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Abstract

Background Activated eosinophils play an important role in the pathogenesis of bronchial

asthma and other allergic diseases, and platelet-activating factor (PAF) is a potent activator

of eosinophils.

Objective To characterize the cytosolic Ca2� ([Ca2�]i) mobilization in human eosinophils

in response to PAF.

Methods [Ca2�]i responses to PAF were examined in human eosinophils using a micro-

scopic fura-2 ¯uorescence-ratio imaging system.

Results PAF caused a signi®cant and dose-dependent increase in (Ca2�)i, which consisted

of an initial rapid rise followed by a sustained elevation. This PAF-induced (Ca2�)i rise was

inhibited by WEB 2086, a speci®c PAF receptor antagonist. The addition of 5 mM EGTA or

1 mM Ni2� to a nominally Ca2�-free solution did not appreciably reduce the initial rise but

signi®cantly inhibited the sustained rise. The application of a protein kinase C inhibitor,

Ro31-8220, augmented the sustained increase by PAF. Thapsigargin, a microsomal Ca2�

ATPase inhibitor, induced no appreciable change in a nominally Ca2�-free solution but

induced a marked increase in (Ca2�)i when changed to a Ca2�-containing solution.

Conclusions The initial rapid rise and the following sustained rise in (Ca2�)i by PAF

depends on Ca2� release from the intracellular Ca2� stores and Ca2� in¯ux, respectively,

which are regulated by protein kinase C in human eosinophils. Furthermore, the so called

Ca2�-capacitative entry is possibly involved in the Ca2� in¯ux from the extracellular

solution in human eosinophils.
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Introduction

Eosinophils play an important role in the pathogenesis of

bronchial asthma and other allergic diseases. Eosinophil

in®ltration is observed at sites of in¯ammation, and the

granule proteins are released from activated eosinophils in

response to different stimuli [1,2]. However, the signal

transduction pathways through which human eosinophil

responses to in¯amatory mediators are effected are not

completely understood. Platelet-activating factor (PAF) is

a potent eosinophil-activating substance, which is synthesized

and released by several in¯ammatory cells [3] and has

been reported to induce phosphoinositide metabolism

mediated by GTP-binding proteins and to form inositol

1,4,5-trisphosphate (IP3) [4,5]. In many other cells, IP3

causes an increase in the intracellular-free Ca2� concentra-

tion ([Ca2�]i) due to Ca2� release from intracellular Ca2�

stores, followed by a sustained Ca2� in¯ux [6]. In guinea pig

peritoneal eosinophils, it has been reported that the PAF-

induced elevation of [Ca2�]i arises mainly from the in¯ux of

extracellular Ca2� rather than from the Ca2� release from

intracellular Ca2� stores [7], although a highly signi®cant

positive correlation was found between the peak increase in

IP3 and the peak rise in [Ca2�]i [8]. Furthermore, in a variety
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of nonexcitable cells other than eosinophils, release or

depletion of Ca2� from IP3-sensitive stores activates Ca2�

in¯ux or entry from the extracellular solution [6,9,10].

However, it is still unknown if a mechanism similar to the

so-called Ca2�-capacitative entry is also active for the Ca2�

in¯ux in human eosinophils. Namely, there have no or few

studies that have focused on the precise mechanism of Ca2�

mobilization in human eosinophils. In the present study we

therefore examined the [Ca2�]i responses to PAF in human

eosinophils using a microscopic fura-2 ¯uorescence-ratio

imaging system.

