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Abstract-Ryanodine gave a moderate inhibition of chemotactic peptide-activated chemotaxis by intact human 
neutrophils. Chemotaxis by electroporated neutrophils was strongly inhibited in the nanomolar concentration 
range. Inhibition of chemotaxis by electroporated neutrophils occurs at concentrations known to open calcium 
channels in ryanodine-sensitive Ca” stores. Whereas migration by formyl-methionyl-leucyl-phenylalanine 
(MLP)- or interleukin-8-activated electroporated neutrophils was strongly inhibited by ryanodine, chemotaxis 
induced by protein kinase C activators was not affected. This suggests that the importance of ryanodine-sensitive 
Ca’+ stores for migration depends on the type of activator used. Ryanodine gave an increase of cytoplasmic free 
calcium due to the liberation of calcium from internal stores and to the influx of extracellular calcium. The results 
show that the neutrophil contains ryanodine-sensitive calcium stores that might be involved in receptor-mediated 
chemotaxis. 
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The plant alkaloid tyanodine is a specific probe for a 
certain type of calcium channel in the sarcoplasmic re- 
ticulum of skeletal and cardiac muscle cells [l]. It has 
two distinct effects: at low (nanomolar range) concen- 
trations ryanodine opens the channel, whereas at higher 
(micromolar) concentrations the calcium channel is 
blocked [2, 31. Recently it has become evident that ry- 
anodine receptors are also present in cells having less 
well-defined calcium stores. Ryanodine inhibited the 
caffeine-induced increase of cytoplasmic Ca” concen- 
tration in adrenal chromaffin cells [4]. Catecholamine 
secretion from chromaffin cells was inhibited by ryano- 
dine via an inhibition of Ca” mobilization [5]. Vaso- 
pressin-induced Ca*’ spikes in hepatocytes were inhib- 
ited by ryanodine, though the drug had no effect on 
phenylephrine-induced Ca*+ oscillations [6]. The bind- 
ing of ryanodine to liver microsomal fractions differed 
from that to sarcoplasmic reticulum with regard to Ca*’ 
dependence and caffeine sensitivity [7]. 

It is thought that neutrophils possess intracellular Ca*’ 
stores that resemble the sarcoplasmic reticulum of mus- 
cle cells [8, 91. The properties and importance of these 
calciosomes in neutrophil functions are largely un- 
known. There are some indications that Ca*+ from these 
stores plays a role in neutrophil migration. While migra- 
tion of neutrophils proceeds in the absence of extracel- 
lular calcium, and no changes in cytoplasmic calcium are 
required for fMLPt-activated chemotaxis, migration is 
strongly inhibited when the cells are depleted of all cel- 
lular calcium [lo]. Furthermore, several calcium channel 
blockers completely inhibit migration of electroporated 
neutrophils in the nanomolar concentration range [l 11. 
The latter observation supported the view that calcium 
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t Abbreviations: fMLP, formylmethionyl-leucyl-phenylala- 
nine; PMA, phorbol my&ate acetate; IL8, interleukin-8; diC8, 
dioctanoyl glycerol; TNF, tumor necrosis factor; Ca,, concen- 
tration of cytoplasmic free calcium. 

derived from calcium-storing organelles played a role in 
neutrophil migration. 

Migration of neutrophils represents an important 
property of these cells, and is of relevance both for the 
defense mechanism of the body against foreign invaders 
and for the pathogenesis of inflammatory conditions. 
The present study was undertaken to determine whether 
ryanodine had an effect on chemotaxis and cytosohc 
calcium of human neutrophils. Both intact and electro- 
porated neutrophils were used, because in a previous 
study [ 1 l] we observed that direct application of certain 
agents to the cytoplasm resulted in an effect at concen- 
trations several orders of magnitude lower than those 
required for the same effect in intact cells. 

MATERIALS AND METHODS 

Isolation of neutrophils 

Human neutrophils were isolated from the venous 
blood of healthy volunteers by dextran sedimentation 
followed by centrifugation over Ficoll-Isopaque, and hy- 
potonic hemolysis of contaminating erythrocytes. Iso- 
lated neutrophils were resuspended in a medium con- 
taining 140 mM NaCl, 5 mM KCl, 10 mM glucose, 20 
mM Hepes (pH = 7.3), and 0.5% bovine serum albumin. 
During the experiments 1 mM Ca*” and 1 mM Mg*+ 
were included in the medium, unless otherwise indi- 
cated. The final cell concentration during the experi- 
ments was 3 x lo6 neutrophils per mL. 

