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ABSTRACT The responses of isolated human
peripheral neutrophils to either simultaneous or se-
quential additions of two chemotactic factors were
studied. Simultaneous additions of formyl-methionyl-
leucyl-phenylalanine (10-100 nM) and the fifth com-
ponent of complement, C5a (1-10 pl/ml), evoked par-
tially additive responses of membrane depolarization
as measured by the fluorescent dye 3,3'-dipropyl-thio-
carbocyanine, a transient elevation of intracellular
cyclic AMP (cAMP), and superoxide (Oz) generation
as assessed by ferricytochrome ¢ reduction. Preincuba-
tion of the cells with either formyl-methionyl-leucyl-
phenylalanine or C5a alone caused dose-dependent
inhibition of the depolarization, the cAMP increase,
and O3 release induced by a subsequent exposure to
an optimal dose of the same stimulus, i.e., deactivation
occurred. In contrast, when cells were treated with one
chemotactic factor and then exposed to the other stimu-
lus, the cells exhibited a normal response of peak de-
polarization, the rise in ¢cAMP, and O7 production
i.e., cross-deactivation failed to occur. The results
imply that deactivation of these phenomena is stimulus
specific. Further, these observations are consistent
with the hypothesis that cross-deactivation of chemo-
taxis is mediated by one or more processes that are ir-
relevant to Oz generation, and that occur distal to the
depolarization and cAMP steps in the sequence of
neutrophil activation: possibly microtubule polym-
erization and orientation.

INTRODUCTION

The exposure of neutrophils to a chemotactic factor,
in the absence of a gradient, has been shown to prevent
the cells from responding with directional migration
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when they are challenged with the same or a different
chemotactic factor after washing (1-3). These two
processes have been termed deactivation and cross-de-
activation, respectively. Inasmuch as motility per se is
not affected (4), it seems likely that an understanding
of the deactivation phenomena will add considerably
to our knowledge of the specific chemotactic process.
That structurally unrelated chemotactic factors, some of
which clearly bind to distinct cell receptors (5, 6), can
cross-deactivate the chemotactic response indicates
that cross-deactivation cannot possibly be explained as
simply the effect of receptor blockade, although deacti-
vation could. Our work explores this idea by studying
the early cellular events occurring in response to se-
quential exposures of human peripheral neutrophils to
the tripeptide n-formyl-methionyl-leucyl-phenylala-
nine (FMLP),! and to a partially purified preparation of
the fifth component of complement, C5a. The chemo-
tactic factor-induced responses measured were mem-
brane potential alterations as measured by a fluores-
cent cyanine dye, transient elevations in intracellular
levels of cyclic AMP (cAMP), and O3 generation as
assessed by ferricytochrome ¢ reduction. The results
indicate that deactivation of these three functions is
stimulus specific and that a phenomenon analogous to
cross-deactivation does not exist for the chemotactic
factor-induced cAMP response or for Oy release.

METHODS

Medium. The medium used in this study was prepared
with deionized water as a modified Hanks’ balanced salt solu-
tion, supplemented with 1 mg/ml bovine serum albumin,
pH 7.40.

Neutrophils. Human peripheral neutrophils were iso-
lated by sequential dextran sedimentation and Ficoll-Hy-

' Abbreviations used in this paper: FMLP, formyl-methio-
nyl-leucyl-phenylalanine; DMSO, dimethyl sulfoxide.
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paque gradient centrifugation (Pharmacia Fine Chemicals,
Div. of Pharmacia, Inc., Piscataway, N. J.) (7). Contaminating
erythrocytes were lysed by treatment with ammonium chlo-
ride (Fisher Scientific Co., Pittsburgh, Pa.) for 10 min at 37°C.
The neutrophils were washed three times, then resuspended
in medium and counted. The purity of the neutrophil suspen-
sions averaged 96% as judged by Wright’s stain. Viability aver-
aged 96% as assessed by cosin Y exclusion. At the concentra-
tions employed in this study, none of the agents tested affected
neutrophil viability.

Chemotactic factors. FMLP was purchased from Sigma
Chemical Company, St. Louis, Mo. FMLP was dissolved at
1 mM in dimethyl sulfoxide (DMSO, Fisher Scientific)
and stored at —70°C. FMLP was diluted in medium
before each experiment. Though no effects could be detected
with 0.1% or less DMSO in any of the assays employed, con-
trols contained the appropriate amounts of DMSO.

