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By using human neutrophils we studied the on-off phenomenon for leukotriene B 4 (LTB4) -induced 
functional responses compared with fMetLeuPhe (fMLP). LTB 4 induced rapidly appearing and disappearing 
neutrophil chemiluminescent (CL), superoxide anion formation, aggregatory and membrane depolarizing 
responses, whereas fMLP responses were slower both in onset and termination. Increases of intracellular 
calcium concentrations (as reflected by quin2 and fura-2 fluorescence) were of similar magnitude for both 
stimuli; however, L T B  4 responses were more rapidly terminated and fMLP responses were biphasic. When 
intracellular calcium fluxes, calmodulin or protein kinase C activities were inhibited by quin2, trifluopera~ 
zine, verapamil or 3,4,5-trimethoxybenzoic acid 8-diethylamino)octyl ester (TMB-8), profound changes were 
noted for chemiluminescent and aggregation kinetics induced by fMLP, whereas kinetics of LTB 4 responses 
were less affected. When drugs were used to modulate cAMP levels, or to inhibit cyclo- and lipoxygenase 
metabolites of arachidonic acid, no effects on response kinetics were observed. Cytochalasin B both 
amplified and delayed responses although chemiluminescent responses to fMLP were amplified more than 
those to LTB 4. Despite those effects cytochalasin B did not enhance peak fura-2 or quin2 responses to either 
fMLP or  L T B  4. Thus ,  L T B  4 rapidly initiates functional responses in neutrophils, and stimulus-specific 
response patterns are already disceruable during the mobilization of calcium, and can be modulated by 
interference ~ith calcium-dependent reactions. 

Introduction 

Leukotrienes and other lipoxygenase products 
are potent mediators for functional responses in a 

Abbreviations: fMLP, formylmethionylleucylphenylalanine; 
LTB4, leukotriene 134; PMA, phorbol myristate acetate; HBSS, 
Hanks' balanced salt solution; Hepes, 4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic acid; PMN, polymorphonuclear 
leukocytes; TMB-8, 3,4,5-trimethoxybenzoic acid 8-(diethyl- 
amino)octyl ester. 

Correspondence: J. Palmblad, Department of Medicine III, 
St~lersjukhuset, S-10064 Stockholm, Sweden. 

great variety of cell types. Leukotriene B4 (LTB4) 
has mostly been associated with activation of in- 
flammatory cell responses such as leukocyte chem- 
otaxis, adhesiveness, aggregation, degranulation 
and oxidative metabolism [1-6], but it also con- 
tracts the smooth muscles of the respiratory tract 
[7]. 

Since leukotrienes are not only potent stimuli 
for these reactions, but also initiate certain func- 
tional responses in, e.g., neutrophil granulocytes, 
much more rapidly than any other known stimuli, 
it was suggested that they may be more directly 
involved in the stimulus-response coupling than 
other agents. Support for this came fromstudies 
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of neutrophil aggregation [6,8] and oxidative 
metabolism [3,9], where functional responses oc- 
curred within seconds of cell exposure to LTB 4, 
and were completed after approx. 1-2 min. This 
characteristic and rapid response pattern was in 
contrast to what a variety of other stimuli in- 
ferred, for example formylated peptides (e.g., 
fMLP), where peak responses were more delayed 
[3,6,8,9], and for ionophore A23187 and the tumor 
promotor, phorbol myristate acetate (PMA), where 
detectable lag periods before responses have been 
reported [9-12]. 

In this paper we describe and analyse the highly 
stimulus-specific response patterns for leukotrienes 
and compare them to those produced by for- 
mylated peptides and other stimuli. We show that 
leukotrienes are intimately involved in the stimu- 
lus-response coupling in a unique yet rather gen- 
eral manner in that the kinetics of the response is 
found to be remarkably constant. By employing 
continuous assays, e.g., chemiluminescence, aggre- 
gation, intracellular calcium fluxes and membrane 
potential changes, where not only initiation of the 
functional response, but also its termination is 
possible to follow, it has been feasible to analyse 
the on-off phenomenon. This has rarely been ap- 
preciated in neutrophil physiology studies previ- 
ously despite the possibilities it offers for assess- 
ment of the cellular activation process (cf. Ref. 
13). Some of the possible mechanisms in these 
responses have been explored further, where em- 
phasis has been placed on the role of cyclic 
nucleotides, calcium fluxes, arachidonate utiliza- 
tion and the cytoskeleton. 