Migration measurements 

Cell migration was measured with the Boyden cham- 
ber technique, as described by Boyden [12], and modi- 
fied by Zigmond and Hirsch [13]. The two compart- 
ments of the chamber were separated by a cellulose ac- 
etate Millipore filter with a pore size of 3 pm. 
Chemotaxis was activated by the chemotactic peptide 
fMLP, which was placed in the lower compartment at a 
concentration of 10e9 M. Neutrophils were placed in the 
upper compartment of the chamber, followed by incu- 
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bation for 35 min at 37“C. 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 [ 131. The assays were carried 
out in triplicate, and the migration distance of the neu- 
trophils determined at five different filter sites. 

Determinution of inrracellular calcium 

Neutrophils (1 x 10’ cells per mL) were incubated 
with 1 @vl Fura-UAM for 30 min at 37“C in the pres- 
ence of 1 mM Ca”‘. After washing, the cells were re- 
suspended in medium and used at a concentration of 3 x 
lo6 cells per mL. Fura- fluorescence was measured in 
a Perkin Elmer LSSOB fluorescence spectrophotometer 
equipped with a temperature-controlled cuvette compart- 
ment and a mixing device. Fluorescence (emission 
wavelength 510 nm) was recorded at two excitation 
wavelengths (340 nm and 390 nm), and the data used to 
calculate the concentrations of cytoplasmic free calcium. 
Traces given are representative for three different exper- 
iments. 

Electroporation of neurrophils 

Neutrophils were electroporated according to the 
method of Grinstein [ 141, with minor modifications [ 151. 
The electro-permeabilization procedure was carried out 
at room temperature. When permeabilization was carried 
out at O’C! the cells were not able to migrate. Neutrophils 
(3 x lo6 per mL) in permeabilization medium (135 mM 
KCl, 1 mM MgCl,, 20 mM Hepes pH 7.0, 10 mM glu- 
cose and 0.5% BSA) and reagents as indicated were 
placed in the cuvette of a BioRad Gene Pulser. The cells 
were exposed to two discharges of 4.75 kV/cm from a 25 
pF capacitor. Between the two discharges, the cell sus- 
pension was stirred with a plastic pipette. After perme- 
abilization and mixing, 0.2 mL of the suspension was 
placed in the upper compartment of the Boyden cham- 
ber. Because the cells start to close after a few minutes 
at room temperature, ryanodine was included in the me- 
dium during electroporation. Unless otherwise indicated, 
1 mM Ca”’ was included in the medium before electro- 
poration, because this concentration of Ca2+ did not re- 
quire the use of calcium buffers, and migration is opti- 
mal at this concentration. 

Statistical analysis 

Three or four separate experiments were performed 
with cells of different donors. Chemotactic assays were 
carried out in triplicate, and the migration distance of the 
neutrophils was determined at five different filter sites. 
Values given are arithmetical means f standard error of 
the mean of the separate experiments. Significances 
were calculated with Student’s t-test; a value of P < 0.01 
was considered as statistically significant. 

RESULTS 

Chemotaxis activated by fMLP in intact cells was 
moderately inhibited by ryanodine. Inhibition increased 
up to a concentration of 4 @I ryanodine where inhibi- 
tion was 20%; higher concentrations gave no additional 
inhibition (Fig. 1). Electroporated cells were able to mi- 
grate if permeabilization was carried out at room tem- 
perature; both random migration and fML+P-activated 
migration were, however, somewhat reduced. Migration 
of electroporated neutrophils activated by fMLP was 
strongly inhibited by ryanodine, inhibition being com- 

lo-' 1o-6 10-I 
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Fig. 1. The effect of lncreaslng concentrations of ryanodine on 
fMLP-activated migration of intact neutmphils (-A-), 
or electroporated neutrophils ( __0__). Ran&m migration 
(in the absence of fMLP) was 47.1 f 2.1 pan&r intact cells, and 

33.6 f 2.0 pm for electmporated cells. 

plete (nearly to the level of random migration) at a con- 
centration of 1 @4 ryanodine (Fig. 1). Inhibition of mi- 
gration by electroporated neutrophils by ryanodine was 
slightly higher in the absence of calcium than with cal- 
cium present, but the difference was small (26% inhibi- 
tion in the presence of EDTA and 22% inhibition in the 
presence of 1 mM Ca2+) (Table 1). Though it could be 
that added Ca2+ antagonized the action of ryanodine, the 
effect is too small to permit firm conclusions to be 
drawn. 

