMLP induces also an acceleration of the
entry of Mn2+ (upper panel, measured as the quenching of
fura-2 fluorescence excited at 360 nm) and Ba2+(lower panel,
measured as the increaseof F,,,; see "Materials and Methods")
inthapsigargin-treated 1 day-differentiated HL60 cells. In
three different experiments the rates of Mn2+and BaZ+ entry
(measured during the first 20 s ) were, respectively, 25 i: 5%
(mean 2 S.E.) faster and 18 2 2% faster in cells treated with
fMLP than in control cells. These results confirm that the
[CaZ+l,increase induced by fMLP in Fig. 1 corresponds to an
increase of Ca2+ influx through a pathway that also allows
passage of Mn2+and Ba2+.
It can be argued that M L P could be activating Ca2+entry
through further emptyingof residual Ca2+stores not sensitive
to thapsigargin.Against this possibility is the fact that in thapsigargin-treated cells fMLP only induces [Ca2+liincrease after a
delay of 30 s (see Fig. 1). In contrast, fMLP-induced [Ca"],
increase following Ca2+mobilization in cells not treated with
thapsigargin starts with no measurable delay and reaches the
maximum [Ca2+J,levels within less than 5 s (results notshown).
To obtain furtherevidence about thispoint, we have measured
the Ca2+ content
of the stores both in control cells and in cells
treated with thapsigargin as in Fig. 1. The measurement was
made by adding consecutively EGTA and ionomycin. Fig. 4
shows that, in theabsence of thapsigargin, addition of ionomycin in Ca*+-freemedium produced a large [Ca2+],peak, which
reflects the release of Ca2+from the stores to the cytosol (left
truce). In thepresence of thapsigargin (right truce)addition of
EGTA produced a rapid [Ca2+],decrease because of net Ca2+

extrusion from the cytosol following the suppression of Ca2+
entry through SOCP. Subsequent addition of ionomycin produced only a barely detectable increase in [Ca2+l,,suggesting
that no residual Ca2+is left in the stores under these
conditions.
It could still be possible that in the presence but not in the
absence of Ca2+, the stores were partially filled even in the
presence of thapsigargin. The results shown in Fig. 5 suggest
that, infact, this was the case. The left truce shows the effect of
fMLP added to thapsigargin-treated cells. Addition of 200 nM
ionomycin to thapsigargin-treated cells (second truce) produced
a transient [Ca2+l,increase, most probably caused by release of
stored Ca2+. Nevertheless, addition of fMLP 2 min after ionomycin continued to produce the sameeffects as when pretreatment with the ionophore was not performed. The third trace in
Fig. 5 shows that a lower concentration of ionomycin (50 nM)
also produced a [Ca2+],peak and largely prevented the transient [Ca2+l,increase induced by a second ionomycin (200 nM)
addition; a small sustained [Ca"], increase was observed instead, which may reflect ionomycin-mediated Ca2+ influx. In
any case, the fMLP effect was unmodified by this treatment.
The above results suggest that thapsigargin-treatedcells still
may be able to store some Ca2+within an ionomycin-sensitive
compartment when incubated in Ca2+-containing mediumbut
that emptyingof this residualpool is not related to the stimulation of Ca" entry induced by fMLP.
The entry of Ca2+through SOCP is inhibited by Ni2+and by
cytochrome P-450 inhibitors (6,7,20,23).We tested theeffects
ofNi" and econazole, a cytochrome P-450 inhibitor, on the
increase of [Ca2+],induced by fMLP in thapsigargin-treated
1 day-differentiated HL60 cells. Representativeresultsare
shown in Fig. 6. Note that the [Ca"], levels (before fMLP addition) were lowered by Ni2+or econazole owing to the inhibition of SOCP.Both Ni2+
and econazole prevented alsothe fMLPinduced [Ca2+],increase (compare the [Ca2+],peaks induced by
this agonist in the control and in the cells treated with the
inhibitors).
It is well known that N L P induces plasma membrane potential depolarization in human neutrophils (34, 35) and differentiated HL60 cells (36). It has been reported, on the other
hand, that an initial phase
of fMLP-induced hyperpolarization
is observed in the early stages of differentiation of myeloid
precursors from human marrow (37). It could be argued that
hyperpolarization increases the driving force for Ca2+ entry,
and this may be responsible for the observed acceleration of
Ca2+entry induced by fMLP in 1day-differentiated HL60 cells.
