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Redistribution of lntracellular Ca2+ Stores 
During Phagocytosis in Human Neu trophils 

Olle Stendahl,* Karl-Heinz Krause, Joachim Krischer, 
Petra Jerstrom, Jean-Marc Theler, Robert A. Clark, 

Jean-Louis Carpentier, Daniel P. Lew 

Subcellular gradients of cytosolic free Ca2+ concentration, [Ca2+],, are thought to be 
critical for the localization of functional responses within a cell. A potential but previously 
unexplored mechanism for the generation of gradients of [Ca2+Ii is the accumulation of 
Ca2+ stores at the site of Ca2+ action. The distribution of the Ca2+ store markers 
Ca2+-dependent adenosine triphosphatase and calreticulin was investigated in resting 
and phagocytosing human neutrophils. Both proteins showed an evenly distributed fine 
granular pattern in nonphagocytosing cells, but became markedly concentrated in the 
filamentous actin-rich cytoplasmic area around the ingested particle during phagocytosis. 
This redistribution began at early stages of phagocytosis and did not depend on an 
increase in [Ca2+],. Thus, accumulation of Ca2+ stores in a restricted area of the cell may 
contribute to the generation of localized increases in [Ca2+],. 

T h e  control of ICa2+1, is crucial for the - -, 
regulation of cellular activity. In many cellu- 
lar systems, focal, rather than generalized, 
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changes in [Ca2+], occur, presumably sewing 
to localize functional responses within the cell 
(I ). Examples of Ca2+-mediated localized re- 
sponses include release of neurotransmitters 
from synaptic terminals (2), target cell lysis by 
cytotoxic T lymphocytes (3), and phagolyso- 
some fusion in neutrophils (4). Localized 
changes in [Ca2+], can be generated by local 
increases in the concentration of the Ca2+- 
releasing second messenger inositol triphos- 
phate (IP,) or by local activation of receptor- 
mediated Ca2+ influx. An alternative or ad- 
ditional mechanism, however, might be an 
accumulation of intracellular Ca2+ stores. In 
neutrophils, processing of ~ h a ~ o c ~ t o s e d  mi- 

FQ. 1. Distnbuhon of @+-ATPase (A, C, E, G, and I) 
and F-actin (6, D, F, H, and J) in resting and phagccy- 
tosing human nehophils. Cdls were p u M  as de- 
scribed (4) and allowed to adhere to glass slides and to 
phagocytme heat-killed yeast parbcles (Saccharomy- 
ces m i d e )  that had been previously ked to the 
slide (20). Each panel shows the rtcdamine fluores- 
cence (@+-ATPase) on the left and fluorescein fluo- 
rescence (F-actin) on the right. (A and B) Adwent 
nonphagxytosing neutrophils. (C and D) A neutrophil 
in the eerly stages of phagxytosis. Circles indicate the 
position of theyeast parhcle. (E throughJ)Three 1 -q- 
thick amfocal & sections through the top (E and F), 
center (G and H), and bottom (I and J) of the same 
neutrophil after completion of phagxytosis. The ex- 
amples shown are typical of a total of 24 cells from a 
total of four experiments. 

croorganisrns requires a focal activation of 
Ca2+dependent cellular functions (5). Be- 
cause particle ingestion can be initiated at any 
part of the cell surface, localization of [Ca2+li 
increases by accumulation of Ca2+ stores 
would necessitate a rapid directed transport of 
these stores to the site of phagocytosis. 

We tested the hypothesis that a+ storage 
organelles accumulate at sites of Ca2+ action 
during phagocytosis in human neutrophils. Fil- 
amentous (F) actin distribution was monitored 
in parallel as a marker of the remodeling of the 
contractile machinery. Markers for Ca2+ stores 
include the Cd+dependent adenosine 
triphosphatase (Ca2+-ATPase) SERCA2b 
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Fig. 2. Distribution of calreticulin (A, C, E, and G) 
and F-actin (B, D, F, and H) in resting and phagocy- 
tosing human neutrophils. Experimental procedures 
were as described (legend to Fig. I), with the excep- 
tion that a primary polyclonal rabbit antibody to re- 
combinant human myeloid calreticulin (7 1) was 
used. Each panel shows the rhodamine fluores- 
cence (calreticulin) on the left and fluorescein fluores- 
cence (F-actin) on the right. (A and B) Adherent 
nonphagocytosing neutrophils. (C through H) Three 
1 -pm-thick confocal serial sections through the top 
(C and D), center (E and F), and bottom (G and H) of 
the same cell after completion of phagocytosis. The 
examples shown are typical of a total of 20 cells from 
a total of four experiments. 