A partially purified C5a fraction was prepared as previously
described by Fantone etal. (8). Briefly, fresh human serum was
treated with 10 mg/ml zymosan (Sigma Chemical Co.) in
the presence of epsilon-aminocaproic acid (1.0 M) for 90 min
at 37°C. After removal of the zymosan particles by centrifuga-
tion, the zymosan-treated serum was chromatographed on a
Sephadex G-100 column (Pharmacia Fine Chemicals), using
0.15 M acetate bufter, pH 3.7, as the eluant. Column fractions
were pooled and stored at —70°C. Concentrations are
expressed as microliters of stock solution per milliliter of
reaction mixture and referred to as C5a, despite that some
C5a4es arg and perhaps other C5 fragments might still be pres-
ent in the preparation.

Experimental design.  To test the ability of FMLP and C5a
to deactivate or cross-deactivate the cellular responses, ex-
periments were initially performed in two ways. In method 1,
cells were exposed to one stimulus, pelleted, washed once,
and then resuspended in medium containing the same or
alternate stimulus.. In method 2, after pretreatment with one
stimulus, the cells were challenged with the same or alternate
stimulus without pelleting and without an intervening wash
between successive challenges. There were no differences in
the subsequent responses to a second challenge with the same
or different stimulus in either of the two methods. Therefore,
unless otherwise stated, all experiments were performed
using method 2.

Assay of superoxide radical generation. Superoxide gen-
eration was measured by ferricytochrome ¢ (type III, Sigma
Chemical Co.) reduction as previously described (9). All
experiments were performed in duplicate in a volume of 0.6 ml
in plastic microcentrifuge tubes (Beckman Instruments
Inc., Fullerton, Calif.) containing FMLP and/or C5a dilution,
ferricytochrome ¢ solution (75 uM final concentration), and
neutrophils (1.5-3.0 x 10%ml). Tubes were then placed in a
37°C water bath and periodically agitated. After 5 min, the
tubes were removed and the reactions stopped by pelleting
the cells by centrifugation at 8,000 g for 30 s in a microcentri-
fuge (Microfuge B, Beckman Instruments Inc.); the supernates
were decanted.

For experiments in which FMLP and C5a were tested for
their ability to deactivate and cross-deactivate the generation
of Oz, neutrophils were first exposed to one stimulus for 5
min at 37°C in the presence (Tables I and II, part A) or ab-
sence (Tables I and II, parts B, C, and D) of ferricytochrome c.
After the 5-min preincubation, set A was centrifuged and the
supernates analyzed. At the same time, the second stimulus
(FMLP, C5a, or medium) was added to sets B, C, and D, re-
spectively, together with the ferricytochrome ¢ solution, and
the cells were incubated for an additional 5 min at 37°C. The
presence (part A) or absence (parts B, C, and D) of ferricyto-
chrome ¢ during the first stimulation had no effect on the sub-

sequent cellular response to the second challenge with either
chemotactic factor.

The amount of reduced cytochrome ¢ in the supernates was
assayed as follows: 0.2 ml of supernate was added to 2.8 ml of
0.1 M potassium phosphate buffer, pH 7.40, and the absor-
bance spectrum measured at 550 nm in a Gilford 250 spectro-
photometer (Gilford Instrument Laboratories Inc., Oberlin,
Ohio). Using potassium ferricyanide (Fisher Scientific Co.)
and sodium dithionite (J. T. Baker Chemical Co., Phillips-
burgh, N. ].), the amount of reduced cytochrome ¢ and the total
amount of cytochrome ¢ present were calculated using an ex-
tinction coefficient of 21.1 mM~" at 550 nm (reduced-oxidized)
(10). The addition of 10 pug/ml superoxide dismutase (Sigma
Chemical Co.) to the complete reaction mixtures inhibited
both FMLP- and C5a-induced cytochrome ¢ reduction by
>90%, indicating that the reaction was specific for O3.
Superoxide generation is expressed as nanomoles of ferricyto-
chrome ¢ reduced per 10 neutrophils.

