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Mechanisms of IL-8-induced Ca2+ signaling in
human neutrophil granulocytes

Walter Schorr, Dieter Swandulla and Hanns Ulrich Zeilhofer

Institut für Experimentelle und Klinische Pharmakologie und Toxikologie, Universität Erlangen-
Nürnberg, Erlangen, Germany

Interleukin-8 (IL-8) plays an important role in the activation of neutrophil granulocytes.
Although intracellular Ca2+ signals are essential in this process, they have not been studied
in great detail so far. Here, we have measured IL-8-induced Ca2+ signals in single human
neutrophil granulocytes using the Ca2+ indicator dye FURA-2 AM and we have investigated
the signal transduction that leads to these Ca2+ signals with various pharmacological tools.
Our results indicate that IL-8-induced Ca2+ signals consist of at least two components. An
initial fast component was followed by a smaller and more persistent one. The initial Ca2+

signal was independent of extracellular Ca2+. It required the activation of phospholipase C
via a pertussis toxin sensitive G-protein and was due to activation of IP3 receptor-coupled
Ca2+ release channels. The late phase of the Ca2+ signal was suppressed when extracellular
Ca2+ was removed suggesting that it was generated by Ca2+ influx through Ca2+ release-
activated Ca2+ (CRAC) channels. This Ca2+ influx may prolong IL-8-induced Ca2+ signals dur-
ing granulocyte activation.
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1 Introduction

The recruitment of leukocytes at a site of inflammation is
a multistep process including tethering and rolling, acti-
vation, firm adhesion and (trans-)migration of granulo-
cytes [1, 2]. The initial tethering and the “rolling” along
the surface of activated endothelial cells of the blood
vessel wall requires a transient binding of leukocytes to
the endothelium, which is mediated by the selectin fam-
ily of adhesion molecules [3–5]. Subsequent events
including firm adhesion, shape change, migration
through the tissue to a site of inflammation and respira-
tory burst are at least in part mediated by chemokines
like IL-8 [6, 7] released from cells of the immune system
(e.g. macrophages) and auxilliary cells (e.g. endothelial
cells) [7, 8, 9].

IL-8 binds to membrane receptors of the CXC chemo-
kine receptor family which possess seven transmem-
brane domains [10]. These receptors couple to pertussis
toxin-sensitive Gi proteins. One of the early intracellular

events following activation of IL-8 receptors is the
release of Ca2+ from intracellular stores. The relevance of
these Ca2+ signals for the different activation steps is still
controversial. Although many activation processes like
the initial spreading of granulocytes on a substrate
appear to be correlated with the occurrence of intracellu-
lar Ca2+ signals [11], buffering of intracellular Ca2+ to very
low levels with BAPTA-AM had little effect on these
events [12]. One process that is meanwhile generally
believed to require increases in [Ca2+]i is the detachment
of pseudopods during directed migration, which involves
the activation of the calcium-dependent phosphatase
calcineurin by Ca2+ transients [13, 14].

Although the consequences of these Ca2+ signals have
already attracted much attention, the signal transduction
that leads to IL-8-induced Ca2+ signals has not been
studied in great detail so far. Here, we have investigated
IL-8-induced Ca2+ signaling in FURA-2 AM-loaded single
human neutrophil granulocytes using digital ratiometric
Ca2+ measurements and various pharmacological tools.
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2 Results and discussion

2.1 IL-8-induced Ca2+ signals in individual human
granulocytes

Most of the experiments on Ca2+ signals in blood cells
have been performed with cells in suspension, a situa-
tion which resembles the physiological situation through
most of a blood cell’s life span. However, in the case of
granulocytes and also of many other blood cells, e.g.
lymphocytes, one of the initial events initiating the migra-
tory process to an inflammatory site is the binding to
adhesion molecules presented on the membrane of acti-
vated endothelial cells [1, 2]. To mimic this situation we
have used cells adherent to the plastic surface of stan-
dard culture dishes or to culture dishes coated with E-
selectin × Ig chimera. This method together with the use
of digital Ca2+ imaging allowed us to investigate the time
course of the Ca2+ signals in individual acutely isolated
granulocytes.