(6) ,  the Caz+-binding protein calreticulin 
(7), and the IP3-sensitive CaZ+ release chan- 
nel (8); the latter may also localize to the 
plasma membrane in certain cell types (9) 
and has therefore not been included in the 
present analysis. We prepared antibodies to 
the NHz-terminal sequence of the human 
nonmuscle CaZ+-ATPase SERCA2b (10) 
and to recombinant human myeloid calreti- 
culin (1 1). In immunoblots of total lysates or 
of microsomal fractions of human neutrophils, 
these antibodies recognized only 100-kD 
(CaZ+-ATPase) and 60-kD (calreticulin) pro- 
teins, respectively (1 2). 

Immunofluorescent staining of adher- 
ent, nonphagocytosing neutrophils with 
the antibody to CaZ+-ATPase showed a 
fine granular pattern evenly distributed 
throughout the cytoplasm (Fig. 1A). 
Staining with fluorescent phalloidin to 
visualize F-actin showed a diffuse cvto- 
plasmic and lamellopodia-associated dis- 

the periphery of the phagosome. Two separate experiments were performed, and 39 and 85 fields that 
showed phagosomes were randomly selected and photographed at an initial magnification of x 17,400. 
The numbers of gold particles per square micrometer of four successive cytoplasmic circles (0.4 pm 
thick) around the phagosome, as well as the density of gold particles outside this perimeter, were 
evaluated on positive prints at a final magnification of X52,200 on a graphic tablet (type 4943; Tektronics, 
Beaverton, Oregon) connected with a microprocessor system (IBM PC80). *P < 0.005 versus >1.6 pm 
from phagosome (Student's t test). 

tribution within the cell (Fig. 1B). We 
did not detect CaZ+-ATPase in the actin- 
rich lamellopodia (Fig. 1A). During early 
stages of phagocytosis of yeast particles, 
F-actin localized predominantly to the ad- 
vancing pseudopodia (Fig. ID) (5). Con- 
comitantly, the CaZ+-ATPase content in- 
creased in the cytoplasmic area adjacent 
to the forming phagosome (Fig. 1C). Af- 
ter complete ingestion of the particles, 
both F-actin and CaZ+-ATPase showed 
ringlike enrichment around the phago- 
some, observed in confocal serial sections 
from the top, center, and bottom of the 
adherent cell (Fig. 1, E through J). 

Similar to the pattern observed with 
CaZ+-ATPase, the homogeneous distribu- 
tion of calreticulin observed in nonphago- 
cytosing cells (Fig. 2A) changed to a ring- 
like localization around the phagosome 
after ingestion of yeast particles (Fig. 2, 
C,  E, andG). The enrichment ofperiphago- 
soma1 fluorescence relative to cytosol was 
2.7 ? 0.5 and 2.9 2 0.9 (means 2 SEM; 
n = 10) for CaZ+-ATPase and calreticu- 
lin, respectively. 

Thus, the distribution of CaZ+ storage 
organelles changed from relatively homo- 
geneous in adherent nonphagocytosing 

cells to highly focal in phagocytosing 
cells. Because the accumulation of CaZ+ 
stores was observed around developing as 
well as completed phagosomes, it appears 
to be a relatively early event in phagocy- 
tosis and parallels the pattern of actin 
polymerization. Thus, it is possible that 
the actin cytoskeleton participates in the 
mechanism of CaZ+ store translocation; 
for example, through the association be- 
tween the IP, receptor and the cytoskel- 
eta1 protein ankyrin (13). However, accu- 
mulation of CaZ+ stores does not occur 
during formation of lamellopodia, demon- 
strating that it is not simply a function of 
actin ~olvmerization. . , 

We investigated the accumulation of 
CaZ+ stores at high resolution. As deter- 
mined by electron microscopy on ultra- 
cryomicrotomy sections, calreticulin was 
associated with membrane-limited struc- 
tures (Fig. 3A). The labeling density was 
highest in close proximity to the phago- 
some and decreased progressively as a 
function of distance from the phagocy- 
tosed particle (Fig. 3, B and C). 