Radioimmunoassay of ¢cAMP. Experiments were per-
formed at 37°C in 13 x 100-mm glass tubes (Fisher Scientific)
in a total volume of 0.4 ml, containing 107 neutrophils. The
stimuli, FMLP and C5a, were pipetted singly or in combina-
tion, followed by the addition of the neutrophil suspensions.
At stated times, the incubations were terminated by boiling
for 2 s in a Bunsen burner flame, as previously described (11,
12). For experiments in which FMLP and C5a were tested for
their ability to deactivate and cross-deactivate the cellular re-
sponse to asecond stimulus, the neutrophils were firstexposed
to one stimulus for 3 min at 37°C, during which the cAMP
responses were measured. The second stimulus was then
added and the cells incubated for an additional 5 min at 37°C.
Following sonication and centrifugation of the reaction mix-
tures at 2,600 g for 10 min, the supernates were separated
and acetylated with 0.003 ml of a freshly prepared 2:1 mix-
ture of triethylamine (Eastman Kodak Co., Rochester, N. Y.)
and acetic anhydride (Fisher Scientific) according to the
procedure of Harper and Brooker (13). 50-ul aliquots of this
mixture were then diluted with 0.05 M sodium acetate buffer
(pH 6.2) and radioimmunoassays for cAMP and ¢cGMP were
performed as described by Steiner et al. (14). Greater than 90%
of the cAMP reactivity was destroyed by treatment with beef
heart phosphodiesterase (Sigma Chemical Co.). The methods
of cyclic nucleotide extraction and radioimmunoassay pro-
cedures have been previously described in detail (15).

Fluorescence measurements. The fluorescent dye 3,3'-di-
propylthiocarbocyanine iodide was a gift of Dr. Alan Wag-
goner of Amherst College, Amherst, Mass. A stock solution of
the dye (1 mM) was prepared in ethanol and stored at 4°C, pro-
tected from light.

Studies were performed in a Turner Model 430 spectro-
fluorometer (Turner Associates, Div. of American Sterilizer
Co., Palo Alto, Calif.) in which the temperature of the samples
and cuvette compartment were maintained at 37°C by con-
tinuously circulating warm water. Excitation was at 622 nm
and emission at 670 nm. Experiments were performed in a
total volume of 3 ml, containing 4 X 10° neutrophils. The
dye was added (3 ul of stock solution in ethanol) giving a final
concentration of 1 uM and 0.1% ethanol. The cells were
equilibrated with dye for 5-10 min at 37°C before taking meas-
urements. When a stable base line of fluorescence was at-
tained, FMLP and/or C5a as concentrated stock solutions in
medium were added and the changes in fluorescence moni-
tored continuously for at least 5 min at 37°C. In the absence
of cells, neither FMLP nor C5a affected dye fluorescence.
Fluorescence data are reported in arbitrary fluorescence
units, a change of 10 U representing ~20% change in total
fluorescence. Data are also reported as A fluorescence units,
the peak fluorescence obtained in the presence of FMLP

737

Stimulus-specific Deactivation



minus the fluorescence of control cells in medium. At the
concentrations used, neither ethanol nor the dye affected neu-
trophil viability as assessed by eosin Y exclusion. The addi-
tion of dye (1 uM) to the cells had no significant effect on the
functional integrity of the cells as assessed by the magnitude

of superoxide generation induced by 100 nM FMLP in 5
min at 37°C.

Experiments were performed to test the effect of preincuba-
tion with one stimulus on the subsequent response to the same
or a different stimulus. After equilibration with dye, the neu-
trophils were stimulated with FMLP or C5a and the fluores-
cence changes monitored continuously for 5 min at 37°C.
Then, optimal doses of either FMLP (100 nM) or C5a (10 ul/
ml) were added and the subsequent fluorescence responses
recorded for an additional 5 min.

Statistical analysis. Two-tailed comparisons were per-
formed using multiple independent t tests on difference
scores (16).

RESULTS

As previously reported (17), the dose-response ranges
of the two stimuli for both O3 release and the cAMP
response were the same: FMLP, 10-100 nM, and C5a,
1-10 wpl/ml. Superoptimal doses, i.e., 1 uM FMLP and
33 pl/ml C5a induced responses equivalent to those of
100 nM FMLP and 10 ul/ml C5a, respectively, which
therefore represented the optimal doses. These latter
concentrations also evoked maximal fluorescence
changes in the dye studies (see below).

Effect of simultaneous additions of FMLP and C3a
on superoxide generation. Fig. 1 displays the results
of four experiments to test the effects of two stimuli,
FMLP and C5a, when added together, on Oz produc-
tion over 5 min at 37°C. As previously reported, Oy
release induced by FMLP was complete by 5 min, as
was most of the C5a-stimulated O; generation (17).
When FMLP and C5a were added separately, Oz pro-
duction induced over the concentration range 10-100
nM FMLP and 1-10 ul/ml C5a was significantly greater
than medium (P vs. control < 0.05). Over these dose
ranges, the simultaneous additions of FMLP and C5a
caused a greater amount of O; release than either
stimulus alone (P < 0.02).

