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ABSTRACT. Chemotactic migration of human neutrophils, induced by interleukin-8 (IL-8) or other
activators, was inhibited by thapsigargin in the high nanomolar range. The degree of inhibition depended on the
type of activator. Other inhibitors of Ca21-ATPases associated with intracellular calcium stores, such as
cyclopiazonic acid and 2,5-di-(tert-butyl)-1,4-benzohydroquinone, equally inhibited IL-8-activated migration.
Inhibition of migration by thapsigargin and the other ATPase inhibitors occurred only in the presence of
extracellular Ca21; migration was not inhibited in the presence of EGTA. La31 reversed thapsigargin-induced
inhibition to a large degree; other calcium channel blockers gave a partial reversal (econazole, verapamil, and
SK&F 96365) or had no effect (gadolinium chloride and Ni21). Using electroporated cells and Ca buffers, it was
shown that inhibition started at about 0.2 mM and was complete at a cytosolic Ca concentration of about 2 mM.
It appears that under certain conditions the thapsigargin-induced influx of extracellular calcium, causing
relatively high local calcium concentrations, initiates or permits a process which may be detrimental to
chemotactic migration. Cyclic AMP (cAMP; adenosine 3’,5’-cyclic monophosphate) is probably involved in this
process, because thapsigargin increased the cAMP level and cAMP inhibited IL-8-activated migration in a
calcium-dependent way. The hypothesis that cAMP is involved in the effect of thapsigargin on migration is
supported by the finding that very low concentrations of thapsigargin stimulate neutrophil migration in the
absence of other chemoattractants. The results suggest that thapsigargin causes a (compartmentalized) increase
in cAMP, which results in a calcium-dependent modulation of migration. BIOCHEM PHARMACOL 59;4:369–375,
2000. © 2000 Elsevier Science Inc.
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Calcium plays a role in the cellular signal transduction
pathways of several neutrophil functions, but its precise role
is still obscure [1–4]. The neutrophil may derive its cyto-
solic calcium from two sources: via influx of extracellular
Ca21 or via release of Ca21 from intracellular stores. Some
time ago a calciosome, a sarcoplasmic reticulum-like or-
ganelle, was identified in neutrophils [5,6]. The difference
in Ca21 concentrations between store and cytoplasm is
maintained by Ca21 pumps in the form of Ca21-ATPases.
Some agents which specifically inhibit the Ca21-ATPases
of intracellular calcium stores have been identified. Several
studies have dealt with the effects of these agents on
changes in cytosolic free calcium. Tg,† CPA and DBHQ
specifically inhibit the Ca21-ATPase of endoplasmic or
sarcoplasmic reticulum, but do not interfere with the

Ca21-ATPase of the plasma membrane [7–10]. They cause
an increase in the concentration of cytosolic free Ca21

[Ca21]: in several cell types, including neutrophils [11–15].
The increase is not only due to the release of Ca21 from
intracellular membrane-bound stores, but also to the influx
of extracellular Ca21 into the cell as a consequence of
calcium-induced Ca21 influx.

The role of calcium ions in neutrophil migration has
been the subject of a number of studies. Although changes
in the concentration of free cytosolic Ca21 are not always
a prerequisite for migration to occur, removal of all calcium
from the neutrophil stores causes an inhibition of neutro-
phil movement, possibly via an effect on adhesion [16–18].
On the other hand, a number of agents which have in
common the ability to cause an increase in cytosolic free
calcium inhibit neutrophil chemotaxis. These agents,
which include ATP, ryanodine, cytochalasin B, hexachlo-
rocyclohexane, ionophores, polyamines, and leukocyte in-
hibitory factor [19–25], inhibit migration while mostly
stimulating or priming the respiratory burst or exocytosis.
They all cause an influx of extracellular calcium into the
neutrophil. We considered the possibility that under cer-
tain circumstances an increase in intracellular calcium may
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affect neutrophil migration and thus studied the effect of
thapsigargin on said migration.