Material and Methods 

Chemicals. Chemicals were obtained as follows: 
unless otherwise stated all chemicals were of the 
highest purity obtainable and were from Sigma 
Chemical Co. (St. Louis, MO). fMet-Leu-Phe 
(fMLP) and fNle-Leu-Phe-Nle-Tyr-Leu 
(fNLPNTL) were from Peninsula Laboratories 
(San Carlos, CA); A23187, quin2/AM and fura- 
2 /AM were from Calbiochem (La Jolla, CA). 
Purified human myeloperoxidase was a kind gift 
from Dr. P. Venge, Upsala, Sweden. The fluo- 
rescent dye di-O-C5(3) was from Molecular Probes 
(Junction City, OR). 
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Leukotrienes. Natural and synthetic LTB4 were 
generous gifts from Drs. C. Malmsten, Karofinska 
Institute, Stockholm, Sweden and J. Rokach, 
Merck-Frosst Inc, Dorval, Canada. The u-oxidized 
metabolites of LTB 4, 20-OH-LTB 4 and 20- 
COOH-LTB 4 were kindly provided by Dr. J.A. 
Lindgren, Karolinska Institute, and had been gen- 
erated as described previously [3,6,8]. 

Leukocytes. Heparinized blood from healthy 
humans was used as a source for neutrophil 
granulocytes. Pure cell preparations (more than 
95%) were obtained by a one-step Percoll centrifu- 
gation [6]. 

Chemilumhlescence. Neutrophils (2.5- 106 cells/ 
ml) were suspended in HBSS containing luminol 
(0.17 mM) [3]. Prior to and after addition of the 
various stimuli, light emission was followed con- 
tinously in a LKB Luminometer 1250 (Stockholm, 
Sweden) or a Chronolog Lumiaggregometer 
(Havertown, PA) as described [3]. Responses are 
reported with regard to the kinetics of the re- 
sponse (e.g., time until appearance of peak re- 
sponse), as well as to the magnitude of the peak in 
mV. Since this paper is concerned mainly with 
response kinetics, figures have been chosen to 
illustrate that aspect. Because drug effects on 
kinetics do not necessarily follow the effects on 
peak magnitudes, text and figures may occasion- 
ally appear dissociated. (The possibility that the 
various reagents used here could interact with 
components of the chemiluminescence system was 
addressed by using a cell free system, where cell 
suspensions were substituted with HBSS and light 
emission was initiated by adding either xanthine 
(200 FM) plus xanthine oxidase (0.03 U/ml),  HzO a 
(20 mM), or purified human myeloperoxidase (16 
nM).) These systems have been described elsewhere 
[14]. Apart from the above-mentioned inducers of 
chemiluminescence, none of the chemicals, used in 
this study as inhibitors, evoked light emission 
When added to neutrophils, suspended in luminol 
and HBSS. At the drug concentrations employed, 
the pH of the chemiluminescence system remained 
unchanged. 

Superoxide anion production. Superoxide anion 
production was analyzed by the cytochrome c 
reduction method [3,15] at 37~ with continuous 
stirring of neutrophils treated with 5/.tg/ml cyto- 
chalasin B. The concentration of cytochrome c 
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was 50 FM. Absorbance was read at 549 nm and 
superoxide ion production was calculated as nmol 
reduced cytochrome c using an absorption coeffi- 
cient of 21 m M -  1. c m -  1. 

Aggregation. Measurements were made in a 
standard platelet aggregometer (Model 300 BD, 
Payton Associates, Buffalo, NY)  [6,8]). To a 
siliconized cuvette, containing a stir bar  revolving 
at 900 rpm, 0.45 ml of a neutrophil suspension 
containing 1.15-107 cel ls /ml was added. After 
warming the cells at 37~  for 2 min, 50 FI of the 
stimulus was added. To provide the necessary 
amplification for a well-defined aggregation wave 
the aggregometer / recorder  system was calibrated 
with a neutrophil suspension d i lu ted  50% (v /v )  
with HBSS. The resulting changes in light trans- 
mission were recorded as AT. The results are 
expressed as the maximal light transmission (peak 
value), time to peak value, degree of disaggrega- 
tion 1 min after peak value,.or AT at 3 min if no 
disaggregation occurred. That  AT reflects PMN 
aggregation has been demonstrated previously [16]. 