In several experiments, the cells were treated with
either 400 nM FMLP or 33 ul/ml C5a alone. In all
instances, the cellular responses were similar to those
obtained with either 100 nM FMLP or 10 ul/ml C5a
alone, indicating that the two latter concentrations had
produced the maximal response for each individual stim-
ulus. It is therefore unlikely that the observations
reported here reflect an approach to saturation of the re-
sponse by the combination of the two stimuli. The per-
cent increment in O; generation caused by the combi-
nation of the two stimuli appeared to increase with less
than optimal doses of FMLP and C5a until the re-
sponses were fully additive at 10 nM FMLP and 1 ul/
ml C5a (P < 0.02). The combination of two ineffective
doses, 4 nM FMLP and 0.33 ul/ml C5a, did not result
in any significant response over control levels.

738

L. Simchowitz, J. P. Atkinson, and 1. Spilberg

22, FMLP + C5a
/‘ (Predicted)
20}

18
FMLP + C5a

6} (Measured)

ALYS
i FMLP
12

0

Nanomoles Cytochrome ¢ Reduc:ed/106 Neutrophils

(" 4 1'0 4'0
FMLP Concentration (nM)

0 033 10 33 10
C5a Concentration (. I/ml)

100

FiGURE 1 Effect of simultaneous additions of FMLP and
C5a on superoxide generation. Neutrophils (1.8-3.0 x 10°)
were exposed to different concentrations of FMLP and C5a,
either separately or together and ferricytochrome ¢ reduc-
tion assessed after 5 min at 37°C. The increments in the
separate FMLP- and C5a-induced O; release were added to
the basal O; production by control cells to achieve a theo-
retical plot if the individual FMLP- and C5a-stimulated re-
sponses were strictly additive. Results represent the mean
+SD of four separate experiments each performed in dupli-
cate.

Effect of sequential additions of FMLP and C5a on
superoxide generation. The results of experiments
designed to test the ability of FMLP preincubation to
deactivate or cross-deactivate the neutrophil responses
to subsequent challenge with FMLP or C5a, respec-
tively, are shown in Table L. Preincubation of the cells
with 4-100 nM FMLP for 5 min at 37°C resulted in sub-
stantial, dose-dependent inhibition of O; generation
induced by a subsequent challenge with the optimal
100 nM FMLP dose (Table 1 B). Of note is that 4 nM
FMLP, while ineffective in inducing Oz production
during the first incubation, significantly inhibited the
response to 100 nM FMLP (8.5 vs. 10.4 nmol/10¢ cells,
P < 0.05). Moreover, for cells initially treated with
4-40 nM FMLP the total increments in O; generated
during the course of the two successive stimulations
were significantly less than the sum of the FMLP-in-
duced increments with control cells (P < 0.05).

In contrast, FMLP preincubation had no effect on the
subsequent response to an optimal (10 ul/ml) dose of
C5a (Table I C). FMLP-stimulated O; release had
ceased by 5 min of incubation (i.e., during the preincu-
bation phase), so that no O3 production above control



TABLE I
Effect of FMLP Preincubation on Superoxide Generation
after Subsequent Challenge with FMLP or C5a

Mean Sum of
Preincubation Second increment in FMLP-induced
additions challenge O; generation*,{ 05 release* increments
A
Medium None 0.7+0.2 —
100 nM FMLP None 11.5+2.2 10.8
40 nM FMLP None 7.7+13 7.0
10 nM FMLP None 2.2+0.9 1.5
4 nM FMLP None 0.6+0.3 -0.1
B (B-D)t (A +B)
Medium 100 nM FMLP 10.9x1.7 104 10.4
100 nM FMLP 100 nM FMLP 0.3+0.2 0.0§ 10.8"
40 nM FMLP 100 nM FMLP 1.6+1.3 1.1§ 8.1§
10 nM FMLP 100 nM FMLP 3.5+1.1 2.9§ 4.4§
4 nM FMLP 100 nM FMLP 8.9+0.9 8.5§ 8.4§
C (C-D"t
Medium 10 pl/ml C5a 8.4+1.0 7.9
100 nM FMLP 10 pl/ml C5a 8.3+1.0 8.0
40 nM FMLP 10 pl/ml C5a 78+1.2 7.2
10 nM FMLP 10 ul/ml C5a 9.2+1.0 8.6
4 nM FMLP 10 ul/ml C5a 9.0+1.3 8.5
D (Control)
Medium Medium 0.5+0.2 -
100 nM FMLP Medium 0.3+0.2 —
40 nM FMLP Medium 0.5+0.2 —
10 nM FMLP Medium 0.6+0.3 —
4 nM FMLP Medium 0.4+0.2 —
D’ (Control)
Medium Medium 0.5+0.4 —
100 nM FMLP Medium 0.3+0.3 —
40 nM FMLP Medium 0.6+0.2 —_
10 nM FMLP Medium 0.6+04 —
4 nM FMLP Medium 0.5+0.3 —