Chemotaxis may be induced by receptor-mediated 
processes such as fMLP- or IL&induced chemotaxis. 
Apart from receptor-mediated activation of neutrophil 
migration, it is possible to induce chemotaxis in neutro- 
phils with agents that are activators of protein kinase C, 
such as dioctanoyl glycerol [ 161, PMA [ 17. 181, and 
R59022 [17]. The latter substance is an inhibitor of di- 
acylglycerol kinase, and thus induces accumulation of 
diacylglycerol, a natural activator of protein kinase C. 
Inhibition of chemotaxis did not occur with all types 
of chemoattractants. Only fMLP-activated chemotaxis 
and-to a somewhat lesser degree-IL-8 activated che- 
motaxis were inhibited by ryanodine. Activation of elec- 
troporated neutrophils by agents that act via the protein 

Table 1. The effect of calcium on ryanodme-induced inhibition 
of fMLP-activated migration by electroporated neutrophils 

Migration (pm) 

- +0.4 @I ryanodine 

EDTA 
EGTA 
Ca” 1 @4 
Ca*‘: 1 mM 

63.1 f 2.4 45.9 f 1.9 
66.3 f 2.7 48.9f2.1 
66.8 f 2.2 50.9 f 1.9 
70.1 f 2.1 54.8 f 1.7 

During incubation with EDTA, no Mg*+ was present, 
whereas in all other cases 1 mM Mg” was present in the me- 
dium. In the lower compartment of the Boyden chamber, lo+’ 
M fMLP was present. Random migration in the presence of 1 
mM Ca*+ was 3 1.9 f. 2.0 pm and, in the presence of 1 mM 
BDTA, 28.0 & 2.1 pm. Inhibition by ryanodlne is signifEant ln 
all cases (P < 0.001). 
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kinase C pathway-phorbol myristate acetate, di- 
octanoyl glycerol, and R59022-was not inhibited by 
ryanodine (Table 2). 

Preincubation of neutrophils with ryancdine caused a 
time-dependent loss of inhibitory potency, both in intact 
and electroporated cells. Loss of potency occurred after 
10-20 min contact with ryanodine (Fig. 2). Addition of 
ryanodine after preincubation for 20 min with ryanodine 
did not result in a longer inhibition. The loss of inhibi- 
tory potency was not dependent on the presence or ab- 
sence of Ca2+ during preincubation (Table 3). 

Caffeine inhibited fMLP-activated chemotaxis, in line 
with previous findings by other investigators [19]. Inhi- 
bition by ryanodine and caffeine was about additive 
when both agents were present simultaneously (Table 4). 
Ryanodine gave some additional inhibition when cells 
were preincubated with caffeine for 20 min (Table 4). 

Ryanodine caused an increase in cytoplasmic free cal- 
cium. In the absence of extracellular Ca2+, ryanodine 
also caused an increase in Ca2+, but the increase was 
smaller than with extracellular calcium present (Fig. 3). 
Caffeine had little effect on the level of Ca”‘,. Rynno- 
dine gave no increase in Ca”, when the cells were pre- 
incubated with caffeine. Addition of fMLP to neutro- 
phils after preincubation with caffeine gave the same 
increase of Ca’+, as in the absence of pretreatment (Fig. 
3). When ryanodine was added to cells preincubated 
with ryanodine for 20 min, the response was less than 
with no pretreatment (Fig. 3). 

DISCUSSION 

The results show that the neutrophil contains ryano- 
dine-sensitive calcium stores, and that association of ry- 
anodine with the neutrophil results in inhibition of che- 
motactic migration. The effect is most pronounced with 
electroporated cells, indicating that in analogy with the 
calcium channel blockers verapamil and nifedipine, ry- 
anodine acts on the cell interior rather than the plasma 
membrane. The ryanodine-induced release of calcium 
from ryanodine-sensitive stores coincides with inhibition 
of fMLP- or IL-g-activated chemotaxis. Though a com- 
parison between these processes is hampered by the fact 

Table 2. Inhibition of migration by electroporated neutrophils, 
activated by several types of activators, by ryanodine 

Migration (pm) 

Activator _ + 0.4 pM ryanodine 

fMLP 
IL8 
PMA 
R59022 
diC8 

74.8 f 2.1 48.3k2.1 
68.0 It: 1.9 53.1 f 1.9 
68.5 f 1.9 68.8 ? 2.3 
85.1 f 2.3 85.0 k 2.1 
85.2 f 1.9 84.9 + 1.9 

