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Release of C,t:" from intracc!lular stores wa~ wsuahsed in individual neutrophih m the pre~ence of the Mn '* or SKF 96365. influx of Mw'" quenched 
rata-2 close to the plabma membrane but did not quench fnra-2 at the s~le of stole release The size and location of the 'cloud' of elewtted Ca:" 
was unaffected by the channel blocker SKF 96365. Furthe]morc, the ~ze and Ioeatton was unaffected by the ple~ence of extracellular Ca"'. This 
dhsoe;.'ttion of transmembrane reflux from ~tore release delnonstrates that the entry of Ca "-~ into the cyto~ol of  neutrophils oceur~ directly into 

the cylosol and not vta the sto~¢ ~ite. 

Neut, ophil; Ca: ~tore; Ca -'+ cloud; Ratio imaging 

1. INTRODUCTION 

Cell imaging has revealed that f-met-leu-phe (fmlp) 
produces an increase in free Ca 2+ throughout  the eytosol 
of human neutrophils [l]. Two hypotheses have been 
proposed; firstly that the entry of extraceltttlar Ca -'~ 
occurs directly into the cytosol via Ca ~-+ channels on the 
plasma membrane [2], and secondly that Ca ~-+ entry into 
the cytosol occurs only from intracellular stores de- 
pleted by IP3 [3]. 

In neutrophils, two features support  the latter hy- 
pothesis. FirsL in the absence of extracellular Ca 2+. a 
"cloud' of elevated cytosolic Ca :+ is observed, presuma- 
bly ,as a result of release from intracellular stores [4]. 
Second, in the presence ofextracellular Ca '-+, a "hotspot' 
of locally higher Ca ~+ is not observed at this site [1,4], 
consistent with entry o f  Ca 2. occurring via the emptied 
store. However, the inability to detect store release, 
which is swamped by transmembrane influx [4,5], has 
prevented the testing of  these hypotheses further. 

Here, we report two strategies which enable internal 
store release o f  Ca -~ to be dissociated from transmem- 
brane influx in liar presence of extracellular Ca ~÷. Re- 
lease of  Ca 2+ from the store was visualised in the pres- 
ence of the fura-2 quenching ion, Mn ~ [6] or by block- 
ing the receptor-mediated Ca ~-+ channel with SKF 96365 
[7]. Our data does not  support the hypothesis that entry 
of extracellular Ca'-' occurs via the store. Furthermore, 
under either condition, extracellular Ca .".+ did not signif- 
icantly influence the characteristics o f  the ,..ytosoli¢ Ca -̀ + 
'cloud'. Thus, transmembrane influx of  Ca ~-+ in neutro- 
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phiis played no significant role in the generation, loca- 
tion or magnitude of  the fmlp-provoked Ca'-* release 
from the intracellular store. 

2. MATERIALS AND METHODS 

2 1. Materials 
Fura-2/AM and plaronie F-127 were purchased from Molecular 

Probes, Oregon, USA; fmlp, EGTA and manganese chloride were 
from Sigma Chemicals, Poola, Dorset. SKF 96365 was a kind gift from 
Dr. P. England, Smith Kline Beecham l'harmaceutteah, Welwyn, 
Herls. 

2.2. Netarophil t~ohmon 
Neutrophds were i.~olated from heparinized blood of  healthy volun- 

teers a~ de~cribed previously [I] and resuspended in Kreb~ buffer (120 
mM NaCI, 4.8 mM KCI, I 2 mM KH,,PO4, 1.2 mM MgSO~, 1.3 ram 
CaCI,, 25 mM HEPES and 0.1% bovine serum albumin (adjusted to 
pH 7 4 with NaOH) 

2 3. Mea.~utemenl oJ c)'toaoltc Ca"* 
Neutrophils were loaded with fura-2 and population and imaging 

measurements performed as previously de~cnbed [1,4,5,8]. Excitation 
wavelength~ were selcct~xl using monod~romator~ {Spex, Glen Spec- 
tra. Stanmore, UK). 