2-3 x 10% neutrophils were preincubated with FMLP dilutions for 5 min at 37°C (sets A-D).
Set A was assessed for ferricytochrome ¢ reduction, and 100 nM FMLP, 10 gl/ml C5a, or
medium was added to sets B, C, and D, respectively. Sets B—D were incubated for an additional
5 min at 37°C, after which the supernates were analyzed.

* Q5 generation expressed as nanomoles of ferricytochrome ¢ reduced per 10® neutrophils.

1 Results represent the mean=SD of six separate experiments (sets A, B, and D) and of four
separate experiments (sets C and D’) each performed in duplicate.

§ P vs. control < 0.05.
"P vs. control > 0.20.

levels could be detected during the second 5-min
incubation (Table I D).

The results of a second series of experiments testing
the effects of C5a preincubation on subsequent chal-
lenge of the cells with C5a or FMLP are shown in Table
II. Preincubation of the cells with 1-10 ul/ml C5a for
5 min at 37°C caused a dose-dependent inhibition of
07 release to a second challenge by an optimal (10
wul/ml) concentration of C5a (Table II C). However,

this C5a preincubation had no effect on subsequent
O; production induced by 100 nM FMLP (Table 11 B).
In contrast to FMLP-stimulated O3 generation, which
was complete by 5 min, small amounts of C5a-induced
O3 release could still be measured by 10 min of in-
cubation (Table II D).

Effect of calcium on FMLP-induced deactivation of
superoxide generation. Table IIT shows the results of
two experiments in which the role of calcium in FMLP-
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TABLE 11

Effect of C5a Preincubation on Superoxide Generation

after Subsequent Challenge with FMLP or C5a

Mean increment in Q5 generation
attributed to second challenge with:

Preincubation Second 100 nM FMLP 10 wl/ml C5a
additions challenge 0y generation* (B-D) (C-D)
A
Medium None 0.8+0.5
10 ul/ml C5a None 8.8+3.5
3.3 ul/ml C5a None 52+2.1
1.0 ul/ml C5a None 1.8+0.8
0.33 ul/ml C5a None 0.7+£0.3
B
Medium 100 nM FMLP 11.0+2.8 10.1
10 ul/ml C5a 100 nM FMLP 13.0+2.6 10.1%
3.3 pl/ml C5a 100 nM FMLP 12.4+2.6 10.2%
1.0 ul/ml C5a 100 nM FMLP 11.8+3.3 10.1%
0.33 ul/ml C5a 100 nM FMLP 11.5+x2.4 10.4%
C
Medium 10 ul/ml C5a 8.5+2.4 7.6
10 ul/ml C5a 10 ul/ml C5a 3.120.5 0.2§
3.3 ul/ml C5a 10 ul/ml C5a 5.5x1.6 3.3§
1.0 ul/ml C5a 10 pl/ml C5a 8.4+1.9 6.7%
0.33 ul/ml C5a 10 ul/ml C5a 8.5+2.0 7.41%
D (Control)
Medium Medium 0.9+0.6
10 ul/ml C5a Medium 2.9+0.5
3.3 ul/ml C5a Medium 2.2+0.7
1.0 pl/ml C5a Medium 1.7+£0.8
0.33 ul/ml C5a Medium 1.1£0.5

Procedures were the same as in Table I except that cells were preincubated with C5a dilutions

for 5 min at 37°C.

* O; generation expressed as nanomoles of ferricytochrome ¢ reduced per 10° neutrophils.
Results represent the mean+SD of four separate experiments each performed in duplicate.
In set A, data express O; generation during preincubation only.