Neutrophils were electroporated and placed with or without 
0.4 l.tM ryanodine in the upper compartment of the Boyden 
chamber. In the lower compartment, 10e9 M IMLP, 5 x lo-’ M 
interleukin 8 (IL8). 100 pM phorbol myristate acetate (PMA), 
50 @I R59022, or 50 pM dioctanoyl glycerol (diC8) was 
present as an activating agent. Under these conditions, random 
migration was 34.8 f 2.3 pm. Inhibition by ryanodine was 
significant with flvlLP or IL-8 as chemotactic agents (P c 
O.OOl), but was not statistically significant for PMA, R59022, 
and diC8. 
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Fig. 2. The effect of variable preincubation time with ryanodine 
on migration of fMLP-activated neutrophils. Intact cells were 
preincubated with 4 pM ryanodine (-A-) or without 
ryanodine (-A-), and electroporated cells were prein- 
cubated with 0.4 pM ryanodine (4) or without ryan- 
odine (+), for the time indicated, at 37°C. Subse- 
quently, the cells were placed in the upper compartment of the 

Boyden chamber, and incubated as described in Methods. 

that migration occurs in a three-dimensional system with 
adherent cells, and changes in cytoplasmic free calcium 
were measured in suspension, it seems possible that 
there may be a relationship between these processes. In 
that event the calcium stores seem to have a differential 
importance for migration, one dependent on the type of 
activator. Ryanodine-sensitive calcium stores have no 
role in chemotaxis induced by activators of protein ki- 
nase C, for ryanodine has no effect on migration induced 
by these activators. 

At present, two opposing effects of ryanodine are 
known: Low ryanodine concentrations open the calcium 
channel of the stores of the sarcoplasmic reticulum, and 
high concentrations close the channel [2,3]. The closing 
of verapamil-sensitive calcium channels in the mem- 
brane of calcium stores of neutrophils has been shown to 
inhibit migration [ Ill. However, the inhibitory effect of 
ryanodine on migration occurs at concentrations that 
correspond with the activating concentrations in the sar- 
coplasmic reticulum. The observation that ryanodine 
causes a release of calcium from intracellular stores at 
concentrations that inhibit migration suggests that inhi- 

Table 3. Effect of preincubation with ryanodine on inhibition of 
fMLP-activated chemotaxis 

Present during 
preincubation 

Added after 
preincubation Migration (pm) 

71.8f2.3 
_ Ryanodine, Ca*’ 44.6 f 1.8* 
Ryanodine, Ca” - 71.4+ 1.9 
Ryanodine. Ca” Ryanodine, Ca2’ 70.9 * 2.2 
EGTA Ca*+ 71.5 + 2.3 
Ryanodine, EGTA Ca” 70.5 * 2.1 

Neutrophils were preincubated with or without 0.4 p.M ry- 
anodine, electroporated, and placed with or without ryanodine 
in the upper compartment of the Boyden chamber. In the lower 
compartment, 10m9 M fMLP was present. Under these condi- 
tions, random migration was 33.4 f 2.1 pm. Ca’+: 1 mM; 
EGTA: 50 @I. *P < 0.001. 
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Table 4. The effect of caffeine and ryanodme on migration by fMLP-activated neutrophils 

Migration (pm) 

Intact Electroporated cells 

- + - + ryanodine 

No preincubation 
91.6 76.9 66.2 31.9 

25 mM Caffeine 50.9 35.9 32.5 29.3 
Preincubation with caffeine for 20 min 

93.2 78.0 68.1 33.2 
25 mM Caffeine 33.8 29.7 25.0 21.3 

In the lower compartment of the Boyden chamber, lOmy M fMLP was present. SEM varied 
from 1.4 to 2.5 pm. Random migration was 46.3 f 1.9 pm for intact cells, and 32.7 + 2.1 for pm 
electroporated cells. 

bition of migration corresponds with an activating effect 
of ryanodine on calcium stores. It thus seems unlikely 
that ryanodine inhibits migration by closing calcium 
channels, the way in which verapamil, nifedipine, and 
nitrendipine inhibit migration. 

