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The Calcium Signal and Neutrophil Activation
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The cytosolic free calcium concentration, [Ca2+]i in phagocytic
cells (e.g. neutrophils, human leukemic cell line HL-60) is an
|mportant determinant of cellular activity. In resting phagocytes
[Ca®7i is low (approximately 100 nM), but in response to occupation
of cell surface receptors, it rises to micromolar levels, thereby
activating a variety of cellular functions. The increases in [Ca®];
consist of two components an immediate that is independent of
extracellular Ca®*, and a more delayed that is abolished by the
removal of extracellular Ca®*. These two components reflect the
involvement of two subcellular structures in intracellular Ca** ho-
meostasis: an intracellular Ca®" store, referred to as the caluosome
and the plasma membrane The function of the intracellular Ca**
store depends on a ca® -pump, functionally and |mmun0log|cally
related to the cardiac sarcopiasmic reticulum Ca®"-ATPase, a
ca’ “_storage protein, similar to muscle calsequestrin, and a ca*
release channel which is sensitive to inostol 1,4,5- tnsphosphate
The Ca -regulatory function of the plasma membrane depends on
a Ca pump, similar to the erythrocyte type Ca**-ATPase, and a
ca® channel; the activity of the ca® channel is closely coupled to
phosphatidylinositol turnover.

KEY WORDS: neutrophil granulocytes; calcium homeo-
stasis; calciosomes; calcium channels; calsequestrin; Ca?*
ATPase; phosphatidylinositol.

Introduction

eutrophils are mobile, phagocytic white blood

cells that play an important role in the host
defense against bacterial and fungal infections (1,
2). Differentiation of neutrophils from the stem cell
in the bone marrow takes approximately 5-7 days,
while the average circulation time of a mature
neutrophil in the blood stream is only around 8 h.
The mature neutrophil is a terminally differentiated
cell, unable to divide, and virtually depleted of the
protein synthesizing apparatus (endoplasmic reticu-
lum, ribosomes). Neutrophils have various cell sur-
face receptors with specialized functions, such as,
chemotaxis, adherence and phagocytosis. Due to
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these receptors, neutrophils sense distant microor-
ganisms, crawl towards them, adhere, engulf the
microorganisms and kill them by the combined
action of various microbicidal systems.

At least three different intracellular messenger
systems are involved in these events: (a) An increase
in [Ca®"]; activates various neutrophil functions
(3-5); (b) Protein kinase C probably has a dual
regulatory role, stimulating and inhibiting neutro-
phil functions (6-8); (c) cyclic adenosine monophos-
phate, CAMP, is an intracellular inhibitor of neutrophil
function (9-11). The involvement of other intracel-
lular messenger systems is likely, but unproven.

In the present review, we will focus on the Ca*-
messenger system in neutrophlls We will not ad-
dress the question of how [Ca? J regulates neutrophil
functions, but rather how [Ca“']; is regulated dur-
ing neutroph|l activation. The studies discussed
here are done in mature neutrophils or in the
promyelocytic human leukemic cell line HL-60 that
can be induced to differentiate to neutrophil-like
cells. We will also refer to some relevant observa-
tions in other cell types.

Time course of Ca*-transients and
dependence on extracellular Ca”": studies
with fluorescent Ca®*-sensitive dyes

The introduction of fluorescent indicators of
[Ca?'];, such as quin2 and fura2, led to the first
analysis of Ca**-transients durmg neutrophil acti-
vation. Studies in populatlons of neutrophils (3)
showed an average resting [Ca*']; of approximately
100 nM. In response to stimulation with f-met-
leu-phe (a synthetic formyl-peptide that resembles
products of bacterial metabolism), [Ca**]; increases
to micromolar concentrations and returns to base—
line within approximately 10-15 min. This [Ca®*];
mcrease is partially dependent on extracellular