When human recombinant IL-8 (15- ? l microdrops of
0.625 ? M IL-8 added to a total culture dish volume of
1.5 ml) was applied increases in the intracellular concen-
tration of free Ca2+ ([Ca2+]i) were reliably elicited. Fig. 1
shows an experiment where Ca2+ signals were recorded
in up to 100 cells simultaneously. Most neutrophils were
attached to the culture dish and were round and phase
contrast-positive before application of IL-8 (Fig. 1A). A
fluorescence image excited at the Ca2+-insensitive wave-
length of 360 nm in the same field shows that most gran-
ulocytes were rather homogeneously loaded with FURA-
2 (Fig. 1B). Under these conditions IL-8 increased the
fluorescence ratio (F350/F380), which was used as a
measure of [Ca2+]i in more than 90 % of the cells tested
from a value of 0.51 ± 0.013 to 1.30 ± 0.058, under rest-
ing conditions and at the peak of the response, respec-
tively (Fig. 1C–E). These values roughly correspond to
[Ca2+]i of 160–200 nM and 1.0 ? M, respectively. This ini-
tial steep rise in [Ca2+]i was followed by a smaller persis-
tent elevation of [Ca2+]i.

2.2 Effect of thapsigargine and carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP)
on IL-8-induced Ca2+ signals

Initial Ca2+ signals of similar amplitudes were observed in
nominally Ca2+-free medium (0 mM Ca2+, 4 mM EGTA),
indicating that IL-8-induced Ca2+ rises were primarily due
to release of Ca2+ from intracellular stores and that extra-
cellular Ca2+ was not required for receptor activation
(Fig. 2A). Since Ca2+ can be released from different Ca2+

storing organelles, e.g. the endoplasmic reticulum and
the mitochondria [15, 16], which are both present in neu-

trophils, we have tested the effect of thapsigargine, an
inhibitor of sarcoplasmic reticulum Ca2+ (SERCA) pumps
[17], and of the protonophore FCCP, which causes
depletion of mitochondrial Ca2+ [18, 19]. When applied
extracellularly in Ca2+-free extracellular solution contain-
ing 4 mM EGTA, thapsigargine (2 ? M) evoked a slow
increase in [Ca2+]i to not more than 200 nM lasting for
several minutes. After a 15-min exposure to thapsigar-
gine neutrophils were unable to respond to IL-8 with a
Ca2+ signal (Fig. 2B). In contrast, preincubation with
FCCP (5 ? M, for 20 min) had no effect on IL-8-evoked
increases in [Ca2+]i (Fig. 2C). These observations suggest
that IL-8-induced Ca2+ signals were mainly due to Ca2+

release from the endoplasmic reticulum and that mito-
chondria did not significantly contribute to this release.
Fig. 2D summarizes these results.

2.3 Identification of the Ca2+ release channel
involved in IL-8-induced Ca2+ signals

Ca2+ ions can be released from the endoplasmic or sar-
coplasmic reticulum via different Ca2+ release channels
[15, 16, 20]. Ca2+ release from the endoplasmic reticulum
of electrically non-excitable cells is thought to be pre-
dominantly mediated by inositol trisphosphate (IP3)
receptor-coupled Ca2+ release channels.

IP3 receptors can be blocked by intracellular heparin [21,
22]. However, heparin does not penetrate the cell mem-
brane and could therefore not be used in our experi-
ments. We have instead used two other blockers of IP3

receptors. Caffeine has long been known as an inhibitor
of IP3-dependent Ca2+ release [23, 24] and very recently
arachidonic acid has been identified as an inhibitor of IP3

receptor-coupled Ca2+ release channels in lipid bilayers
[25]. Application of caffeine (20 mM) for 30 min had no
effect on resting [Ca2+]i, but completely blocked IL-8-
induced rises in [Ca2+]i in a reversible manner (Fig. 3A).
IL-8-induced Ca2+ signals could also be blocked revers-
ibly and in a concentration-dependent manner with ara-
chidonic acid (25–100 ? M) (Fig. 3B). Both findings indi-
cate that IP3 receptor activation is necessary for the gen-
eration of IL-8-induced Ca2+ signals. The concentrations
of arachidonic acid needed to block IL-8-induced Ca2+

signals in our experiments were considerably higher than
those sufficient to block IP3 receptor channels in artificial
lipid bilayer experiments [25]. We do not know at present
what intracellular concentrations of arachidonic acid
were achieved under our experimental conditions, nor
do we know whether physiological levels of arachidonic
acid are sufficient to regulate the activity of IP3 receptors.