Materials and Methods

Materials

O, O-Bis(2-aminoethyl)ethyleneglycol-N, N, N, N-tetraacetic

acid (EGTA), piperazine-N, N0-bis(2-ethanesulphonic acid)

(PIPES), N-2-hydroxy ethyl-piperazine-N0-2-ethansulphonic

acid (HEPES), and fura-2 acetoxymethyl ester (fura-2/AM)

were obtained from Dojindo Chemical Co (Kumamoto,

Japan). Ethylenediamine tetraacetic acid (EDTA), PAF,

human albumin, thapsigargin and Hanks' balanced salt

solution (HBSS) (ordinary and without calcium chloride

and magnesium sulphate) were purchased from Sigma (St

Louis, MO, USA). Dextran T500 and polyvinylpyrrolidine-

coated silica gel (PercollÒ) were purchased from Pharmacia

(Uppsala, Sweden). Bovine serum albumin was obtained

from Boehringer Mannheim (Mannheim, Germany). Cremphor

EL was purchased from Nakarai Chemicals Ltd, (Kyoto,

Japan). WEB 2086 and Ro31-8220 were kind gifts from

Boehringer Ingelheim (Ingelheim, Germany) and Roche

Products Ltd, (Welwyn Garden City, UK), respectively.

All other reagents were of the highest quality.

Cell preparation

The puri®cation of eosinophils was as described previously

[11] with slight modi®cations. In brief, 30 mL of venous

blood was obtained from nonatopic volunteers and mixed

with 10 mL of 3% Dextran T500 in divalent cation-free or

Ca2�/Ma2�-free phosphate-buffered saline with 10 mM

EDTA. After sedimentation of the cells for 30 min, the

dextran-plasma was collected and centrifuged at 400 g for

8 min. The pellets were washed three times with PIPES

solution containing 120 mM NaCl, 5 mM KCl, 25 mM

PIPES, and 0.3% bovine serum albumin (pH 7.3), and

resuspended in Percoll solution (1.070 g/mL). Percoll solu-

tions of 1.124 and 1.087 g/mL were then prepared and

layered successively into a 50-mL polycarbonate tube

using a peristaltic pump. The tube was centrifuged at

1300 g for 20 min (20 8C), resulting in the separation of

the suspension into two distinct bands. The lower band was

collected, washed three times with a PIPES solution, resus-

pended and kept on ice until each fura-2/AM loading. The

purity of specimens ranged from 90 to 98% (mean, 95%),

and the viability of the specimens judged by trypan blue

exclusion test was more than 95% during the course of the

experiments, which were performed within 4 h.

[Ca2�]i measurement

[Ca2�]i measurement was performed as previously

described [12] with slight modi®cations. In brief, 20 mL

of the cell suspension was transferred into a Petri dish with a

cover glass bottom. Sedimentation of the cells occurred

within a few minutes and the dish was then incubated with

PIPES solution containing 5 mM fura-2/AM for 1 h at 37 8C.

In addition, we added Cremphor EL (®nal concentration,

0.02%) to the fura-2/AM; this permitted uniform loading

without detectable compartmentalization of fura-2. After

loading, the settled cells were washed three times with

HBSS containing either 1 mM Ca2� with Mg2�, or contain-

ing 1.8 mM (ordinary) Ca2�, and buffered with 10 mM

HEPES (HBSS, pH 7.4). The dish was then transferred to

the stage of a TMD-inverted microscope (Nikon, Tokyo,

Japan) where the temperature of the solution was kept

constant at 37 8C. On the stage, cells were incubated in

either 1 or 1.8 mM Ca2� HBSS for 15 min before PAF

application. We chose these concentrations of Ca2� since

the 1 mM Ca2� solution was used in guinea pig eosinophils

[7] and 1.8 mM Ca2� was the Ca2� concentration of ordinary

HBSS. In some experiments the solution was exchanged

with HBSS containing 5 mM EGTA or 1 mM NiCl with no

additional Ca2� 3 min before the PAF application. In some

other experiments, either WEB 2086, a PAF receptor

antagonist [13], or Ro31-8220, a protein kinase C inhibitor

[14], was applied 5 min before PAF stimulation.