3. RESULTS 

3.1. hm'acellular store release after SKF 9636S 
In order to visualise Ca 2+ release from stores in the 

presence ofextraceilular Ca 2*, influx of divalent ions via 
receptor-operated Ca 2" chaimels ~a~ blocked by SKF 
96365 [7]. Mn 2+ in the extracellular medimn enabled 
entry of divalent ions to be monitored by due fura-2 
quenching [6]. Blocking of  transmembrane influx of  di- 
valent ions was demonstrated by prevention vf Mn:* 
quenching (Fig. 1A), yet an elevation of cytosolic free 
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Fig, 1. Store release after SKF 96365, (A) Ca ~'* (340 nm) and Mn "~ (360 am) ~n~ltlv¢ fluorescence form neutrophfi popalations. (B) Cytosot~e free 
Ca ~" imaged m an individual neutrophil in the presence of  SKF 96365 (100 ktM), (i) at rest, (d) 90 s after addition of  SKF 96365, and 7 s, 14 s, 

21 ~, 28 s and 35 ~ alter fmlp a~ mdL~,amd. 

Ca ~" remained, indicating release from intracellular 
stores (Fig. 1A), in agreement with a previous report [7]. 

Imaging of the neutrophils, under these conditions 
revealed a discrete and localised 'cloud' of elevated Ca ~- ~ 
(Fig. IB) with similar spatial characteristics to those 

Table I 

The % area of  the cell occupied by the Ca ~-* 'cloud' and the mean 
maximum cytosohc free Ca ~" concentration w~thin the 'cloud' 

% Area Ca:" (nM) 

+C~+SKF 31 _+ 10 472 _+ 25 
- C a ÷ S K + E G T A  19 __. 16 469 .t_- 91 

+Ca+MnCI_~ 39 ± 9 529 ± 42 
-Ca~ 'EGTA 22 _ i i 463 z 44 

Mean ± S.E,, n = 8, are shown, For ~ls  analysis a "cloud' was defined 
as lhe area in the ¢~11 with a Ca ~'~ concentration greater than 250~tM. 

observed under other conditions (Table I). In 37% of 
ncatrophils examined, SKF 95365 itself provoked a 
'cloud' of  elevated Ca -~*. Subsequent stimulation with 
fmlp released Ca 2. from the same site, sugsesting an 
interaction of SKF 96365 with the fmlp releasable store. 
This interaction may account for the small inhibition 
and the slowing of  finlp-induced release observed in the 
presence o f  SKF 96365 (Fig. 2B). However, the kinetics 
of  release of  Ca ~ ~ from the store and removal from the 
cytosol were unaffected by the. absence of  extracdlular 
Ca -~+ (Fig, 2A). This indicated that no entry of Ca 2' into 

Fi~. 3, (A) Fare-2 ltuore~cene~ (340 nra and 360 am). (B)The mtra¢¢l- 
lmar distmoutlon of~yto~ohc fr=~ Ca -~ within an mdtvldua| ~ u u  uphil 
under the ~am~ e.ondltion~ shown a~ p~eado 3D plots: (i) at rest, (ii) 
7 s, (iii) 14 ~ and (w) 21 s after lhalp, and (v) 7 s and (v0 14 s after 

ionomycm. 
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Fig 2. (A) Time course of  release from lntraceliular Ca 2÷ store in indwldual ncutrophih (n = 8, ± $.E.) following incubation wlth $KF 96365 
(50 ~M) m the provence and abscacc of  extracellular Ca-'*. (13) In absence of  extraeeliular Ca :+ and SKF 96365. 
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the cytosol (or store) occurred other than via channels 
inhibited by SKF 96365. 

3.2. I/isuaRsation of Mn '÷ #~flux and #uracelhdar Ca'* 
release from stores 

Since both Ca >' and Mn -~+ entry occurred via chan- 
nels which were inhibitable by SKF 96365, the route of 
divalent ion entry was visualised using Mn -'+ quenching 
of fare-2. Under these conditions, a transient loealised 
"cloud' of elevation in 350/380 nm ratio was observed, 
indicating that a rise in cytosolic free Ca 2. occurred 
(Fig. 3A,B). No quenching by Mn 2+ was observed at the 
site of elevated Ca 2+. Quenching of the fluorescence by 
Mn "~+ was however visualised as a decrease in cell size, 
as the intensity of fura-2 at the cell edges fell below the 
ratioing threshold. The magnitude, kinetics (Fig. 4) and 
spatial characteristics were similar to those found previ- 
ously in the absence of extracellular Ca 2÷ [4,5] (Table I). 
Due to the decrease in apparent cell size, the % area 
occupied by the 'cloud' in the presence of Mn ~-+ may 
have been overestimated. The addition of ionomycin 
produced a smaller rise in eytosolie free Ca 2. concentra- 
tion at the same site (Fig. 3A,B), before measurement 
was prevented by total quenching of  the fare-2 signal 
by Mn 2+. 