Enz)'me release. For lysozyme determinations 
neutrophils (1.0- 107cells/ml) were incubated with 
indicated stimuli at 37~  for 60 min. The stimu- 
lated net release of  lysozyme is expressed as per- 
cent total cellular lysozyme content, determined 
after lysis of neutrophils with 0.2% Triton X-100 
[17]. 

lntracellular Ca e+. Concentrations were calcu- 
lated from the change of quin2 or fura-2 fluores- 
cence [13,18]. Neutrophils (5-106 cel ls /ml)  in 
HBSS supplemented with 20 m M  Hepes (pH 7.4) 
were incubated at 37~  with 10 FM qu in2 /AM 
or 0.5 FM fu ra -2 /AM for 30 min. Loaded cells 
were washed twice, reconstituted in HBSS (with 
Ca z+ at 1.27 mM) with 20 mM Hepes and stored 
on ice until use. Cells were then warmed at 37 ~  
with continuous stirring of the cell suspension. 
The excitation wavelength was set at 340 nm and 
emission at 490 nm for quin2 and at 510 nm for 
fura-2. In addition, fura -2 /AM-loaded  cells were 
also excited at 380 nm. Since those responses were 
always mirror images of recordings obtained at 
340 nm they are not reported. After a stable 
baseline had been established, stimulus was added 
and emitted light was recorded until return to 
baseline. The system was controlled by addition of 
EGTA, Tris buffer, Triton X-100 and CaCI 2 as 

described [15], calculations of calcium concentra- 
tions were performed according to Ref. 18. For 
experiments concerning buffering of intracellular 
Ca z+, neutrophils were loaded with 2.5-5 /tM 
qu in2 /AM according to the same protocol. 

Membrane potential. The cyanine dye di-O- 
C5(3) was added to the cells at a final concentra- 
tion of 20 nM [15]. Excitation and emission wave- 
lengths were 460 nM and 510 riM. Measurements 
were made in a spectrofluorometer, at 3 7 ~  and 
with continuous stirring of the cell suspensions. 

Cell viability. Cell viability was assessed by 
exclusion of t rypan/b lue .  

Statistical calculations. These were performed 
using a Student 's  t-test of paired samples, and 
P < 0.02 was chosen as the level of  significance. 

Results 

Characterization of stimuhts-specific response pat- 
terns 

LTB 4 and its ,.,-oxidized metabolites 20-OH- 
LTB 4 and 20-COOH-LTB 4 induced a rapidly oc- 
curring and rapidly disappearing chemilumines- 
cence response in neutrophils where peaks oc- 
curred after 7 s and responses were terminated 
within 1 min (Fig. 1) [3]. The kinetics of the 
response was not modified by changes of luminol 
concentration between 170 and 1.7 FM or if neu- 
trophil concentrations were varied between 0.7 
and 5 .106  P M N / m l  (although the amplitude was 
directly proportional to cell concentration; data 
not shown). LTC 4 (0.1-1 FM) did not evoke 
chemiluminescence. 

In contrast to the rapid but short-lived chem- 
iluminescent response to all B 4 leukotrienes, for- 
myl peptides ( fMLP and fNLPNTL,  0.01-1 /zM) 
generated significantly slower responses, with 
peaks after 45-60  s and a return to the base line 
after 2 rain (Fig. 1). 

Neutrophils, once exposed to LTB4, did not 
react to a second LTB 4 administration (within 2 -5  
min) unless a concentration of at least 10-fold 
higher was used (data not shown). The kinetics of 
such a second response were similar to that of the 
first. If, instead, fMLP wassubsequen t ly  added 
after the first LTB 4 stimulation, a kinetically nor- 
mal fMLP response ensued, where peak ,r for 
the fMLP response were enhanced (cf. Ref. 19). 
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Fig. 1. Neutrophil chemiluminescence (upper panel), aggregation (middle panel) and membrane depolarization (assessed by 

di-O-C5(3); lower panel), in response to leukotrienes, formyl peptides and the calcium ionophore A23187. 

Likewise, if fMLP was the first stimulus and was 
subsequently followed by a second fMLP ad- 
dition, that second addition required a concentra- 
tion at least 10-fold that of the first to elicit a 
response, whereas substituting the second fMLP 
addition with LTB 4, resulted in a kinetically nor- 
mal LTB 4 response (data not shown). 