In order to measure [Ca2�]i, cells were illuminated

alternately at 360 and 380 nm (slit width � 10 nm) using a

microscopic dual-wavelength ¯uorometer (CAM-230, Jasco

Corp, Tokyo, Japan). An electric shutter was used to restrict

the illumination to the duration of the data sampling. The

excitation light was de¯ected with a dichroic mirror through

a ´40 objective (NCF Fluor, NA� 0.85, Nikon). Fluores-

cence emission was collected through a 510-nm band pass

®lter (20 nm band width) with a SIT video camera (C2400,

Hamamatsu Photonics Corp, Hamamatsu, Japan) connected

to an image processor (Argus-50/Ca, Hamamatsu Photonics

Corp) and a computer (MAXY-DT2, Mitsubishi Electric

Corp, Tokyo, Japan). An average of 32 frames at each

wavelength were collected every 10 s in the preliminary

experiments, and the peak responses of [Ca2�]i were

observed 8±10 s after the application of PAF. The averaged

images were background-subtracted and divided pixel-

by-pixel to yield ratio images, which were stored on a
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rewritable optical disk unit (ME-5U1, Mitsubishi Electric

Corp, Tokyo, Japan) for off-line analysis. In addition, the

regional unevenness of sensitivity of the video camera was

corrected by a `shading' procedure in which 200 mM fura-2

solution with K-aspatate at 0.1 mM Ca2� (buffered with total

of 4 mM EGTA) was used as a standard. [Ca2�]i was

estimated for the average ratios of rectangular regions of

individual cells using the equation

�Ca2�
�i � Kdf�R ÿ Rmin�=�Rmax ÿ R�gb

Each value was determined according to the method by

Scanlon et al [15]. Rmax was measured as the R-value of

intact cells perfused with 20 mM ionomycin and HBSS

containing 1.8 mM CaCl2. Rmin was determined as the

R-value of the cells perfused with 20 mM ionomycin and

HBSS in the presence of 5 mM EGTA without any additional

Ca2�. b was determined as the ¯uorescence intensity ratio at

380 nm in zero (5 mM EGTA) and saturating (1.8 mM) Ca2�.

Kd is the dissociation constant of fura-2 for Ca2�, assumed

to be 224 nM [16] at 37 8C. PAF was applied to the

eosinophils within 300 ms by using the `Y-tube' method

according to Wakamori et al [17]. Since the eosinophils

were ®rmly attached to the cover glass even during the

application of rapid perfusion, the rectangular regions

for [Ca2�]i measurements of individual cells did not

appreciably change during the course of the experiments.

This was con®rmed by the consistent ratio results, deter-

mined by different investigators at different times. The

vehicle for PAF alone (methanol, maximum concentration

to be 0.001%) did not induce any appreciable increase in

[Ca2�]i.

Statistical analysis

In each experiment, [Ca2�]i was obtained as the mean

[Ca2�]i of 5±6 cells and the data were expressed as the

mean � SE of 5±7 experiments. Comparisons were per-

formed using the same samples when any comparison of the

data was required. Statistical analysis of data was performed

with Student's t-test, and the Cochran±Cox t-test was used

when Bartletts test for uniformity of variance showed it to

be non-uniform. A value of P < 0.05 was considered to be

signi®cant.

Results

First, we examined the PAF-induced Ca2� responses of

human eosinophils in HBSS containing 1 mM Ca2�. In this

solution, 0.1±100 nM PAF induced a rapid increase in

[Ca2�]i followed by a steady plateau increase, and both

increases were blocked by 2 mM WEB 2086, a speci®c PAF

receptor antagonist [13]. The eosinophils were then pre-

incubated with 1 mM Ca2� HBSS for 15 min and the solution

was changed to 5 mM EGTA HBSS. The baseline [Ca2�]i

was not altered but both the rapid-initial and steady-state

[Ca2�]i responses were signi®cantly inhibited by 5 mM

EGTA, although a small initial increase was transiently

observed (Fig. 1). This ®nding was consistent with previous

results observed in guinea pig eosinophils [7].

In the following routine experiments, we examined PAF-

induced [Ca2�]i responses when the cells were incubated

with 1.8 mM Ca2�. As illustrated in Fig. 2, PAF caused a

rapid increase in [Ca2�]i, which reached a peak in 10 s

PAF-induced Ca2� mobilization in human eosinophils 701
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Fig. 1. Effect of EGTA on PAF-induced [Ca2�]i changes in 1 mM

Ca2�. The eosinophils were incubated for 15 min in HBSS with

1 mM Ca2� , further treated with either 1 mM Ca2�-HBSS

(L, control) or 5 mM EGTA-HBSS (P), and then stimulated with

100 nM PAF. Mean 6 SE of ®ve experiments. *P < 0.05 as com-

pared with control.