When applied in combination with acetylsalicylic acid
(ASS, 150 ? M) to prevent the degradation of arachidonic
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Figure 1. Digital Ca2+ imaging in single human granulocytes. (A) Phase contrast image of acutely isolated human granulocytes
15 min after plating on a culture dish. (B) Fluorescence image of FURA-2 AM-loaded human granulocytes, excited at 360 nm.
Same field as A. (C and D) Pseudocolor-coded image of the fluorescence ratio F350/F380. Cold and warm colors correspond to
low and high ratio and [Ca2+]i, respectively. C before and D during stimulation of the cells with IL-8. (E) Time course of the com-
plete experiment. Ratiometric Ca2+ measurements were taken every 4 s.

acid to prostaglandins by cyclooxygenases [26], arachi-
donic acid was still effective. It is therefore likely that the
effects of arachidonic acid seen in our experiments are
not mediated by cyclooxygenase products of arachi-
donic acid. A contribution of arachidonic acid metabo-
lites generated by the lipoxygenase pathway, i.e. leuko-
trienes, cannot be ruled out, but leukotriene B4 has been
reported to be without effect on IP3 receptors [25].

Apart from IP3 receptors other Ca2+ release mechanisms
might contribute to IL-8-induced Ca2+ signals [15, 16].
Several reports have suggested the existence of ryano-

dine receptor-like Ca2+ release channels in electrically
non-excitable cells, including neutrophil granulocytes
[27–29]. In these cells chemotaxis evoked by IL-8 and N-
formyl-methionine-leucine-phenylalanine (FMLP) has
been shown to be reduced by ryanodine [29].

In electrically non-excitable cells ryanodine receptors
might be activated by increases in [Ca2+]i primarily elicited
via Ca2+ release through IP3 receptor-coupled channels.
Alternatively, ryanodine receptors might be activated by
intracellular messengers different from Ca2+. Cyclic-ADP-
ribose has been suggested to be such an endogenous
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Figure 2. IL-8-induced Ca2+ signals in human neutrophil granulocytes (averages of four experiments with 20 cells each ± SEM).
(A) IL-8-induced Ca2+ signals (F350/F380 ratios) in the presence (2 mM Ca2+; Æ ) and absence (0 mM Ca2+, 4 mM EGTA; ! ) of
extracellular Ca2+. (B) Incubation with thapsigargine (TSG; 2 ? M in Ca2+-free extracellular solution containing 4 mM EGTA)
induced a small Ca2+ signal in human granulocytes and after 15 min almost completely inhibited Ca2+ release by IL-8 ( ! ). Control
cells, which had been incubated with vehicle for the same time period, exhibited normal Ca2+ responses upon stimulation with
IL-8 ( Æ ). (C) Preincubation with FCCP (5 ? M for 20 min; ! ) had no effect on the initial Ca2+ signal induced by IL-8. The recovery
of the Ca2+ signal from IL-8 stimulation was significantly facilitated in the presence of FCCP compared with control cells treated
with vehicle (ethanol 0.1 %; Æ ). (D) Summary of the experiments shown in A to C. n: number of independent experiments with 20
cells each.

activator of ryanodine-sensitive Ca2+ release channels
[30, 31], but Ca2+ still appears to be the most important
activator in the majority of cells. Ca2+ signals evoked by
IP3 receptor-dependent Ca2+ release might therefore be
boosted by ryanodine-sensitive Ca2+ release.

We have tested the involvement of Ca2+ release channels
of the ryanodine type (ryanodine receptors) in IL-8-
induced Ca2+ signaling with ryanodine (15 ? M), which at
this concentration blocks the channels [20, 21] and with
ruthenium red (3 ? M), another but rather nonspecific
blocker of ryanodine receptors [20, 21] (Fig. 3C). Both
substances failed to inhibit Ca2+ signaling, indicating that
ryanodine-sensitive Ca2+ release channels are not
involved in IL-8 signal transduction. In this context it is
interesting to note that caffeine, which activates ryano-
dine receptors in many cell types [21, 32, 33], did not
induce Ca2+ signals itself. As shown in Fig. 3A caffeine
had no effect on the resting [Ca2+]i, which argues against
the existence of typical ryanodine receptors in human
neutrophil granulocytes. This is in line with our observa-
tion that ryanodine, which at low concentrations can

open ryanodine receptor channels [32], had no effect on
the resting [Ca2+]i of neutrophils.