A23187 elicited an even more protracted re- 
sponses (Fig. 1). With appropriate amplification 
of the photomultiplier, no lag periods before the 
cells responded could be observed. However, with 
the amplification set at a level suitable for record- 
ing the peak response, lag phases were often re- 
corded which may last 30 s to 2 min. 

Assessment of superoxide ion formation with 
these agents showed response kinetic responses 
similar to those observed for chemiluminescence 

(Fig. 2). Also, aggregation exhibited a clear kinetic 
similarity to chemiluminescence and superoxide 
ion generation (Fig. 1). Although time-points for 
maximal aggregation differed from those of 
chemiluminescence, the kinetics of responses 
elicited by different stimuli were similar (Fig. 1). 
Thus, leukotrienes caused a rapid aggregation and 
disaggregation, whereas t h e  formylpeptides re- 
quired a 3 to 5-times more time to produce a 
maximal response. Moreover, the disaggregation 
was slower. Finally, A23187 generated a slow and 
continuous aggregation that persisted for several 
minutes, and was irreversible. LTC 4 (at 0 .1 -1 / tM)  
did not induce aggregation. 

As noted for chemiluminescence, homologous 
desensitization was observed for fMLP and LTB 4, 
which could partly be overcome by increasing 
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Fig. 2. Neutrophil superoxide generation responses to to LTB 4, 
fMLP and A23187. The  graph represents one experiment (of 
many)  where cells from one donor were used for all three 

stimuli. 

stimulus concentrations at reexposure. Again, the 
stimulus-specific response kinetics were preserved 
for the second response [8]. 

Similar stimulus-specific response kinetics were 
also noted for changes of the membrane potential 
of human neutrophils (Fig. 1). 

In some contrast with the above, fura-2 and 
quin2 fluorescence increments, reflecting changes 
of intracellular calcium ion concentration in neu- 
trophils, exhibited a less pronounced, yet discrete 
differences between fMLP and LTB 4 (Fig. 3A). In 
the quin2 system peak, LTB 4 responses occurred 
slightly earlier (at 1.5 min) than fMLP responses 
(2.2 min). This was not observed in the fura-2 
assay, where peak responses occurred much faster 
than in the quin2 system, but at the same time for 
both stimuli. Another difference (disclosed by both 
systems) was that fMLP responses did not return 
to the baseline as fast as those when ceils had been 

ln t racel lu lar  Ca 2+ changes 
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Fig. 3. (A) Changes of intracellular calcium concentrations (assessed by quin2 or fura-2 fluorescence) in neutrophils in response to 
LTB 4 and fMLP (both at 0.1 p.M). The  baseline fura-2 fluorescence corresponds to 8 1 + 4  nM (n  = 4) and the peaks correspond to 
4924-19 nM (n  = 5) for fMLP and 451 -I-34 nM  Ca 2+ for LTB 4. In the quin2 system, Ca 2+ concentrations 5 min after st imulation 
corresponded to 370 nM for fMLP and to 250 nM for LTB 4. (B) Quin2 and fura-2 responses when cells had been treated with 5 
# g / m l  of cytochalasin B 3 min prior to addition of IMLP or LTB 4 (at 0.1/.tM). The tracings shown here are f rom one out of  three 
separate experiments with similar results. In each experiment, neutrophils from one donor  were tested for all condit ions depicted in 

the figure. , 



activated with LTB 4 (Fig. 3A). Also, a second 
smaller fura-2 fluorescence peak, occurring after 
approx. 3-5 rain was noted consistently for fMLP 
but not for LTB 4 (Fig. 3A). The magnitudes of the 
first and major peak in both assays were, however, 
identical for equimolar concentrations of LTB 4 
and fMLP (cf. Ref. 13). 

Effect of modulation of cAMP concentrations 
We then investigated whether a concomitant 

rise of intracellular cAMP was associated with the 
rapid decline of the LTB 4 response (cf. Ref. 14). 
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By t rea t ing neu t roph i l s  with the phos -  
phodiesterase inhibitor theophylline (at 0.1 mM 
for 30 min) or with dibuturyl cyclic AMP (at 1 
mM for 30 min), the magnitude of peak chem- 
iluminescence responses were significantly en- 
hanced to 138 + 17% of controls or reduced to 
56 + 18%, respectively (n = 3); however, no effect 
on LTB 4 response kinetics could be found (Fig. 
4A). A significant inhibition of LTB 4 chemi- 
luminescence peak heights was observed when for- 
skolin, a stimulator of adenylate cyclase [20], was 
used (Table I). 
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Theophylline Verapomil 50/zM 

rnil 50~M 

Indomethocin 

25 
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Fig. 4. Effects of various pharmacological agents on chemiluminescent and aggregatory responses to LTB 4 and fMLP in neutrophils. 
db-cAMP, dibuturyl cyclic AMP; TFP, trifluoperazine. 
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TABLE I 