MATERIALS AND METHODS
Isolation of Human Neutrophils

Neutrophils were isolated from the buffy coat of blood of
healthy donors. The buffy coat was diluted with a 4-fold
volume of heparinized medium and layered on top of
Ficoll-amidotrizoate (d 5 1.077). After centrifugation, the
pellet was resuspended and starch was added to sediment
erythrocytes. After sedimentation, the neutrophil-contain-
ing supernatant was collected and centrifuged. The remain-
ing erythrocytes were removed by hypotonic hemolysis and
the neutrophils suspended in medium. The cells comprised
more than 95% neutrophils and were more than 99%
viable, as determined with trypan blue exclusion. The
medium used consisted of 140 mM NaCl, 5 mM KCl, 10
mM glucose, 0.5% BSA, and 20 mM HEPES pH 7.3. Unless
otherwise stated, the medium was supplemented with 1 mM
Ca21 and 1 mM Mg21 during the experiments. The final
cell suspension during the experiments contained 3 3 106

neutrophils per mL.

Electroporation of Neutrophils

Neutrophils were electroporated as described previously
[26]. The electropermeabilization procedure was carried out
at room temperature. When permeabilization was per-
formed at 0°, the cells were not able to migrate. Neutrophils
(3 3 106 per mL) in permeabilization medium (135 mM
KCl, 1 mM MgCl2, 1 mM CaCl2, 20 mM HEPES pH 7.0,
10 mM glucose, and 0.5% BSA) were placed in the cuvette
of a Biorad Gene Pulser. The cells were exposed to two
discharges of 14.75 kV/cm from a 25 mF capacitor. Between
the two discharges the cell suspension was stirred with a
plastic pipette. After permeabilization and mixing, 0.2 mL
of the suspension was placed in the upper compartment of
a Boyden chamber. When electroporated neutrophils were
compared with control neutrophils, the latter cells were
also suspended in permeabilization buffer. Unless otherwise
indicated, 1 mM Ca21 was included in the medium during
the experiments, because this concentration of Ca21 did
not require the use of calcium buffers, and migration is
optimal at this concentration.

Neutrophil Migration

Cell migration was measured with the Boyden chamber
technique, as described by Boyden [27] and modified by
Zigmond and Hirsch [28]. The two compartments of the
chamber were separated by a cellulose acetate Millipore
filter with a pore size of 3 mm. Medium supplemented with
1 mM Ca21, 1 mM Mg21, and 0.5% BSA was present in
both the upper and lower compartments, unless otherwise
indicated. Neutrophils were placed in the upper compart-
ment of the chamber, followed by incubation for 40 min at

37°. After migration, the filters were fixed and stained, and
the distance travelled in micrometers into the filter was
determined according to the leading front technique [28].
Chemotactic assays were carried out in duplicate, and the
migration distance of the neutrophils was determined at
five different filter sites. The following chemoattractants
were used: fMLP; IL-8; leukotriene B4 (LTB4); phorbol
12-myristate 13-acetate (PMA); dioctanoylglycerol (diC8),
and the diacylglycerol kinase inhibitor R59022. The che-
moattractants were prepared as a stock solution in DMSO;
before the experiment a dilution in medium was made. The
final concentration of DMSO was always lower than 0.4%.

Cyclic AMP Assay

Neutrophils (final concentration 2 3 107 cells per mL)
were exposed to reagents at 37° for the indicated times.
Subsequently, 1 mL 3.5% perchloric acid was added, and
the resulting mixture was stored overnight in the freezer.
The solution was neutralized by adding 0.5 mL saturated
(22°) NaHCO3. After 10 min, the mixture was centrifuged
for 3 min at 1100 g. To 50 mL of the supernatant 50 mL of
radioactive cAMP and 100 mL antibody from the radioim-
munoassay kit (Amersham) were added. After mixing, the
solution was kept on ice for 120 min, after which 100 mL
ice-cold charcoal suspension was added. The solution was
mixed, kept on ice for a further 2 min, and centrifuged. To
200 mL of the supernatant 10 mL scintillation fluid (Emul-
sifier Scintillator Plus, Packard) was added, and the mixture
was counted in the scintillation counter. Known amounts
of cAMP were treated in the same way as the cells and were
used for the calibration curve.