Given that [CaZ+], may be an important 
signal for the intracellular translocation of 
organelles (14), localized increases in [CaZ+], 
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(B)dringphagoqtosisinW+cleplezedhunanneu- 
trophii. Immuorescence was perfmmd as de 
suited (legend to Fg. 1). Because both antibodies 
\nnerefromrabbRs,eqmhmbwerepe&medhdif- 
ferent ceHs. Neub.ophils were med of W+ by in- 
cubatb for 1 hour at 37°C with 25 mM MAPT-AM in 
W+-free Krebs-ringer solution w e d  with 1 
mM EGTA The examples shwm are W of a total 
o f l 0 c a N s f r o m a t o t a l o f t w o ~ ~ .  

around the phagosome might bi the cause, 
rather than the consequence, of the accumu- 
lation of Ca2+ storage organelles. To test this 
hypothesis, we studied the distribution of 
(2'-ATPase during phagocytosis in W+- 
depleted neutrophils ([Ca2+li < 20 nM) that 
had been incubated with 1J-bii-5-methyl- 
amino-phenoxylethane-N,N,N' a'-tetraace- 
toxymethyl acetate (MAR-AM). Particle 
ingestion is not impaired under these condi- 
tions, whereas the subsequent C2+-sensitive 
translocation of secretory granules to the pha- 
gosome is completely blocked (4, 15). In 
Ca2+-depleted cells, the granule marker 
lactoferrin no longer accumulated around the 
ingested particle (Fig. 4B). However, Ca2+- 
ATPase preferentially locallzed to the peri- 
phagosomal area in both C2+depleted (Fig. 
4A) and normal neutrophils (Fig. 1E). Thus, 
an increase in [Ca2+], is not a necessary signal 
for the accumulation of Ca2+ stores during 
phagoc~ tosis. 

The physiological role of Ca2+ store accu- 
mulation during phagocytosis may be to gen- 
erate subcellular [Ca2+], gradients. To inves- 
tigate whether this occurs under our experi- 
mental conditions, we used double-excitation 
on-line [Ca2+], imaging (16) to analyze 
[Ca2+], during phagocytosis of yeast particles 
by neutrophils. W i g  the first 10 s after 
particle attachment, the increase in [Ca2+], 
appeared to be homogeneous throughout the 
entire cell. In contrast, at later time points of 
phagocytosis, 11 of 13 analyzed cells 
showed a gradient of [Ca2+],; 1 min after 
particle attachment, the [Ca2+], in the 
periphagosomal space was 90.2 + 9.7 nM 
greater than the basal concentration, as 
opposed to 53 + 10 nM greater than the 
basal concentration in the tail region 
(mean + SEM, n = 11; P < 0.001, paired 
t test). These results confirm that during 
phagocytosis in neutrophils, the increases 
in [Ca2+], are greater in the periphagoso- 
ma1 space (1 7). 

Our d t s  demonstrate that Ca2+ storage 
organelles undergo spatial reorganization during 

cellular activation Ca2+ stores may l& to 
specific areas of the cell, such as the synaptic 
terminals of the vertebrate retina (18). It has 
also been suggested that Ca2+ stores in neurons 
are transported from the site of synthesis at the 
rough endoplasmic reticulum to strategic loci, 
such as spines of synaptic connections (1 9). Our 
results show that in neutrophils the transport of 
W+ stores to sites of m+ action is a rapid, 
precisely controlled event that occurs during 
cellular activation. 

The regulation of localized increaws in 
[Ca2+], by accumulation of Ca2+ stores at the 
site of Ca2+ action has theoretical advantages 
over a mechanism that relies exclusively on the 
localized generation of IP,. Thus (i) the total 
amount and the rate of IP,-induced W+ re- 
lease would be expected to in- in propor- 
tion to the extent of accumulation of a+ 
stores; (ii) the a+ reuptake and storage capac- 
ity would also be expected to increase, thereby 
allowing a more precisely controlled termina- 
tion of the [Ca2+], response; and (iii) the trig- 
gering of slgnallng steps distal to an in- in 
[ a + ] ,  would be minimized in functionally un- 
important subcellular domains. The cell would 
therefore be able to regulate its Ca2+ response 
through a relatively low number of Ca2+ storage 
organelles concentrated at the site of a+ ac- 
tion, rather than through an exes  of uniformly 
distributed CaZ+ stores. 
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