Fig. 2. Effect of WEB 2086 on PAF-induced [Ca2�]i elevation in

1.8 mM Ca2�. The eosinophils were incubated for 5 min in the

presence of 20 mM WEB 2086 (O) or vehicle (K, control), and then

stimulated with 100 nM PAF. Mean 6 SE of ®ve experiments.

*P < 0.05 and as compared **P < 0.01 with control.



and was followed by a sustained rise. The PAF-induced

(10±100 nM) [Ca2�]i rises of both the initial and sustained

phases were signi®cantly inhibited by 2±20 mM WEB 2086,

indicating that these also were caused via speci®c PAF

receptors (Fig. 2).

We then examined the dose response and effect of EGTA

on the PAF-induced [Ca2�]i responses in HBSS containing

1.8 mM Ca2� or 5 mM EGTA with no additional

Ca2� (Fig. 3). PAF (0.1±100 nM) dose-dependently increased

[Ca2�]i with a rapid peak followed by the steady-state

responses. When the eosinophils were pre-incubated with

HBSS containing 1.8 mM Ca2� and the solution was then

changed to that containing 5 mM EGTA with no additional

Ca2�, the PAF-induced [Ca2�]i initial rise was not signi®-

cantly different from that in the presence of 1.8 mM Ca2�,

whereas the sustained rise was signi®cantly inhibited

(Fig. 3). Since Ni2� has been reported to inhibit the PAF-

induced Ca2� in¯ux in guinea pig eosinophils [7], we

examined the effect of Ni2� on the PAF-induced [Ca2�]i

response in human eosinophils pre-incubated with 1.8 mM

Ca2� HBSS. As illustrated in Fig. 4, the addition of 1 mM

Ni2� in place of Ca2� did not signi®cantly inhibit the initial

phases of the PAF-induced Ca2� response, whereas the

sustained rise was signi®cantly inhibited. These results

indicate that the PAF-induced [Ca2�]i initial and sustained

elevations depend mainly on intracellular Ca2� stores and

Ca2� in¯ux from the extracellular solution, respectively, in

human eosinophils when these cells are pre-incubated with

1.8 mM Ca2�.

Although the role of protein kinase C has been studied

mostly in other cells [18], there are few studies that

examined the effect of protein kinase C on the Ca2�

mobilization in human eosinophils [19]. Therefore, we

examined the effect of a speci®c protein kinase C inhibitor,

Ro31-8220 [14], on the [Ca2�]i response induced by PAF.

Ro31-8220 at 10 mM was applied 5 min before the addition

of 100 nM PAF. The baseline [Ca2�]i level increased slightly

and the application of PAF promptly evoked an elevation of

[Ca2�]i that was signi®cantly prolonged for more than 1 min

(Fig. 5). In order to determine whether the prolonged

elevation of [Ca2�]i by the addition of Ro31-8220 was

due to the increase of Ca2� in¯ux by the inhibition of

protein kinase C, we examined the effect of extracellular

Ca2� on this sustained [Ca2�]i elevation. Eosinophils

exposed to 10 mM Ro31-8220 for 5 min were stimulated

with 100 nM in either HBSS containing 1.8 mM Ca2� or

Ca2�-free HBSS with 5 mM EGTA. The prolonged elevation

of [Ca2�]i was signi®cantly inhibited by the addition of

EGTA, whereas there was no signi®cant difference between

the initial [Ca2�]i rise in the presence of 1.8 mM Ca2� and

that in Ca2�-free HBSS with 5 mM EGTA. These results

indicate that inhibition of protein kinase C caused an

augmentation in the sustained elevation of the PAF-induced

[Ca2�]i. This conclusion is consistent with the fact that the

Ca2� in¯ux is negatively regulated by protein kinase C in

human neutrophils [16].