Statistical Analysis

All mean values for the chemotactic assays are arithmetical
means 6 SEM of four experiments. In those cases where
random or activated migration was considerably different
for different cell batches, values were expressed as percent-
ages of control. Significances were calculated with the
Student’s t-test; a value of P , 0.05 was considered
statistically significant.

RESULTS
Effect on Migration

Thapsigargin inhibited IL-8-activated chemotaxis in the
nanomolar range, with the level of random migration being
reached at a concentration of 1 mM Tg. Chemotaxis
activated by fMLP was also inhibited by Tg, but here higher
concentrations of Tg were required to obtain the same
degree of inhibition as with IL-8 (Fig. 1). Various groups
have shown that in addition to the classical receptor-
mediated chemoattractants such as IL-8, fMLP, and leuko-
triene B4 (LTB4), activators of protein kinase C may induce
chemotaxis [29–31]. Migration induced both by receptor-
mediated chemoattractants and by protein kinase C-medi-
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ated activators was inhibited by Tg. Of all activators,
fMLP-induced chemotaxis proved the most resistant
against Tg (Fig. 2). Remarkably, very low concentrations of
Tg gave a slight but significant enhancement of neutrophil
migration. Stimulation of migration by Tg (in the absence
of other chemoattractants) was maximal at a concentration
of 10 nM Tg decreasing again at higher Tg concentrations
(Fig. 3). The effect of Tg was time-dependent. Without
preincubation of cells with Tg, there was little inhibition of
IL-8-activated migration by a concentration of Tg which

gave a moderate inhibition after 15 min. Preincubation of
the cells for 15 min gave an inhibition which only slightly
increased upon prolonged preincubation. Inhibition was
considerably lower when Tg was removed after preincuba-
tion, i.e. before the chemotaxis experiment. The degree of
inhibition was not dependent on the presence of calcium
during preincubation (results not shown). Other inhibitors
of Ca21-ATPase, namely CPA and DBHQ, also inhibited
IL-8-activated chemotaxis, but only at relatively high
concentrations (Fig. 4). Even a concentration of 1 mM
CPA or 2.5 mM DBHQ gave less inhibition than 0.1 mM
Tg.

Role of Extracellular Calcium

IL-8-activated chemotaxis was possible in the absence of
extracellular Ca21. Migration was only slightly less —about
5 mm— than in the presence of extracellular Ca21, and this
is probably a reflection of the effect of divalent ions on
random migration; random migration in the absence of
Ca21 was also slightly less than in the presence of this ion,
while the stimulation by IL-8 was constant. It appeared that
inhibition by Tg only occurred in the presence of extracel-
lular calcium, while stimulation by IL-8 in the absence of
calcium was only slightly affected. The same phenomenon
occurred with inhibition by CPA and DBHQ (Fig. 4).
Pretreatment of neutrophils with Tg in the absence of
Ca21, followed by chemotaxis in the presence of calcium,
gave about the same inhibition as when the preincubation
was carried out in the presence of Ca21: migration went
down from 96.5 6 2.1 mm (no Tg) to 54.4 6 1.8 mm (with
0.1 mM Tg). The role of extracellular calcium in the
inhibition of migration by Tg was specific for calcium;

FIG. 1. The effect of increasing concentrations of thapsigargin
on IL-8 (–E–)-or fMLP (–‚–)-activated migration. Random
migration was 50.1 6 2.1 mm. Values for thapsigargin concen-
trations higher than 0.04 mM are significant different (P <
0.05) from control for IL-8; values for thapsigargin concentra-
tions higher than 0.4 mM are significantly different (P < 0.05)
from control for fMLP. Values represent ne means 6 SEM, N 5
4.