4. DISCUSSION 

The data presented in this paper demonstrate that 
transmembrane influx of divalent ions into neutrophils 
occurs directly into the cytosol, via channels which are 
inhibited by SKF 96365° and not via an internal store. 
The entry of  both Ca 2. and Mn 2~ ions into the cytosol, 
detected by lure-2 fluorescence enhancement and 
quenching respectively, was inhibited by SKF 96365. 
The failure of Mn 2+ to quench the signal generated by 
release of Ca 2+ from the internal store, demonstrates 
that Mn 2* does not enter the cytosol via the organelle 
from which Ca 2. was released. Since the presence of 
extraeellular Ca :+ did not influence the magnitude and 
spatial characteristics of the cloud generated in the pres- 
ence of SKF 96365, it was concluded that Ca 2+ influx 
into the cytosol occurred exclusively through channels 
inhibited by the agent. "fherefore, as no evidence for 
Mn ~-~ entry via SKF 963654nhibited channels into the 
cytosol via the store site was found, it was also con- 
eluded that Ca 2+ entry into neutrophils similarly does 
not proceed via the intracellular store. Furthermore, 
extra~llular Ca 2. played no role in the kinetics or in 
determining the magmtude of released Ca 2~ from the 
store. These results thus do not support the original 
model proposed by Putaey [3], or the modified model 
proposed by Rink and Merritt [9], and Irvine [10]. They 
are, however, more in keeping with the recent proposal 
of Putney [11] where transmembrane influx and empty- 
ing of the intraeellular Ca ~-+ store are not physically 
linked and refilling of the store occurs from the cytosol 
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Fig. 4, Release of finlp-stimulated intraeellular Ca :+ store in individual 
neutrophtls in the presence and absence of extracellular Ca ~ ,  and 
Ms-", The figure shows the Ca -~+ ¢oneentrauon wtthtn the Ca:" 'cloud'  

naea.~ured within a series of neutrophils (n = 8, __. S,E,), 

rather than the external medium. In this latter model it 
is the empty store which signals the opening of Ca -~* 
channels on the plasma membrane. 

Localised elevations in Ca-" have been observed ill a 
number of cell types, including adrenal medulla cells in 
respovse to IP~-generating agonists [12,13], dendritic 
spines [14,15], and in fibroblasts [16], in neutrophils and 
tibroblasts both being located to a site near the nucleus 
~/l~ich stains with DiOCG(3) [4,16]. The storage and han- 
dling of intracellular Ca 2+ in these cells may thus be 
similar. In some cell types, a second Ca -~+ store whose 
release is regulated by cytosolic free Ca v concentration 
also exists [12,17-19]. However, here the release of Ca 2+ 
from the store remained loealised, suggesting the ab- 
sence of Ca~+-induced Ca -~÷ release sites in neutrophils. 
Several possibilities for the role of store release in neu- 
trophils exist. Emptying the store may signal opening of 
channels on the plasma membrane, as suggested by the 
association of transmembrane influx to emptying of the 
intracellular stores by thapsigargin, 2,5,di.(tert-butyl)- 
1,4-bydroquinone and cyclopiazonic acid [20]. In con- 
trast, it is possible that some physiological stimuli only 
release Ca 2+ from this store providing a mechanism of 
localising the response to one part of the cell, such as 
may occur during chemotaxis and phagocytosis [4]. 
Further progress in eslablishing the role and regulation 
of the intracellular store may be made with methods for 
monitoring the Ca 2~ within the stores of living cells, 
using endoplasmie retieulum targetted Car'-activated 
photoprotein [22]. Since changes in the amount of re- 
leasable Ca ~-~ in the store may have profound effects on 
cell behaviour, the finding that neutrophils from inflam- 
matory sites have an increased Ca 2' cloud [21] may 
theretbre be important for an understanding of the be- 
haviour of neutrophils during the inflammatory proc- 
ess. 
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