, (i.e. the |n|t|al rate of the [Ca*']; increase is
unchanged in a Ca’ -free solut|on while the pro-
longed period of the [Ca®']; increase is abolished
under these conditions) (Figure 1) (3,12). These
results lead to the conclusion that the [Ca®']; in-
crease in response to chemoattractants consrsts of
two components, an initial release of Ca** from an
intracellular storage site and a more delayed influx
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Figure 1 — Evidence for chemotactic peptide induced Ca

**_release and C**-influx in neutrophils. Human neutrophils

were loaded with quin 2 as described (3). Changes of the cytosolic free Ca®* concentration, [Ca'];, during stimulation with
the chemotactic peptide f-met-leu-phe (FMLP), were monitored in the presence Geft panel) or absence (right panel) of Ca*

in the extracellular medium. The results indicate the existence of both, Ca®*-influx and Ca?*

of Ca®* across the plasma membrane The Ca*
ionophore ionomycin can induce Ca "] increases in
the absence of extracellular Ca®*, as is seen for
f-met-leu-phe stimulation (Figure 1), suggesting that
the intracellular Ca**-storage site is a vesicular
organelle (3).

Studies in single cells show that Ca®"-homeo-
stasis is more complicated than assumed in large
populations of neutrophils. Spatial and temporal
aspects of Ca®" signaling become evident. During
locomotion and phagocytosis, Ca®* increases only in
a restricted area of the cell (13). When neutrophils
are stimulated with chemoattractants low concen-
trations lead to oscillating [Ca? ]I mcreasesé while
high concentrations lead to continuous [Ca“*]; in-
creases (14).

The mediation of Ca?*-transients: studies on
the production and action of inositol
phosphates

Phosphatldylln03|tol turnover is closely coupled to
the action of Ca®*-mobilizing agonists in a variety of
cell types (15). In neutrophils the following evidence
argues for inositol 1,4,5- trlsphosphate (Ins 1,4,5-P3)
as an intracellular mediator of Ca? -release (a) Ins
1,4,5-P5 is produced in response to Ca?*-mobilizing
messengers, such as f-met-leu-phe or Leukotriene
B, (16,17); (b) Ins 1,4,5-P; generatlon does not
depend on a previous increase in [Ca*"]; (18); (c)
Inhibition of receptor mediated Ins 1 4,5-Pa produc-
tion by pertussis toxin abolishes Ca®* mcreases (19);
(d) Purified Ins 1,4,5-Pa induces Ca®" release from
permeabilized neutrophlls (20). Ca** influx also
seems to be closely coupled to phosphatidylinositol
turnover, but the mechanism remains elusive (see
below).

The intracellular pool of rapidly releasable
Ca?*: subcellular fractionation studies and
unmuno electron microscopy

Clearly at least two subcellular structures play a
crucial role in Ca** homeostasis in neutrophils: the
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plasma membrane and a vesicular, intracellular Ins
1,4,5-P5-sensitive Ca?* store. In other non-muscle
ceIIs this intracellular store was thought to be the
endoplasmic reticulum (15,21). However, this seems
unlikely in neutrophils because they are virtually
devoid of endoplasmic reticulum (22). Subcellular
fractionation studies |n neutrophlls and HL-60 cells
revealed that the Ca**-pumping, Ins 1,4,5-P5-re-
sponsive organelle could be separated from endo-
plasmic reticulum, mitochondria, golgi apparatus
and other known organelles (23,24). The Ca**
pumping activity and Ins 1,4,5-P3-induced Ca
release activity copurified with a 60 kDa Ca?'
binding protein that showed biochemical 5|m|Iar|t|es
and immunological cross-reactivity with calseques-
trin from muscle sarcoplasmic reticulum (24). Thus,
neutrophils and HL-60 cells may possess a sarco-
plasmic reticulum-like organelle, referred to as the
calciosome. Morphological studies (24) showed the
calsequestrin-like protein to be contained in 100-
250 nm vesicles, distinct from previously described
organelles. Similar results were obtained in other
non-muscle cells, such as, liver and pancreatic cells.
This observation raises the question of whether
previous results, that identified the endoplasmic
reticulum as, the intracellular store of rapidly re-
leasable Ca®*, were due to contamination of endo-
plasmic reticulum-fractions by calciosomes. How-
ever, the evidence for the calsequestrin-like protein
containing vesicles being the Ins 1,4,5-Ps-responsive
organelle is based on the copurification of Ins 1,4,5-
Ps response and the calsequestrin-like protein in the
subcellular fractions of HL-60 cells and, is thus,
circumstantial.