FIG. 2. Inhibition of migration, activated by different chemoat-
tractants, by 0.1 mM thapsigargin. Concentrations (activator
present in the lower compartment of the Boyden chamber):
fMLP, 1029 M; IL-8, 4.1029 M; leukotriene B4 (LTB4),
2.1029 M; phorbol 12-myristate 13-acetate (PMA), 10210

g/mL; dioctanoylglycerol (diC8), 50 mM; R59022, 50 mM. *,
P < 0.05; **, P < 0.01, as compared with control (no
thapsigargin). Values represent the means 6 SEM, N 5 4.

FIG. 3. Stimulation of migration by low concentrations of
thapsigargin. Thapsigargin was present in the lower compart-
ment of the Boyden chamber only. When 10 nM thapsigargin
was present in both compartments of the Boyden chamber,
migration was 51.8 6 2.1 mm. *, P < 0.05; **, P < 0.01, as
compared with control (no thapsigargin). Values represent the
means 6 SEM, N 5 4.
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inhibition of migration did not occur when only magne-
sium was present (Fig. 4) or when calcium was replaced by
strontium or barium, two ions which can replace calcium in
some neutrophil functions [26] (Table 1). A number of
calcium channel blockers were tested to see whether the
inhibitory effect of Tg could be prevented. All agents tested
had only a slight effect on IL-8-activated migration. La31

nearly completely prevented the inhibitory effect of Tg:
econazole, verapamil, and SK&F 96365 gave a moderate
prevention, while gadolinium chloride and Ni21 were only
slightly effective (Table 2). Neutrophils retained the capac-
ity to migrate (at least to a large extent) when they were
electroporated at room temperature. This enabled us to
study the importance of intracellular (cytosolic free) cal-
cium in Tg-induced inhibition of IL-8-activated migration.

The calcium concentration was imposed with calcium–
EGTA buffers [32]. As a comparison the Ca21 dependence
of IL-8-activated chemotaxis was measured. It appeared
that the effect of IL-8-activated migration was hardly
dependent on Ca21. Tg-induced inhibition of IL-8-acti-
vated migration was strongly dependent on intracellular
free calcium, with the strongest increase in inhibition
calcium concentrations between 100 nM and 1 mM (Fig.
5).

Involvement of cAMP

Because cAMP is known to be a potential inhibitor of
neutrophil migration, we considered the possibility that it is

FIG. 4. The role of extracellular Ca21 during inhibition of
IL-8-activated migration by inhibitors of Ca21-ATP-ase. Cells
were preincubated with the indicated concentration of inhibitor
for 15 min, after which they were placed in the upper compart-
ment of the Boyden chamber. IL-8 (4 3 1029 M) was present
in the lower chamber. Tg, thapsigargin; CPA, 1 mM cyclopia-
zonic acid; DBHQ, 2.5 mM 2,5-di-(tert-butyl)-1,4-benzohydro-
quinone. Random migration was 53.7 6 2.0 mm in the presence
of Ca21 and 49.6 6 1.9 mm in the presence of EGTA. In all
cases, 1 mM Mg21 was present during the experiment. **, P <
0.01, as compared with control (no thapsigargin). Values rep-
resent the means 6 SEM, N 5 4.

TABLE 1. Comparison of the effect of calcium and other
divalent cations on inhibition of IL-8-activated migration by
thapsigargin

Migration (mm)

2
10.1 mM

Tg

EGTA 90.3 6 1.9 89.2 6 2.0
Ca21 95.2 6 2.1 56.5 6 1.8
Sr21 92.8 6 2.0 92.5 6 1.9
Ba21 95.7 6 2.1 95.5 6 2.1

Cells were preincubated with or without thapsigargin (Tg) for 15 min at 37° and then
placed in the upper compartment of the Boyden chamber. The concentration of
EGTA was 50 mM, while that of the divalent cations was 1 mM; in all cases 1 mM
Mg21 was present. IL-8 (4 3 1029 M) was present in the lower compartment of the
Boyden chamber. Random migration under these conditions was 51.1 6 1.9 mm.