EFFECT OF VARIOUS PHARMACOLOGIC AGENTS ON 
CHEMILUMINESCENCE IN NEUTROPHILS 

If not otherwise stated, neutrophils were treated with the 
various agents for 15 min at 37~ Ethanol, the solvent for 
indomethacin and acetyl salicylic acid, never exceeded 0.1% in 
final concentration. Results are given as calculated IC50 values. 

Agent IC5o (/.t M) 

LTB 4 fMLP n 

Indomethacin 10 3 * 6 
Acetylsalicylic acid 50 30 3 
Nordihydroguaiaretic acid 0.8 0.8 2-9 
Forskolin 10 n.d. 3 
Trifluoperazine 8 8 5 
TMB-8 50 75 b 4 
Verapamil 100 600 * 4 
Colchicine " 10 n.d. 3 

a Colchicine was added to cells kept on ice. the suspensions 
were subsequently warmed to 37 ~ for 30 min. 

b Because of appearance of a second peak (cf. text) only the 
ICs0 value for the first peak is given here. 

* P < 0.02 for differences between fMLP and LTB4. 

Dependence oll divalent cations and their fluxes 
The requirement  of extracellular Ca 2+ was as- 

sessed by suspending  neutrophi ls  in  HBSS without 
Ca 2+, Mg 2+ (after Percoll separat ion)  and com- 

par ing  their responses to cells resuspended in reg- 
ular  HBSS. It  was found that LTB 4 and  fMLP 
chemiluminescence  response kinetics were identi-  
cal al though peak magni tudes  were markedly re- 
duced (data no t  shown). Similar results have been 
obta ined  for the aggregation assay [8]. 

The  dependence  on  Ca2+-fluxes was also tested 
using drugs which interfere with Ca 2+. When  in- 
tracellular Ca 2+ was buffered with 5 / tM quirt2 
[21] the magn i tude  of the chemiluminescence  re- 
sponse was significantly reduced for LTB4 (to 
39 + 18% of controls;  n = 4) and  less for fMLP 
(81 + 17%; n.s.; n = 3). Cont ras t ing  effects were 
noted  for peak response kinetics, with a slight 
nons igni f icant  p ro longat ion  be ing  observed for 
LTB 4 and  a p ronounced  effect for fMLP responses 
(i.e., a doubl ing  of the t ime to peak (Fig. 4)). 

TMB-8,  a suggested inh ib i tor  of, for example, 

intracel lular  calcium fluxes [11,12,22,23], was also 

used. LTB 4 peak responses were only  slightly de- 
layed (from a mean  of 7 s to 12 s at 50 #M;  n.s.; 
n = 4; Fig. 4), whereas peak heights were signifi- 

cant ly  reduced (Table  I). The inh ib i t ion  could 
par t ly  be ascribed to an  effect unassocia ted with 
cat ion fluxes, since superoxide ion- induced  chem- 
i luminescence was inhibi ted in the cell free system 
(Table  II). In contras t  to the modes t  effect on  
LTB 4 response kinetics, fMLP chemi luminescence  
was significantly modified.  When  TMB-8  was used 
at 25-60  ~ M  (n  = 5), enhancement s  of the char-  
acteristic s ingle-peaked chemi luminescen t  re- 
sponse were noted.  Wi th  higher concent ra t ions ,  

kinetics changed so that a second peak appeared,  
reaching its m a x i m u m  after 3 - 4  min.  At  a con-  

cent ra t ion  of 6 0 / t M  TMB-8,  the first peak disap- 

peared completely  and  only the second peak was 
present.  At  even higher TMB-8 concen t ra t ions  
(above 70-100  #M),  the second peak also disap- 
peared gradual ly  and  no  responses were observed 
at concent ra t ions  higher than 100/~M (Fig. 4). 