In order to test this point, we performed simultaneous measurements of [Ca"], and membrane potential during the early
stages of HL60 differentiation (see "Materialsand Methods" for
details on independent measurement of fura-2 and bisoxonol
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Then, either 1 p~ fMLP, 50 nM ionomycin, or 200 n M ionomycin were
added, as indicated in the figure. The experiments shown are representative of four similar ones.
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fluorescences in thesame cell suspension). Fig. 7 shows that, in
undifferentiated cells (left truces),fMLP does not produce any
change in either [Ca"], (upper truce) or membrane potential
(bisoxonol fluorescence, excitedat 490 nm; lower truce). After
1day of Me,SO differentiation (middle truces)N L P induced a
very small and late hyperpolarization (downward deflection in
the F,, truce). After 2 days ofMe,SO differentiation (right
truces) fMLP induced an initial small depolarization (upward
truce) followed again by a late hyperpolarizadeflection of F490
tion. In both cases a close examination of the records reveals
that the hyperpolarization starts once [Ca2+l,has already increased above basal levels, suggesting that it is either independent or secondary (for example, by activation of Ca2+-dependent K+ channels) to the [Ca2+],increase but, in any case,
not the cause of the acceleration of Ca2+entry.
G proteins often participate in coupling of physiological actions to stimulation of plasma membrane receptors. Fig. 8A
shows that the increase in [Ca2+l,induced by fMLP in thapsigargin-treated 1 day-differentiated HL60 cells was prevented
by treatment with pertussis toxin, suggesting that coupling to
the receptor takes place through a pertussis toxin-sensitive
G protein. The effect of pertussis toxin treatment in theother
main effect of fMLPon plasma membrane Ca2+fluxes, the
inhibition of SOCP observedin fully differentiated HL60 cells,
was also tested. Fig. 8B shows that the fMLP-induced inhibition of SOCP in thapsigargin-treated 7 days-differentiated cells
is also prevented by pertussis toxin treatment. The inhibition of
SOCP by fMLPis reproduced by phorbol esters (24,291.Fig. 8B
also shows that, incontrast to fMLP, the inhibition of SOCP by
phorbol 12,13-dibutyrate was notprevented by pertussis toxin.
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FIG.7. Effects of fMLP on both [Caz+li and plasma membrane
potential in thapsigargin-treated HL60 cells along the initial
stages of differentiation. Fura-2-loaded HL60 cells either undifferentiated or differentiated with Me,SO for 1 or 2 days were incubated
with 10 nM bisoxonol and treated with 0.5 p~ thapsigargin for 10min in
0.1 mM Ca2+-containingmedium. Then both [Ca"], and membrane potential were monitored as described under "Materials and Methods,"
and 1 p~ fMLP and 2 pg/ml gramicidin were added as indicated. This
experiment is representative of three similar ones.
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FIG.6. Effects of Ni2+and econazole on the fMLP-induced
[Caa+liincrease in thapsigargin-treated 1 day-differentiated
HL60 cells. Fura-2-loaded HL60 cells differentiated with Me,SO for 1
day were treated with 0.5 p~ thapsigargin for 10 min in 0.2 mM Ca2+containing medium, and the [Ca"], was monitored. Then, 1 p~ fRlLP
was added either alone or 1 min after the addition of either 2 p~
econazole (Eco), 5 p~ econazole, 0.2 mM NiCl,, or 1mM NiCl,, as indicated in the figure. This experiment is representative of three similar
ones.
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FIG.8. Effects of pertussis toxin on the fMLP-induced [Ca"],
movements in thapsigargin-treated1 day-differentiated(A) and
7 days-differentiated( B ) HL60 cells. Panel A, HL60 cells were incubated for 1 day either with 1.3%Me,SO (DMSO) (left trace)or with
1.3% Me,SO and 0.5 pg/ml pertussis toxin (right truce).They were then
loaded with fura-2 and treated with 0.5 p~ thapsigargin for 10 min, and
finally 1 pM fMLP was added as indicated. Panel E , HL60 cells were
incubated either for 7 days with 1.3% Me,SO (left trace)or for 7 days
with 1.3% Me,SO and for 1 day with 0.5 pg/ml pertussis toxin (right
truce). They were then loaded with fura-2 and treated with 0.5
thapsigargin for 10 min, and finally 1 PM fMLP followedby 100 IIM
phorbol 12,13-dibutyrate (PDB) were added as indicated. The experiments shown are representative of three similar ones.