Proposed model of Ca**-homeostasis in
neutrophils

To regulate Ca®" as described above, the neutro-
phil needs, in the simplest model, five proteins
(Figure 2). Although a variety of direct and indirect
experimental evidence supporting this scheme has
been obtained (25,26) it is not yet established. In
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Figure 2 — Proposed model of Ca*-homeostasis in neutrophils. During cellular activation, an internal Ins 1,4,5-
P3-sensitive Ca”* channel and a plasma membrane Ca?* channel are opened, leading to Ca** release -from the internal
storage site and Ca®" influx across the plasma membrane. To terminate the Ca" signal, the two Ca?* channels close, a
plasma membrane Ca®*-ATPase pumps Ca?* to the extracellular space and an internal Ca®*-ATPase pumps Ca* into
the internal Ca?" store (the calciosome), where it is stored by a calsequestrin-like Ca®*-binding protein.

particular, this model does not account for observa-
tions that suggest the existence of Ins 1,4,5-P3-
insensitive Ca™ pools (27-29). There may be intra-
cellular organelles endowed with Ca*-ATPase and
calsequestrin that do not posses an Ins 1,4,5-P3-
sensitive Ca”*-channel (26).

Ca’*-regulatory proteins of the internal Ca?*
store

CAZ-ATPASE

Functional studies in permeabilized neutrophils
and in neutrophil homogenates (20,23) demonstrate
that the Ca** pump of the intracellular Ca®* store is
a Ca’-ATPase, functionally similar to the Ca®*-
ATPase of the sarcoplasmic reticulum of muscle
cells; (a) Ca?*-uptake is ATP-dependent; (b) Ca* -
uptake can be inhibited by millimolar, but not
micromolar concentrations of vanadate; (c) Ca*-
uptake is not inhibited by calmodulin-inhibitors.
Immunological studies in HL-60 cells show a 105
kDa protein that crossreacts with monoclonal anti-
bodies against slow-twitch/cardiac Ca®"-ATPase,
but not fast-twitch Ca**-ATPase (25). Tne subcellu-
lar distribution of this protein parallels the distri-
bution of Ca?* pumping and Ins 1,4,5-P3 response in
subcellular fractions of HL-60 cells (25). It is likely
that this protein is the Ca®"-pump of the intracei-

CLINICAL BIOCHEMISTRY, VOLUME 23, APRIL 1990

lular Ca**-store in HL-60 cells. This assumption is
supported by recent studies demonstrating cDNA
clones from kidney, brain and stomach that code for
two alternatively spliced products of the cardiac
Ca®"-ATPase gene (30,31) and by studies in liver
and pancreas showing a phosphorylated intermedi-
ate of a Ca’"-ATPase with a molecular weight
similar to the HL-60 protein (32,33). However, pu-
rification of the enzyme and functional studies will
be necessary to more precisely define the role of this
protein in HL-60 cells.

In liver cells, a 100 kDa protein that crossreacts
with polyclonal antibodies against fast type skeletal
muscle Ca*-ATPase has been described (34). Im-
munogold electron microscopy studies in liver and
pancreas suggest that these antibodies recognize the
same intracellular structure as anti-calsequestrin
antibodies §35). These tissues might express a fast-
twitch Ca?’-ATPase, although cross-reaction of a
slow-twitch Ca?*-ATPase with polyclonal fast-twitch
Ca?"-ATPase antibodies might also account for
these results.