TABLE II 

EFFECT OF VARIOUS PHARMACOLOGIC AGENTS ON 
CHEMILUMINESCENCE INDUCED IN A CELL-FREE 
SYSTEM 

Light emission was commenced by addition of the stimuli as 
described in Materials and Methods and in Ref. 13. + denotes 
that no inhibition, but stimulation of chemiluminescence was 
noted, n.d. = not done. 

Agent (% inhibition) 

xanthine H202 myeloper- 
plus oxidase 
xanthine 
oxidase 

Trifluoperazine 69+2 * 9-t-5 40-t-5 * 
(300/xM) (5) (2) (2) 
TMB-8 36+4 * +4__+8 5+5 
(100 pM) (5) (2) (2) 
Quin2/AM 0 24+7 * n.d. 
(1 #M) a (3) (5) 
Indomethacin 105:8 + 10 5:8 n.d. 
(10/tM) (4) (3) 
Acetylsalicylie 

acid +455:9 * +35+0 * 15:7 
(50 BM) (2) (2) (3) 
Nordihydroguai- 

aretic acid 475:9 * 355:3 * n.d. 
(8/~M) (3) (2) ~. 
NaN 3 +1075:5 * 15:3 100" 
(4 pM) (3) (2) (2) 

* P < 0.02 vs. control. 
a As quin2 concentrations within the cell were unknown. 



Trifluoperazine, which may act as an inhibitor 
of calmodulin-dependent, cGMP-stimulated pro- 
tein kinase as well as protein kinase C [11,12,24], 
significantly decreased magnitudes and increased 
time to appearance of peaks, but similarly for 
both fMLP and LTB 4 (Table I, Fig. 4). As noted 
with TMB-8, trifluoperazine also acted as a 
scavenger for superoxide ions (Table II). 

Verapamil, blocking inter-alia transmembrane 
calcium fluxes [11,25,26], delayed the appearance 
of-chemiluminescence peaks for fMLP signifi- 
cantly more than for LTB 4 (250% and 110% of 
controls, respectively, for the IC5o concentrations) 
(Fig. 4). The magnitude of the fMLP response was 
less influenced by verapamil than that of LTB 4 
(Table I). 

TMB-8 and trifluoperazine also changed the 
aggregation responses. When neutrophils were 
treated with high concentrations of TMB-8 (above 
100 FM) or trifluoperazine (.above 10 FM), re- 
sponse kinetics were profoundly altered. The char- 
acteristic early peak and rapid disaggregation in- 
duced by LTB 4 was abolished, and, instead, LTB 4 
induced a continuous aggregation response, not 
followed by any disaggregation (Fig. 4). At lower 
concentrations, peak values and response kinetics 
were identical to those of untreated neutrophils. 

Interventions with arachidonic acid utilization 
In order to determine whether the rapid and 

transient responses to LTB 4 were due to formation 
of either stimulatory or inhibitory cyclooxygenase 
products, neutrophils were treated with in- 
domethacin (10-0.1 FM) or acetylsalicylic acid 
(5-0.05 raM) for 15 min and subsequently ex- 
posed to LTB 4 or fMLP. Although the magnitude 
of the.peak chemiluminescence response was de- 
creased by these high acetylsalicyclic acid and 
indomethacin concentrations (Table I), response 
kinetics remained unchanged (Fig. 4). Acetylsali- 
cyclic acid and indomethacin did not inhibit the 
chemiluminescence generated in the cell-free sys- 
tem (Table II). Similar indomethacin effects on 
LTB4-induced aggregation have been reported pre- 
viously [8]. 

The possibility that neutrophil responses were 
dependent on a patent lipoxygenase pathway was 
tested by treating human neutrophils with the 
lipoxygenase inhibitor nordihydroguaiaretic acid 
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[27]. This depressed the magnitude of chem- 
iluminescence peaks equally for both LTB 4 and 
fMLP (Table I), but did not change response 
kinetics (data not shown). However, it also in- 
hibited chemiluminescence in the cell free system 
(Table II) indicating a scavanger effect. 

hlhibition of metabolism of leukotrienes 
We next tested whether the rapid decline of the 

LTB 4 response might be due to its further trans- 
formation to biologically less active metab01ites , 
e.g., by action of the myeloperoxidase-H202-halide 
system [28]. After adding sodium azide (to inhibit 
extracellular myeloperoxidase) (Fig. 4), or cata- 
lase, superoxidase dismutase and mannitol (to in- 
hibit H202, 02- and OH, respectively), chem- 
iluminescence response kinetics remained un- 
changed (data not shown), whereas the magnitude 
of peak values were reduced (Table II) as reported 
[3,13]. Sodium azide may have inhibited chem- 
iluminescence by interference with myeloperoxi- 
dase (Table II). Also, aggregation responses were 
unaffected by these drugs [8]. 