The possibility that ryanodine inhibits migration by 
opening the calcium channel and that, consequently, the 
enhancement of Cai is a cause of inhibition seems con- 
tradictory. We have shown that migration of electropo- 
rated cells occurs in the presence of (high) concentra- 
tions of calcium [ 111. Furthermore, fMLP and other che- 
motactic agents cause an increase in Ca,. However, there 
are a few observations that suggest that a (local) en- 
hancement of calcium might somehow be detrimental to 
chemotaxis, especially receptor-mediated rather than 
protein kinase C-mediated chemotaxis. The migration of 
electroporated cells is less than that of intact cells, but 
there exists a difference between receptor-mediated and 
protein kinase C-mediated chemotaxis. In a representa- 
tive experiment, IMLP-activated chemotaxis was 101.0 
f 2.2 pm for intact cells and 73.8 f 1.7 urn for electro- 
porated cells. The decrease was much less wheh R59022 
was used as a chemotactic agent: Here, intact cells mi- 
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Fig. 3. The effect of ryanodine (4 @I) on cytoplasmic free 
calcium. The experiments were performed with intact neutro- 
phils. As a comparison, the effect of fMLP (lOdM) is included: 
A: control (1 mM Ca*’ present); B: 1 mM EGTA (no extracel- 
lular Ca2+); C: pretreatment of cells with 25 mM caffeine for 20 
mitt; D: pretreatment of cells with ryanodine (4 p.M) for 20 min 
(C and D: 1 mM Ca*+ present). At the time indicated with an 

arrow, ryanodine (R) or fMLP was added. 

grated 87.5 f 1.5 pm, and electroporated cells 83.3 f 2.2 
pm. Apparently, there is a factor-possibly calcium in- 
flux-that is more injurious for fMLP-induced chemo- 
taxis than R59022-induced chemotaxis. The fMLP con- 
centration used to enhance Cai is mostly 1 p,M, and this 
concentration gives no stimulation of migration 1211. At 
a concentration of 10m9 M, fMLP gives only a slight 
increase in Ca,. A number of agents give an increase in 
Ca, stimulate the respiratory burst (mostly via priming), 
and inhibit migration. Among these are hexachlorocy- 
clohexane [22], ATP [20, 231, cytochalasin B [24, 251, 
ionophore A23187 [11], and TNF [26], all at specific 
concentrations. Apart from cytochalasin B, which inter- 
feres with actin polymerization, the mechanism of inhi- 
bition by these substances is obscure. It seems possible 
that under certain circumstances, an enhancement of Ca,, 
though favorable for the respiratory burst, is detrimental 
to receptor-mediated chemotaxis. The arguments pre- 
sented provide circumstantial rather than conclusive ev- 
idence that the first step in ryanodine-induced inhibition 
of migration is the result of an unregulated increase in 
cytoplasmic free calcium. There remain, however, a 
number of uncertainties. Notably, the change of calcium 
in electroporated cells remains obscure, because during 
stimulation of calcium release the cells are open. It is 
possible that the inhibition is initiated by a local change 
of calcium rather than a general enhancement of cyto- 
solic free calcium. Furthermore, it cannot be excluded 
that ryanodine inhibits migration via a mechanism not 
related to its effect on calcium stores. 

In several cell types (smooth muscle cells, adrenal 
chromaffin cells, neuronally-derived pheochromocyto- 
ma cells), ryanodine is thought to interfere with calcium 
release from caffeine-sensitive stores. In these cells ry- 
anodine counteracts the effect of caffeine. Though the 
complete inhibition of the ryanodine response on intra- 
cellular calcium by caffeine suggests that caffeine acts 
on ryanodine-sensitive Ca*+ stores, the use of caffeine as 
an antipode of ryanodine in neutrophils is complicated 
by the fact that caffeine itself inhibits neutrophil loco- 
motion. This effect has been observed previously, and it 
was suggested that the inhibition was due to a caffeine- 
induced accumulation of CAMP [19]. In recent times, 
inhibition by caffeine has been ascribed to an effect on 
calcium stores, but given the high concentrations of caf- 
feine required in all types of studies, the effect of caf- 
feine alone might be a consequence of interference with 
a number of targets. 
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We have no satisfactory explanation for the desensi- 
tization of neutrophils upon preincubation with ryano- 
dine. Ryanodine is not chemically inactivated by cellular 
constituents, because application of ryanodine after pre- 12. 
incubation with ryanodine does not restore the inhibitory 
effect. The Ca” stores for fh4LP and ryanodine am ap- 13. 
parently different, as was shown in the experiment where 
the cells were preincubated with caffeine. Though it 
seems likely that the ryanodine-sensitive Ca2’ store is 
involved in the inhibitory effect of ryanodine on migra- 14. 
tion, some phenomena, such as the complete loss of 
inhibitory potency after preincubation with ryanodine 
while the calcium response remains, require further in- 
vestigation. 
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