TABLE 2. The effect of some calcium channel blockers on
inhibition of IL-8-activated migration by thapsigargin

Migration (mm)

2
10.1 mM

Tg

2 100 6 2 49 6 2
La31 (20 mM) 96 6 3 92 6 2
Econazole (30 mM) 96 6 2 62 6 3
Gadolinium chloride (1 mM) 94 6 1 54 6 2
SK&F 96365 (30 mM) 98 6 2 67 6 1
Ni21 (100 mM) 97 6 2 50 6 2
Verapamil (10 mM) 99 6 1 65 6 3

Cells were preincubated in the presence of the calcium channel blockers with or
without thapsigargin (Tg) for 15 min at 37°, and then placed in the upper
compartment of the Boyden chamber. IL-8 (4 3 1029 M) was present in the lower
compartment of the Boyden chamber. Values are expressed as a percentage of
migration towards IL-8 without additions.

FIG. 5. The effect of increasing Ca21 concentrations on IL-8-
activated migration of electroporated neutrophils in the absence
of inhibitors (–●–), in the presence of 0.1 mM thapsigargin (Tg)
(–E–), or in the presence of 20 mM cAMP (–‚–). Ca21

concentrations between 10 nM and 10 mM were prepared by
mixing EGTA and EGTA–Ca21 solutions, thus obtaining buff-
ered calcium concentrations. Higher concentrations of Ca21

were not buffered. Migration in the presence of 1 mM Ca21

(maximal migration) was 75.8 6 2.1 mm; random migration was
25.6 mm in the absence of Ca21 and 31.3 mm in the presence of
1 mM Ca21. Values represent the means 6 SEM, N 5 4.
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involved in the inhibitory effect of Tg. A transient increase
in the cAMP level resulted upon treatment of neutrophils
with Tg (Fig. 6). The increase was maximal after 1 min, and
decreased slowly with time. Previously, we found that
cAMP inhibited migration of electroporated neutrophils
(although very low concentrations were stimulating) [33];
electroporated cells were thus used herein to enable cAMP
to enter the cell. We considered the calcium-dependency of
cAMP-induced inhibition, and found that this dependency
resembled to some degree that of Tg (Fig. 5). The difference
in dependency observed might depend on the concentra-
tion or compartmentalization [34] of cAMP. We considered
the possibility that other divalent cations such as Sr21 and
Ba21 could substitute for Ca21. IL-8 gave stimulation of
migration in the presence of Sr21 and Ba21, with this
stimulation not being significant inhibited by cAMP (Ta-
ble 3).

DISCUSSION

The results clearly show that Tg can inhibit neutrophil
migration and that this inhibitory effect is associated with
the ability of Tg to inhibit the Ca21-ATP-ase of intracel-
lular calcium stores. This can be deduced from the obser-
vation that besides Tg, compounds with a completely
different chemical structure such as CPA and DBHQ also
inhibit neutrophil migration. The specificity of Tg, CPA,
and DBHQ as inhibitors of the Ca21-ATPase of calcium
stores and the similarity in the pattern of inhibition of
migration by these agents indicate that the first step of
inhibition of migration is the blockade of this Ca21-
ATPase. The inhibition of Ca21-ATPase by Tg causes
calcium to be released into the cytosol and the stores to be
depleted. The depletion of the stores results in an influx of
extracellular Ca21, or store-regulated calcium influx
[9–15]. The inhibitory effect of Tg on migration was
absolutely dependent on extracellular Ca21 (either derived
from the influx in intact cells or application of a calcium
buffer in electroporated cells), indicating that this ion
played a decisive role in the process. Extracellular calcium
is required inside the cell, because inhibition of calcium
fluxes with calcium blockers prevented Tg-induced inhibi-
tion of migration. Furthermore, the experiment with elec-
troporated neutrophils showed that inhibition by Tg could
only be achieved by relatively high calcium concentrations,
which cannot be attained by the release of Ca21 from
internal stores alone. The effect is quite specific to Ca21,
because similar ions such as Sr21 or Ba21 have no effect,
although these ions are able to substitute for Ca21 in some
neutrophil functions such as exocytosis [26]. Although the
experiment with calcium channel blockers is indicative of a
role for calcium influx, the sequence of the magnitude of
reversing Tg-induced inhibition is somewhat surprising.
Both gadolinium chloride and imidazoles block Tg-induced
Ca21 influx quite effectively [35], but they were less
effective than La31 in our experiments in reversing Tg-
induced inhibition of migration; in contrast, verapamil had
some effect on Tg-induced inhibition of migration but little
effect on Ca21 influx.