Dependence on the cytoskeleton 
The dependence on the cytoskeleton was as- 

sessed by inhibiting microtubules with colchicine 
(10-0.1 FM) and microfilaments with cytochalasin 
B (0.1-5 Fg/ml). With cytochalasin B, enhance- 
ment of chemiluminescence was noted, being max- 
imal at 0.5-1.0/.tg/ml. Such treatment was associ- 
ated with a distinct change of both response kinet- 
ics and peak magnitudes. Gradually, with increas- 
ing cytochalasin B concentrations, the magnitude 
of the peak response to LTB 4 and fMLP was 
significantly amplified, for LTB 4 4-fold and for 
fMLP 10-fold. LTB 4 responses also aquired a 
dual-peaked appearance (Fig. 5). Colchicine treat- 
ment did not modify the LTB4-response kinetics, 
however, it did reduce the peak values (Table I) 
and the release of lysozyme by 20%. 

The ablation of all stimulus-specific aggrega- 
tion characteristics by cytochalasin B have been 
reported elsewhere [8]. The findings of those stud- 
ies were largely parallel to those reported here for 
chemiluminescence, including a change from a 
single-peaked aggregation response to LTB 4 to a 
dual-peaked one, when cytochalasin was used a t  
concentrations above 0.5 /tg/ml. Cytochalasin B 
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Fig. 5. Chemiluminescence curves of neutrophils in response to 
100 nM LTB 4 or fMLP when neutrophils had been treated 
with 5/.tg cytochalasin B/ml 1 min prior to the addition of the 
stimuli. LTB 4 chemiluminescence increased from 53 + 9 mV to 
226-1-15 mV (for the second and larger peak) and fMLP from 

317+28 mV to 4771 +229 mV (n = 8-9). 

did not enhance fura-2 or quin2 fluorescence in- 
crements induced by fMLP or LTB 4 (Fig. 3B). 

Discussion 

Regardless of whether chemiluminescence, ag- 
gregation and membrane depolarization were fol- 
lowed after stimulation with leukotrienes of the 
LTB 4 family, kinetically similar responses were 
observed. 

The similarity became more  apparent when 
functional responses to other classes of stimulants 
were compared. The formyl peptides, which are 
supposed to engage receptors of  one (or of very 
similar) ldnd(s), albeit distinctly different from 
that for LTB 4 [29,30], generated responses in which 
not only the peaks appeared later but also 
termination of chemiluminescence and membrane 
potential changes, as well as disaggregation, oc- 
curred more slowly. Despite differences in ab- 
solute time to peak reactions, which are related to 
the actual functional response, relative propor- 
tions between leukotriene and formyl peptide re- 

sponses were preserved. This suggests that the 
surface receptor-mediated stimulus-response cou- 
pling may be uniform for one class of stimuli. A 
difference was also observed for intracellular 
calcium responses to LTB 4 and fMLP. Although 
onset of  the rise of Ca 2+ concentration after ad- 
dition of LTB 4 and fMLP was rather similar, 
when assessed by  fura-2 fluorescence, onset of  the 
LTB 4 responses were faster in the quin2 system. 
In  both assays fMLP responses persisted longer 
than the LTB 4 responses (cf. Ref. 31), and in the 
fura system fMLP responses assumed a dual- 
peaked appearance (Fig. 3). The mechanism for 
the second peak of the fMLP response is unclear, 
but may point to the contribution of additional 
activation steps [26]. It  is, thus, possible that sub- 
sequent stimulus-specific chemiluminescent and 
aggregation response patterns are already formed 
at the level of activation of the phospholipase C 
(since formation of inositol tr iphosphate isomers 
also differ between fMLP and LTB4) [13]. They 
may also depend on phenomena occurring after 
the initial mobilization of intracellular calcium (cf. 
Ref. 26). Nonetheless, the rapid responses to 
leukotrienes suggest that these substances have 
more direct access to the response coupling than 
do formyl peptides, which may need endogenous 
LTB 4 formation for full expression [32]. 