CALCIUM-STORAGE PROTEIN
Calsequestrin from both skeletal and cardiac mus-
cle sarcoplasmic reticulum has been shown to bind

Ca?* with high capacity (up to 45 moles Ca®*/mole
calsequestrin) and relatively low affinity with Kd

161



KRAUSE, CAMPBELL, WELSH, AND LEW

100 uM in the absence, and 1 mM in the presence, of
100 mM KClI, respectlvely (36). These Ca*"-binding
properties of calsequestrm are thought to be essen-
tial for the function of the sarcoplasmlc reticulum.
During muscle relaxation, the Ca”'-release channel
of the sarcoplasmic ret1culum is closed and the
Ca’"-ATPase pumps Ca’" from the cytosol into the
lumen of the organelle. Under these conditions,
calsequestrin will bind large amounts ofCa2"1" due to
its high capacity. Durmg muscle contraction, on the
ther hand, the Ca®"-release channel opens and
Ca®" is released to the cytosol, facilitated by the low
affinity of the Ca’"-calsequestrin interaction. The
primary structure of both skeletal muscle and car-
diac calsequestrin has been deduced by cDNA clon-
ing (37,38). Neither protein has the typical Ca*'-
blndmg structures which are seen with many cytosolic
Ca®"-binding proteins, such as, calmodulin. Both
have a large proportion of acidic, negatively charged
amino a(:1ds which are thought to be responsible for
the Ca’ -bmdmg Surprisingly, the comparison of
the primary structure of cardiac and skeletal muscle
calsequestrin showed only 60% homology between
the two proteins. The latter result has an important
implication for our concept of calsequestrin. Rather
than a single protein with homogeneous structure in
all cell types, a family of proteins with similar
function, but varied primary structure, seems likely.

The biochemical properties that justify a classifi-
cation of a protein as a member of the family of
calsequestrms (36) are: (a) High capacity, low affin-
ity Ca*"-binding; (b) Metachromatically blue stain-
ing with the carbocyanine dye Stains-all; (¢) Change
of apparent molecular mass with the pH; (d) High
proportion of acidic negatively charged amino acids.
Less commonly applied criteria are: good solubility
in ammonium sulfate, pH- and Ca*'-dependent pre-
01p1tat10n and decreased hydrophobicity at high
Ca®"-concentrations (39). Cross reactivity with an-
tibodies against other calsequestrins are also sug-
gestive of a protein being a calsequestrin, but not
definitive.

The following properties have been demonstrated
for the calsequestrln like protein of HL-60 cells
(24-26): Ca*"-binding (however, capacity and affin-
ity are unknown); metachromatical staining with
Stains-all (Figure 3); Change of apparent molecular
weight with pH; good solubility in ammonium sul-
fate; pH-dependent precipitation; crossreaction with
antibodies against skeletal muscle calsequestrin. It
is thus likely that the CS-like protein from HL-60
cells is related to calsequestrm however, Ca*'-
binding properties, Ca**-dependent changes of hy-
drophobicity and primary structure remain to be
studied.

CA*" RELEASE CHANNEL
Ca’" release from the internal Ca’' store is

medlated by Ins 1,4,5-P5;, which suggests that the
Ca’ release channel has binding site(s) for Ins
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Figure 3 — Stains-all stained gel of skeletal muscle sarco-
plasmic reticulum and HL-60 cells. A sarcoplasmic retic-
ulum preparation of rabbit skeletal muscle (left lane) or
whole HL-60 cells (right lane) were analyzed by SDS-
polyacrylamide electrophoresis (3-12% gradient gels) and
stained with the carbocyanine dye Stains-all. The arrow
indicates the metachromatically blue staining muscle
calsequestrin (left) or the metachromatically blue stain-
ing calsequestrin-like protein from HL-60 cells (right).

1,4,5-P;. Alternatively, Ins 1,4,5-P5 could bind to a
different structure, which controls the activity state
of the channel.