Under certain conditions, an enhancement of calcium in
the cell is associated with inhibition of migration. This
view is further supported by a number of data from the
literature, which show that a variety of substances with
completely different structures all have the ability to
enhance cytosolic free Ca21 and inhibit migration in
neutrophils, while at the same time priming or stimulation
exocytosis and respiratory burst [19–25]. However, calcium
alone is not inhibitory; the results with electroporated cells
show that neutrophils migrate maximally at high calcium
concentrations. Furthermore, many chemotactic agents
cause an increase in cytosolic free calcium, although the
maximal effect mostly occurs at concentrations which are
higher than those required for optimal chemotaxis. In the
experiment with electroporated cells, there was only an
inhibition of chemotaxis at a given calcium concentration

FIG. 6. Time–course of the effect of thapsigargin on the cAMP
level in the neutrophil. (–E–) 0.1 mM thapsigargin; (–‚–):
control. *: P < 0.05; **: P < 0.01, as compared with control
(no thapsigargin). Values represent the means 6 SEM, N 5 4.

TABLE 3. Comparison between the effect of calcium and
other divalent cations on inhibition of IL-8-activated
migration of electroporated cells by cAMP

Migration (mm)
A B C

— IL-8 IL-8 1 20 mM cAMP

EGTA 29.3 6 2.1 68.0 6 1.9 67.6 6 2.1
Ca21 31.7 6 2.0 71.4 6 2.3 35.7 6 2.0
Sr21 21.8 6 2.0 63.6 6 1.8 59.9 6 2.3
Ba21 24.8 6 2.5 56.0 6 2.2 55.5 6 1.9

The following parameters were measured: A, random migration; B, IL-8-activated
migration; and C, IL-8-activated migration in the presence of an inhibitory
concentration (20 mM) of cAMP. The concentration of EGTA was 50 mM, while
that of the divalent cations was 1 mM; in all cases 1 mM Mg21 was present. IL-8 (4
3 1029 M) was present in the lower compartment of the Boyden chamber.
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when Tg was present. The results of the experiments with
electroporated cells also make it unlikely that negative
interaction between Tg and chemotactic factors [36], by
interfering with calcium pumping or with store-operated
Ca21 entry, is the cause of Tg-induced inhibition of
migration. Neutrophils are apparently quite able to migrate
when there is a high cytosolic free calcium concentration.
Thus, it is clear that calcium is not the direct cause of
inhibition, but only permits another agent to act as inhib-
itor. Therefore, there must be another effect of Tg, in
addition to its effect on the cellular calcium level, which, in
combination with calcium, is responsible for inhibition. Tg
causes an increase in the cellular cAMP level. Cyclic AMP
is known to cause inhibition of migration, although the
precise mechanism of action is still unknown, in particular
the extent to which compartmentalization of cAMP is
involved [33,34,37]. Inhibition of migration by cAMP is
calcium-dependent, and resembles the calcium dependency
of Tg-induced inhibition. It is tempting to speculate that
cAMP is involved in Tg-induced inhibition of migration.
According to this hypothesis, Tg would cause an increase in
the cAMP level and a release of calcium from intracellular
stores. This would, in turn, casue an influx of extracellular
calcium which would be large enough to make an inhibi-
tion of IL-8-activated migration by cAMP possible. This
hypothesis is supported by the finding that very low
concentrations of Tg stimulate neutrophil migration signif-
icantly, albeit not to a large extent. A comparable effect is
observed for cAMP: low concentrations give a slight
stimulation of migration (in the absence of other chemoat-
tractants), while high concentrations inhibit migration
activated by chemoattractants [33]. This view is further
supported by the observation that neither thapsigargin nor
cAMP inhibits IL-8-activated migration in the presence of
Sr21 or Ba21.
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