Finally, the effects of the nonspecific protein kinase inhibitor
staurosporin and of the protein kinase C inhibitor chelerythrine (38) were tested in HL60 cells differentiated for two days
with Me,SO. Fig. 9 shows that chelerythrine partially prevented both the inhibition of SOCP and the delayed stimulation
of Ca2+entry. On the contrary, staurosporin reinforced the decrease in [Ca"], induced by fMLP and reduced the subsequent
[CaZ+l,overshoot. This effect of staurosporin, potentiating the
inhibition of SOCP by NLP, was neither seen in fully differentiated HL60 cells nor
in humanneutrophils, where instead a
small inhibition of the effect of N L P by staurosporin was observed (24, 29).
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disappeared afterreducing the [Ca2+l,by adding EGTA (Fig. 4)
and wasnot released by fMLP (Figs. 1 and 5-81, is unknown. It
could perhaps represent Ca2+taken upby mitochondria follown
ing the increase in [Ca2+],induced by thapsigargin.
300
5
The experimentshown in Fig. 5 also reinforces the idea that,
c
W
as reported previously (20), small concentrations of ionomycin
.n
are more efficient at endomembranes than at the plasmamem250
m
brane. We have shown that a concentration as low as 2 r
N
ionomycin was able to releasemost of the Ca2+ contentof the
0
0 200
stores (20), and we show here that 200 r m ionomycin, which
o+staurosporin
U
rapidly releases the Ca2+ content of the stores (including the
A+chelerythrine
residual Ca2+store), produces only a small increase in the rest1
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0
ing [Ca2+],level, reflecting its apparently smallereffect on Ca2+
-30
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90 120
fluxes through the plasmamembrane.
The increase of Ca2+entry is also not the consequence of a
Time ( s )
previous fMLP-induced hyperpolarization(see Fig. 7). This
FIG.9. Effects of the protein kinase inhibitors staurosporin
new receptor-operated Ca2+entry pathway could correspond to
and chelerythrine on the fMLP-induced [Cas+], movements in
the fMLP-activated pertussis toxin-sensitive nonselective Ca2+
thapsigargin-treated2 days-differentiatedHL60 cells. HL60 cells
were incubated for 2 days with 1.3% Me,SO. They were then loaded channels described by patch clamp experiments in differentiwith fura-2 and treatedwith 0.5 I.IM thapsigargin for 10 min, and finally ated HL60 cells (39).Pharmacological separation of SOCP and
1 I.~MfMLP was added as indicated. In the truce labeled +staurosporin, the receptor-operated pathway described here by inhibition
100 nM staurosporin was added 5 min before fMLP. In the trace labeled
with Ni2+and cytochrome P-450 antagonists was, however, not
+chelerythrine,10 PM chelerythrine was added 30 min beforefMLP. The
data shown are the mean of three different experiments and are rep- possible (Fig. 6). Even thoughsensitivity t o these inhibitors has
resentative of eight similar ones.
also been reported for other channels (40, 411, we cannot discard at present thepossibility that fMLP could act by producing
a n additional activation of Ca2+entry through SOCP by an
DISCUSSION
We have reported previously that emptying the Ca2+ stores
of unknown mechanism unrelated to the emptying of the Ca2+
HL60 cells opens a Ca2+entry pathway (SOCP) and that this stores.
The protein kinase C inhibitor chelerythrine (38)prevented
pathway can be transiently inhibited by fMLP in cells differentiated with Me,SO (29). We show here that, in addition, similarly both the fMLP-induced inhibition of SOCP and the
N L P is able to accelerate Ca" entry by a different (receptor- delayed [Ca"], increase. Although this could be taken as evidence for the involvement of protein kinase C in both processes,
operated) mechanism, which is most clearly evidenced in 1-2
days-differentiated cells, in which inhibition of SOCP (29)has we have reported previously that staurosporin is not very efstill notdeveloped. In cells differentiated for a longer period the fective against the fMLP-induced inhibition of SOCP but fully
inhibition of SOCP hides the stimulation
of Ca2+entry, whereas prevents the inhibition of SOCP induced by phorbol esters in
in undifferentiatedcells fMLP has no effects. Both inhibition of differentiated HL60 cells (29). Additionally, the inhibition of
SOCP andreceptor-operated activation of Ca2+entry took place SOCP by fMLP and by phorbol 12,13-dibutyrate developed inthrough a pertussis toxin-sensitive G protein. Our data do not dependently along differentiation (29). This suggests that the
effects of fMLP on SOCP are mediated by a protein kinase
allow us to decide whether both G proteins are the same or
different. However, if the same G protein were responsible for different from protein kinase C and sensitive to chelerythrine.