Studies in HL 60 cells show that the Ins 1,4,5-
Ps-induced Ca*" release the calsequestrin-like pro-
tein and the Ca>*-ATPase all copurify in subcellular
fractions (25). This observation suggests, but does
not prove, that all three proteins are located in the
same subcellular structure. Recent studies indicate,
that binding of tritiated Ins 1,4,5-P; parallels the
Ins 1,4,5-P5-induced Ca*" release in subcellular
fractions (D. Pittet and D.P. Lew, unpublished).

An Ins 1,4,5-P;-binding protein has been purified
from rat brain, raising the possibility that this
protein is an Ins 1,4,5-P;-sensitive Ca®’ channel
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(40). However no Ca’**
protein has been reported.

In contrast to the cross- react|V|ty of the calseques-
trin-like protein and the Ca®*-ATPase with corre-
sponding muscle proteins, no HL-60 protem that
crossreacts with antibodies against the Ca?* release
channel of muscle sarcoplasmic reticulum was found
(K-H. Krause and K. P. Campbell, manuscript in
preparation).

channel activity of this

Ca’*-regulatory proteins of the plasma
membrane

CAZ-ATPASE

Our present knowledge of the plasma membrane
pump of neutrophils is based upon studies in inside-
out plasma membrane vesicles (41,42). The enzyme
seems. to be, similar to the intracellular Ca**-pump,
a Ca*" ATPase requiring ATP- hydroly5|s for activ-
ity. However, unlike the mtracellular Ca?*-ATPase,
the plasma membrane Ca?* pump shares several
propertles with the erythrocytes type Ca?*-ATPase;
(a) Ca”*-uptake is inhibited by low concentrations of
vanadate (30 mM); (b) Ca®*-uptake is inhibited by
calmodulin inhibitors; (c) addition of exogenous cal-
modulin mcreases Ca**-pumping. Recently a plasma
membrane Ca®*-ATPase from human teratoma cells
has been cloned (43). Supporting the functional data
in neutrophils and other cell types, a calmodulin
binding S|te was demonstrated. The plasma mem-
brane Ca®* pump of neutrophils can be activated by
phorbol esters (42), suggesting that this protein is,
directly or |nd|rectly regulated by protein kinase C
in addition to its Ca®* /calmodulin regulation.

There is no evidence for the involvement of a
Na*/Ca®*-exchanger in Ca* transport to the extra-
cellular space in neutrophils (44).

PLASMA MEMBRANE CA®* CHANNEL

There are no convmcmg d|rect electrophysiologi-
cal measurements of Ca®" influx (neither single
channel nor whole cell recordings) in non- -excitable
cells, such as neutrophils. However, Ca?" influx in
response to receptor activation can clearly be dem-
onstrated in non- exmtable cells, both Wlth fluores-
cent cytosolic Ca?* indicators and by Ca®* effects on
Ca’"-activated plasma membrane ion-channels (3,
12, 45-48). The molecular mechanism of the recep-
tor-operated Ca®*-influx in non-excitable tissues is
not yet understood. However it can be clearly dis-
tlngmshed from Ca®" influx through voltage gated

channels in excitable tissues: (a) It cannot be
eI|C|ted by plasma membrane depolarization (12); (b)

It is increased by hyperpolarization during receptor
activation (49); (c) It is not inhibited by blockers of
voltage gated Ca®*-channels, such as 1,4-dihydropy-
ridines (12).

A variety of mechanisms have been proposed for
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Figure 4— Possmle mechanisms of receptor operated Ca*'-
influx. Ca?* has been proposed to enter the cell from the
extracellular space by A) a directly receptor coupled
Ca?*-channel; B) a second messenger- operated Ca**-

channel; or, C) a second messenger operated Ca**-carrier.
Ins 1,4 5P3, Ins 1,3,4,5-P, and Ca** have been proposed to

be second messengers mediating Ca" influx.