2.4 Bordetella pertussis toxin (PTX) and
inhibitors of phospholipase C (PLC) block
IL-8-induced Ca2+ signals

Further support for the involvement of IP3 as a relevant
intracellular messenger in IL-8-induced Ca2+ signals
comes from experiments with the PLC inhibitor U-73122
(1-[6-[[17 beta-3-methoxyestra-1, 3, 5(10)-trien-17-yl]
amino]hexyl]-1H-pyrrole-2, 5-dione) [34]. Preincubation
of human neutrophils for 30 min with U-73122 (7 ? M) led
to a complete block of IL-8-induced Ca2+ signals,
whereas its inactive analog U-73343 (1-[6-[17 beta-
3-methoxyestra-1, 3, 5(10)-trien-17-yl]amino]hexyl]-1H-
pyrrolidine-2, 5-dione) (7 ? M) failed to affect Ca2+ signals
(Fig. 4).

Activation of PLC can be triggered by PTX-sensitive and
-insensitive G-proteins (PLC- g ) as well as by tyrosine
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Figure 3. IL-8-induced Ca2+ signals in human neutrophil
granulocytes are blocked by inhibitors of IP3 receptor chan-
nels. (A) Preincubation of granulocytes with caffeine (20 mM
for 30 min; ! ) completely and reversibly blocked IL-8-
induced Ca2+ signals. After extensive washing the same cells
responded to application of IL-8 (wash; Æ ) similar to
untreated controls (compare e.g. Fig. 2A). (B) Arachidonic
acid (AA; ! ) reversibly blocked IL-8-induced Ca2+ signaling
in a concentration-dependent manner. The same cells
responded to IL-8 after complete removal of arachidonic
acid (wash; Æ ). (C) Summary of the experiments shown in A
and B. While caffeine (20 mM) and arachidonic acid
(100 ? M) completely inhibited IL-8-induced Ca2+ signals,
ruthenium red (RR; 3 ? M) and ryanodine (15 ? M) had no
effect. n: number of independent experiments with 20 cells
each.

Figure 4. Inhibition of IL-8-induced Ca2+ signals by blockers
of PLC. (A) Preincubation with U-73122 (30 min, 7 ? M; ! )
completely blocked IL-8-induced Ca2+ signals. Æ : Vehicle
(0.1 % DMSO)-treated control. (B) Its inactive analog U-
73343 (30 min, 7 ? M; ! ) had no significant effect on IL-8-
induced Ca2+ signals. Æ : Vehicle (0.1 % DMSO)-treated con-
trol. (C) Summary of the experiments (mean ± SEM) shown
in A and B. n: number of independent experiments with 20
cells each.

kinases (PLC- + ) [35]. IL-8 can activate several types of G
proteins including the Gi type [36]. In our experiments
pretreatment with PTX (4 ? g/ml for 4–5 h at 37 °C)
caused a complete block of IL-8-induced Ca2+

responses in the vast majority of the cells (Fig. 5), simi-
larly to what has been described for Ca2+ measurements
performed in cuvettes, where the average Ca2+ increase
of a whole cell population has been measured [37].

2.5 Contribution of a Ca2+ release-activated Ca2+

current

Release of Ca2+ from intracellular stores can lead to the
activation of Ca2+ release-activated Ca2+ influx (ICRAC) [30,
38]. To test for a possible contribution of such Ca2+ influx
mechanisms we have monitored the time course of IL-8-
induced Ca2+ signals in the presence and absence of
extracellular Ca2+ (0 mM Ca2+, 1 mM EGTA). Recovery of
IL-8-induced Ca2+ signals was significantly faster in
Ca2+-free medium than under control conditions.
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Figure 5. Inhibition of IL-8-induced Ca2+ signaling by PTX. Pseudocolor-coded image of the fluorescence ratio F350/F380. Cold
and warm colors correspond to low and high ratio and [Ca2+]i, respectively. IL-8-induced Ca2+ responses under control condi-
tions (A) and after preincubation with PTX (4 ? g/ml for 4–5 h at 37 °C; B).