of
both effects, the slower development of the fMLP-induced in- Given that chelerythrine partially prevents the stimulation
hibition of SOCP would suggest thatundifferentiated cells lack Ca2+entry by fMLP (Fig. 91, this protein kinase could be also
not only the fMLP receptor but also an additional component responsible for activating the delayed phase of Ca2+entry. On
placed distally to the G protein in the transductionmechanism the other hand,
we show here that staurosporin potentiates the
and which is necessary for the inhibition.
inhibition of SOCP by fMLP at intermediate stages of HL60
fMLP is able toaccelerate Ca2+entry in neutrophils(20) and differentiation, although this effect was not observed in fully
differentiated HL60 cells (6) indirectly, by activation of SOCP differentiated HL60 cells or in human neutrophils (24,29). This
of the intracellular stores
induced by suggests that a complex interplay of different protein kinases/
secondary to the emptying
the agonist. The fMLP-induced Ca2+entry evidenced in this
phosphatases, some of which may develop along differentiapaper is caused by a different mechanism since it appears on tion, mediate the effects of fMLP on [Ca"],.
top of a maximally activated SOCP consecutive to the full empThe delay of about 30 s from the fMLP addition to the actitying of the Ca2+stores by the prior 10-min treatment with vation of Ca2+entry (Figs. 1 and 8 A ) suggests that a second
thapsigargin. Evidence for this includes the following: (i) the messenger may be involved in the process. We cannot exclude
observation that fMLP does not induce any fast[Ca2+],increase at present the possibility that InsP, or InsP, could potentiate
in thapsigargin-treated cells (Figs. 1 and 5-8) as it does in Ca2+entry through SOCP, as proposed by Irvine (27). However,
control cells with filled Ca2+stores (maximum [Ca2+],level ob- the observation that platelet-activatingfactor, which does not
5 s); (ii) measurementof the Ca2+ contentof inhibit SOCP (24) but produces inositol phosphates (42), does
tained in less than
the stores after the 10-min incubation with thapsigargin, by not activateCa2+entry in neutrophils
(24) is not consistent with
consecutive addition of EGTA and ionomycin, showed that es- this view. Additionally, InsP, microperfusion has been reported
sentially no CaZ+was left in the stores under theseconditions not to activate Ca2+ influxin Me,SO-differentiated HL60 cells
(measurement inCa2+-free medium;
Fig. 4); and (iii) addition of (51, and the kinetics of activation of Ca2+entry by fMLP found
ionomycin to thapsigargin-treated cells in Ca2+-containing me- in this paper is slower than the kinetics of InsP, production,
dium revealed the presence of a residual ionomycin-sensitive which reaches a maximum 10 s after fMLP addition (2, 4).
Ca2+store (Fig. 5). However, emptying of this storeby ionomyFinally, we should also mention here thatit has been shown
cin did not modify the stimulation of Ca2+entry induced by very recently by several laboratories that some nonhydrolyzNLP. The nature of this residual Ca2+store, which rapidly able analogs of GTP were able t o inhibit SOCP when injected
350
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into the cell (43-45). It was proposed that these GTP analogs
were acting either by binding to and blocking the function of a
GTP-dependent protein necessary for Ca2+channel activation,
probably a small G protein (43,44), or by activating a heterotrimeric G protein able t o produce a tonic inhibition of SOCP
under resting conditions (45). However, we show here that pertussis toxin is able to block the fMLP-induced inhibition of the
channels without modifymg SOCP. This raises the possibility
that GTP analogs may be acting, similarly to NLP, on a pathway relevant to the inhibitory modulation of the channels but
which may not be involved in the actualmechanism of activation of the channels following emptying of the stores. Further
study will be necessary t o investigate this possibility.
Modulation of the NLP-induced[Ca2+l,peaks seems then to
result from a very complexinterrelationship of (i) Ca2+release
from the stores, (ii)activation of Ca" entry through SOCP as a
result of the emptying of the Ca2+stores, (iii) transient inhibition of SOCP, which delays operativity of mechanism ii, and (iv)
direct activation of Ca2+entry through a receptor-operated
pathway. The reasons for this astonishing complexity are still
obscure but stimulating.
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