Thapsigargin, a Ca2� ATPase inhibitor of the intracellu-

lar IP3-sensitive Ca2� store, has been known to deplete the

IP3-sensitive Ca2� store and greatly increase Ca2� in¯ux in

other cells, although the mechanism of activation of this so

called capacitative entry is not well understood [6,9,10]. To

determine whether a similar mechanism is active in human

eosinophils, we examined the effects of thapsigargin and

extracellular Ca2� on [Ca2�]i. Eosinophils were treated with
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Fig. 3. Effect of EGTA on PAF-induced [Ca2�]i in 1.8 mM Ca2�.

The eosinophils were perfused with 5 mM EGTA and stimulated

with 100 nM PAF as shown (X). Mean 6 SE of 6±7 experiments.

*P< 0.05 and **P < 0.01 as compared with control (W).

Fig. 4. Effect of Ni2� on the [Ca2�]i-rise by 100 nM PAF. The

experimental protocol was the same as that of Fig. 3 except that

5 mM EGTA was replaced with Ni2� (B). *P < 0.05 and **P < 0.01

as compared with control (W). Mean 6 SE of ®ve experiments.



1 M thapsigargin in a Ca2�-free HBSS that was changed to

HBSS containing 1.8 mM Ca2� 4 min after the application of

the thapsigargin. As shown in Fig. 6, a marked increase in

[Ca2�]i of eosinophils was observed when the Ca2�-free

solution was changed to the Ca2�-containing one.

Discussion

In the present experiments, PAF evoked an initial [Ca2�]i

elevation that was signi®cantly inhibited by 5 mM EGTA

when the eosinophils were incubated with 1 mM Ca2�. This

result was consistent with that observed in guinea pig

peritoneal eosinophils using an extracellular solution with

1 mM Ca2� [7]. In contrast, the initial increase was not

inhibited with EGTA or Ni2� when the eosinophils were

exposed to 1.8 mM Ca2�, indicating that the major source of

the initial [Ca2�]i elevation was the intracellular Ca2�

stores. These responses to PAF in both 1 mM Ca2�- and

1.8 mM Ca2�-containing solutions were signi®cantly inhib-

ited by WEB 2086, indicating that these responses were

evoked through a PAF receptor-mediated mechanism.

Although we have no direct evidence, we can speculate

on the inhibition of the initial increase by EGTA in a 1-mM

Ca2�-containing solution. There have been some reports

describing a mechanism for coupling between extracellular

[Ca2�]i and the release of Ca2� from intracellular stores,

and reduced extracellular [Ca2�]i has been reported to

induce the release of Ca2� from intracellular stores in

other cells [20,21]. Therefore, it seems likely that, during

the incubation in 1 mM Ca2� solution, the intracellular Ca2�

stores were decreased, resulting in the apparent inhibition

by EGTA in human eosinophils.

PAF has been shown to induce the accumulation of IP3

after stimulation of the PAF receptor [5]. Generally, recep-

tor-ctivated Ca2� mobilization via the inositol phosphate

Ca2� signalling system involves two phases: (1) Ca2�

release from intracellular Ca2� stores and (2) a more

prolonged phase of extracellular Ca2� entry. The present

experiments con®rmed the presence of these two phases in

the Ca2� signalling of human eosinophils. The second phase

is presumed to be coupled to the depletion of intracellular

Ca2� stores by IP3, and this process is termed `capacitative

Ca2� entry' [6]. The present experiment using thapsigargin

showed this capacitative Ca2� entry in the Ca2� mobiliza-

tion of human eosinophils. Furthermore, the low concentra-

tion of extracellular [Ca2�]i may have facilitated the Ca2�

entry by the stimulated release and resultant decrease in the

intracellular Ca2� stores as described above.