It has been suggested that LTB4-induced incre- 
ments in neutrophil adhesiveness (as well as lung 
strip contraction [7]) are due to formation of  a 
cyclooxygenase product, conceivably thrombo- 
xane, since indomethacin treatment was reported 
to inhibit those responses [33]. It  is, however, 
unclear whether cyclooxygenase products are in- 
volved in neutrophil responses, since adhesion to 
plastics, aggregation and chemotaxis are neither 
inhibited by such treatment (Refs. 1, 8 and Lind- 
strSm et al., unpublished observations), or mod- 
erately inhibited (such as demonstrated here for 
chemiluminescence). Nonetheless, kinetic features 
of  the responses were not changed, indicating that 
the stimulus-response coupling was not affected in 
a qualitative way. Also, it is at present unclear 
whether inhibition of peak response magnitude 
conferred by indomethacin depends on an action 
on cyclooxygenation or whether other phenomena 
are of significance, e.g., decrements of binding of 
ligands (fMLP) to their receptors o r , b y  in- 



fluencing membrane events linked to the activa- 
tion of adenylate cyclase [34]. 

Another unique feature for leukotriene-trig- 
gered responses is the rapid termination of the 
response, irrespective of whether chemilumines- 
cence, membrane potential, or aggregation is 
tested. From the present results it appears not to 
be due to the formation of an inhibitory cycloo- 
xygenase product, e.g., prostacyclin [35,36]. The 
results of repeated challenges with LTB 4 and with 
t h e  lipoxygenase inhibitor nordihydroguaiaretic 
acid argues against the possibility that neutrophils 
were desensitized by an ensuing endogenous 
leukotriene formation. Moreover, the fast termina- 
tion of LTB4-elicited chemiluminescence was 
probably not due to rapid elevations of cAMP 
[37], or metabolism of added LTB 4 [28], since 
none of the drugs acting on these systems con- 
ferred changes of response kinetics [13,38]. It is, at 
present, unclear how the faster termination of the 
LTB4-induced calcium response relates to the 
kinetics of the other functional responses. More 
research is also needed to evaluate the significance 
of the second wave of fluorescence in fura-2 loaded 
neutrophils stimulated by fMLP. 

Absence of extracellular calcium did not mod- 
ify neutrophil response kinetics (although peak 
heights were reduced). However, quite marked 
changes were observed for neutrophil chem- 
iluminescence and aggregation when putative in- 
hibitors of (a)intracellular calcium fluxes (quin2) 
[21] and TMB-8 [11,12,22,23]) or (b) calmodulin- 
dependent kinase and protein kinase C (trifluo- 
perazine [11,12,24]) or on even more complex 
calcium-dependent reactions (verapamil [11,25,26]) 
were used. Although the exact mechanism for 
drug effects remains obscure appearance of peak 
chemiluminescence was delayed and disaggrega- 
tion was abolished by all drugs. 

Thus, we would suggest that interference with 
calcium-associated events (or other effects) con- 
ferred by these four drugs hamper the on-off 
phenomenon. More research is needed to clarify 
the mechanisms by which and the reason why 
fMLP response kinetics were more prolonged than 
LTB4, and why LTB 4 peaks were more susceptible 
to inhibition than fMLP. That the magnitude of 
the peak responses were reduced for chemi- 
luminescence and enhanced for aggregation, might 
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partly be explained by an inhibitory action of 
TMB-8 and trifluoperazine on light production in 
the luminol system [3]. As shown by the experi- 
ments with .cell-free luminescent systems scaveng- 
ing of light by a drug may impair detection of 
other cellular effects of !ha t  particular drug. It 
also emphasizes the need for careful evaluation of 
chemical interactions in a luminescent system [14]. 

Cytochalasin B treatment markedly changes ag- 
gregation and chemiluminescence responses, en- 
hancing peak magnitudes as well as ablating all 
stimulus-specific responses [8]. Since there is, as 
yet, no explanation for the sharp, single-peaked 
leukotriene chemiluminescent and aggregation re- 
sponses were transformed into a broad-shouldered 
dual-peaked response by cytochalasin B, further 
work is needed. But this clearly points to an effect 
on mechanisms intimately involved in the stimu- 
lus-response coupling, yet not clearly associated 
with changes in the calcium fluxes (Fig. 3b). It 
may be related to effects on the cytoskeleton or 
translocation of protein kinase C [31;39]. 
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