receptor-operated Ca®*-influx (Figure 4). None of
these hypotheses has been proven or excluded. Evi-
dence in a variety of systems is suggestive of a
second messenger-operated mechanism (50); how-
ever, in some systems, direct receptor coupled chan-
nel activity has been shown (51). The foIIowmg
three putative second messengers for Ca®" influx
have received most attention: Ca®"; Ins 1,4,5-P5; the
combination of Ins 1,4,5-P5; with Ins 1,3,4,5-P, (the
product of phosphorylatlon of Ins 1,4,5-P; by a
Ca’*/calmodulin-dependent kinase).
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We are working on three independent approaches
to study this question:

1) Single channel recordings in neutrophils;

2; Correlation of time course of receptor-mediated

a*"-influx with time course of receptor-mediated
second messenger generation;

3) Use of xenopus leavis oocytes as a model sys-
tem, in which the putative second messengers can be
injected into intact cells.

Concerning 1), in single channel experiments we
were unable to identify an ionic channel that is a
good candidate for the medlatlon of the above de-
scribed Ca®* influx. A Ca* -activated non-specific
cation channel has been observed in human neutro-
phils (52) and has been proposed to be the receptor-
operated Ca?" channel. However, two points argue
against the physiological |mportance of this chan-
nel: (a) Addltlon of extracellular Ca?* to ceIIs stim-
ulated in Ca *-free medium leads to Ca®*-influx,
even if Ca?-release is already terminated and
[Ca®']; has returned to baseline (12, 53) arguing
against Ca®* -release as a cause of Ca®*-influx, and
(b) such a non- speC|f|c cation channel would allow
sodium influx. Ca**-influx and depolarization would
then be two inseparable events in neutrophil acti-
vation. This is clearly not the case as shown in
neutrophils from patients with chronic granuloma-
tous disease (54).

An Ins 1,4,5-P3 activated non-specific channel has
been described in T- Iymphocytes and was proposed
to be the receptor-operated Ca®*-channel (55). Al-
though the |dea of an Ins 1,4,5-P5 activated plasma
membrane CaZ*-channel would fit well with a vari-
ety of experimental results, the following pomts
should be considered: (a) As discussed above, Ca**
influx is — at least in neutrophlls — more I|kely to
occur through a specific Ca?*-channel, than through
a non-specific channel; (b) A channel with similar
conductivity, selectivity and Kinetic properties has
been described in mast cells, but no Ins 1,4,5-P;
activation of this channel could be found, and the
activity state of this channel did not correlate with
receptor mediated Ca" influx, as assessed with the
Ca’*-sensitive fluorescent dye fura 2 (45).

Given that the actual amount of Ca®" influx
during ceIIuIar activation is very low, the receptor-
operated Ca** channel might, provided it is very
selective for Ca?*, have a very low conductivity and
thus, might not be detected by classical patch clam mp
methods (45). Alternatively, the possibility of Ca
entering the cell by a carrier protein, rather than a
channel should be considered.

Concerning 2), comparison of the time course of
productlon of various inositol phosphates and of
Ca®" influx after stimulation of cells with f-met-
leu-phe showed a good correlation of Ca**-influx
with Ins 1,3,4,5-P,4, but not with any of the Ins P;
isomers (47).

Concerning 3), in Xenopus laevis oocytes (48)
microinjection of various Ins P3 isomers, but not of
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Ins 1,3,4,5-P, or Ca*, induced Ca**-influx. Intrigu-
ingly, injection of the Ins 2,4,5-P5; isomer, that
cannot be phosphor)élated to Ins Py, produced an
even longer lasting Ca *-influx than Ins 1,4,5-Ps.

The microinjection results in oocytes and the
inositol phosphate time course in neutrophils seem
contradictory. On the one hand, Xenopus laevis
oocytes might have different types of second messen-
ger-regulated Ca?* channels: there are |nd|cat|ons
for different types of receptor-operated Ca®* chan-
nels (56). On the other hand, the good temporal
correlation between Ca®* |nflux and Ins P, genera-
tion in neutrophils does not prove the causal rela-
tionship. Clearly, further studies WI|| be necessary
to elucidate the mechanism of Ca?" influx and to
identify the protein in the plasma membrane of
neutrophils that mediates Ca®* influx.
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