N-formyl-methionyl-leucyl-phenylalanine (FMLP) has

been shown to induce a biphasic rise in [Ca2�]i in human

neutrophils [18]. The initial phase is not appreciably

affected by a protein kinase C inhibitor, staurosporine,

although the second phase is markedly increased by this

PAF-induced Ca2� mobilization in human eosinophils 703
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Fig. 5. The effect of Ro31-8220, a protein kinase C inhibitor, on

PAF-induced [Ca2�]i changes. The experimental protocol was the

same as that of Fig. 3 except that the eosinophils were incubated for

5 min with 10 mM Ro31-8220 (O) or vehicle (W) and stimulated

with 100 nM PAF. Mean 6 SE of ®ve experiments. *P< 0.05 as

compared with control.

Fig. 6. Effect of thapsigardin and extracellular Ca2� on [Ca2�]i.

The eosinophils were treated with 1 mM thapsigardin in a nominally

Ca2�-free solution and perfused with a solution containing 1.8 mM

Ca2� 4 min after the application of thapsigargin (B). Control

eosinophils (A) were perfused with the Ca2�-free solution through-

out the experiments. Mean 6 SE of 6±7 experiments.



treatment [18]. In order to determine the role of protein

kinase C in human eosinophils, we used a speci®c protein

kinase C inhibitor to inhibit the activation of protein kinase

C during PAF stimulation and examined the [Ca2�]i

responses. Although calphostin C has been shown to be a

speci®c protein kinase C inhibitor [22], we did not use this

compound because it raised the baseline [Ca2�]i a mM to a

level much higher than that of eosinophils in HBSS alone

(our unpublished data). Furthermore, selectivity of the block-

ing effect of staurosporin on protein kinase C has recently

been questioned [23]. Therefore, we used Ro31-8220 as a

speci®c protein kinase C inhibitor. Although the addition of

this compound also signi®cantly increased baseline [Ca2�]i,

the effect was slight compared with that of calphostin C,

which caused an augmentation in the sustained elevation of

the PAF-induced [Ca2�]i. This augmentation was signi®-

cantly inhibited by the application of EGTA with no addi-

tional Ca2�, indicating that it was mainly due to the

augmentation in the extracellular Ca2� entry. The effect

on the increase in the initial transient response was not clear

in the present experiments. Therefore, these ®ndings suggest

an inhibitory action of protein kinase C on Ca2� in¯ux in

human eosinophils, as reported in human neutrophils [18].

Meanwhile, a protein kinase C inhibitor has been shown to

enhance the antigen-induced hydrolysis of inositol phos-

pholipid in a rat basophilic leukaemia cell line [24]. Also,

Ro31-8220 has been reported to enhance leukotriene

B4-induced IP3 accumulation and the duration of the Ca2�

transient in guinea pig peritoneal eosinophils [25]. Further-

more, a recent experiment by Dent et al [19] has shown that

bisindolylmaleimide I and calphostin C both augmented the

initial increase as well as the sustained increase in [Ca2�]i in

response to PAF in human eosinophils. Therefore, it

remained to be determined whether the activation of protein

kinase C increases the hydrolysis of inositol phospholipid

and enhances Ca2� release from intracellular Ca2� stores in

human eosinophils. In addition to the direct interaction of

protein kinase C with inositol phosphate metabolism, we

can speculate on other possibilities. Activation of protein C

has been demonstrated to down-regulate leukotriene B4

receptors in human neutrophils [26] and PAF receptors in

guinea pig eosinophils [27]. Therefore, it is possible that

protein kinase C inhibitors potentiate the [Ca2�]i responses

by preventing receptor down-regulation, rather than through

an interaction with intracellular signalling pathways.

Furthermore, it has also been suggested that protein kinase

C may inactivate PAF receptor-operated Ca2� channels in

human neutrophils, in which PAF induces [Ca2�]i elevation

independently of IP3 accumulation [28].

In conclusion, the initial rapid and the following sus-

tained rises in [Ca2�]i by PAF depend on the Ca2� release

from the intracellular Ca2� stores and on the Ca2� in¯ux,

respectively, and the latter is regulated by protein kinase C

in human eosinophils. Furthermore, the so-called Ca2�

capacitative entry is possibly involved in the Ca2� in¯ux

from the extracellular solution in human eosinophils. These

®ndings are important for understanding the pathophysiology

of bronchial asthma and other allergic diseases.
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