Figure 6. Ca2+ influx contributes to the late phase of IL-8-
induced Ca2+ signals. IL-8 was applied either in the presence
of 2 mM Ca2+ (control; Æ ) or in the absence of Ca2+ (0 mM
Ca2+, 1 mM EGTA; ! ). No significant difference was seen in
the initial part of the IL-8-induced Ca2+ signal, while the late
phase was dependent on the presence of external Ca2+.
When Ca2+ was re-added after 7 min the difference of both
traces became insignificant.

Although the initial Ca2+ signal remained unaffected
when extracellular Ca2+ was removed, the late phase
( G 2 min) was reversibly abolished when extracellular
Ca2+ was removed. In the presence of extracellular Ca2+,
[Ca2+]i remained elevated over the complete time course
of the experiment (20 min). These findings indeed sug-
gest the presence of a Ca2+ influx mechanism most likely
activated by depletion of intracellular Ca2+ stores. This
influx is probably mediated by Ca2+ release-activated
Ca2+ (CRAC) channels [38], which have meanwhile been
described in a variety of different cell types including
mast cells and T lymphocytes [39].

In summary, we have found that IL-8 triggers an initial
Ca2+ release via a PTX-sensitive G protein-dependent
activation of PLC, which in turn leads to the activation of
IP3 receptor-coupled Ca2+ release channels at
thapsigargine-sensitive Ca2+ stores. This initial Ca2+

release was followed by a sustained Ca2+ influx probably
mediated via CRAC channels. Besides facilitating the
refilling of intracellular Ca2+ stores this Ca2+ influx may
contribute to ongoing activation of granulocytes, e.g. on
their way to a site of inflammation.
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3 Materials and methods

3.1 Cell preparation and measurement of Ca2+ signals

Human neutrophil granulocytes were isolated from blood
samples of healthy young male volunteers aged between 25
and 34 years as described previously [27]. Cells in suspen-
sion were loaded with FURA-2 AM [3 ? M] at 37 °C for 30 min
to measure [Ca2+]i [40]. Cells were washed twice and stored
on ice for up to 5 h. Immediately before the Ca2+ measure-
ment experiments 100 ? l of a cell suspension, which con-
tained 1 × 106 cells/ml were dropped onto the center of a
35-mm uncoated culture dish (Nunc, Denmark) and cells
were then allowed to attach for 5 min. One milliliter of stan-
dard external recording solution (136 mM NaCl, 2.8 mM KCl,
2 mM CaCl2, 20 mM Hepes, 5 mM glucose, pH 7.40) was
added, and the cells were then transferred to the micro-
scope for the measurement of Ca2+ signals.

[Ca2+]i was measured using a commercially available Ca2+

imaging system consisting of a slow-scan CCD camera cou-
pled to a monochromator (TILL Photonics, Planegg,
München, Germany) both connected to an upright Zeiss
microscope Axioscope FS equipped with a 40× water
immersion objective. This experimental set-up allowed for
the 2-dimensional representation of Ca2+ signals in up to 100
cells simultaneously.

[Ca2+]i is presented as fluorescence ratio determined from
background-corrected fluorescence images excited alter-
nately at 350 and 380 nm (F350/F380) [41]. IL-8 was applied
by microdrop application (15 ? l; 0.625 ? M) in the close prox-
imity of the water immersion objective.

3.2 Chemicals

All inorganic compounds were from Merck, Darmstadt, Ger-
many. FURA-2 AM was from Molecular Probes Europe BV,
Leiden, The Netherlands. Acetylsalicylic acid, arachidonic
acid, caffeine, DMSO, EGTA, FCCP, Hepes, IL-8, and thapsi-
gargine were from Sigma, Deisenhofen, Germany. Ruthe-
nium red, ryanodine, pertussis toxin, U-73122 and U-73343
were from Alexis Deutschland GmbH, Germany. Thapsigar-
gine, FCCP, U-73122 and U-73343 were dissolved in DMSO
(0.1 %). Arachidonic acid was dissolved in ethanol (0.1 %).
All other substances were dissolved in standard external
solution.
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