{1 P vs. control > 0.20.
§ P vs. control < 0.05.

induced deactivation of superoxide generation was
tested. For these experiments, cells were incubated
with 4-100 nM FMLP for 5 min at 37°C in the presence
of 1.0 mM CaCl, or 1.0 mM EDTA. The cells were
then pelleted and the supernates aspirated and assayed.
Without an intervening wash, the cells were re-
suspended in medium containing 1.0 mM CaCl,, 0.5
mM MgCl,, 75 uM ferricytochrome and 100 nM FMLP
and the reaction mixtures incubated for an additional 5
min at 37°C. Although the presence of 1.0 mM EDTA
impaired the amount of O; generated by FMLP
stimulation of the cells during the 5-min preincubation,
EDTA had no effect on inhibition of the response to
subsequent challenge of the cells with 100 nM FMLP.

Effect of simultaneous additions of FMLP and C5a
on the cAMP response. As previously reported, 10—
100 nM FMLP and 1-10 gl/ml C5a induce a transient
elevation of intracellular cAMP that peaks at 15s and re-
turns to near basal levels by 5 min (17). When either
stimulus was added separately over the above stated
concentration range (Fig. 2), FMLP and C5a caused a
significant elevation in intracellular cAMP relative to
basal levels (P vs. medium < 0.05). The combination
of 40 nM FMLP plus 3.3 ul/ml C5a, and of 10 nM
FMLP plus 1 ul/ml C5a evoked an additive cAMP
response at 15 s, which was greater than that seen with
either stimulus alone (P < 0.05). Less than optimal con-
centrations of the two chemotactic factors, 10 nM
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TaBLE III
Effect of Calcium on FMLP-induced Deactivation
of Superoxide Generation

Superoxide generation*

After second challenge with

Preincubation After
additions preincubation 100 nM FMLP Medium
1 mM Ca* +
Medium 0.3 11.4 0.2
100 nM FMLP 11.1 0.2 0.5
40 nM FMLP 72 2.4 0.5
10 nM FMLP 2.3 4.0 0.2
4 nM FMLP 0.4 8.6 0.2
1 mM EDTA +
Medium 0.3 12.0 0.2
100 nM FMLP 6.6 0.3 0.3
40 nM FMLP 2.2 1.9 0.2
10 nM FMLP 0.6 4.4 0.2
4 nM FMLP 0.2 9.7 0.2

Neutrophils (3 x 10%) were preincubated for 5 min at 37°C with
FMLP dilutions in the presence of 1 mM CaCl, or 1 mM
EDTA. The supernates were analyzed and without an inter-
vening wash, the cells were resuspended in medium contain-
ing 1 mM CaCl, and 0.5 mM MgCl,, together with 100 nM
FMLP or medium. After an additional incubation for 5 min at
37°C, the neutrophils were pelleted and the supernates meas-
ured for Oy release.

* O; generation expressed as nanomoles of ferricytochrome
reduced per 10° neutrophils. Results represent the average of
two individual experiments each performed in duplicate.

FMLP and 1 ul/ml C5a, were associated with fully addi-
tive responses (P < 0.05). The combination of the two
stimuli did not appreciably prolong the time-course of
the cAMP response, i.e., cAMP levels fell to control
values by 5 min of incubation.

Effect of sequential additions of FMLP and C5a on
the cAMP response. As shown in Table IV, preincuba-
tion of the cells with 1-10 ul/ml C5a for 5 min resulted
in dose-dependent inhibition of the subsequent cAMP
response at 15 s to a second challenge with 10 ul/ml C5a
(Table IV C). However, preincubation with 1-10 ul/ml
C5a had no effect on the subsequent cAMP response at
15 s to an optimal dose of 100 nM FMLP (Table IV B).

Table IV also displays the results of a parallel series
of experiments in which cells were preincubated with
10-100 nM FMLP. FMLP preincubation caused
dose-dependent inhibition of the cAMP response at
15 s to a second stimulation with 100 nM FMLP (Table
IV B’), but had little effect on the subsequent cAMP
response to an optimal (10 ul/ml) C5a dose (Table IV
C"), except for depression of the cAMP increment when
the cells were pretreated with 100 nM FMLP. However,
there was no difference at 1 min in the cAMP in-

crement to C5a challenge between cells preincubated
for 5 min with medium or 100 nM FMLP (1.78 vs. 1.73
pmol/107 cells, P > 0.20).

Effect of sequential additions of FMLP and C5a on
dye-cell fluorescence. Cyanine dyes and other closely
related compounds have previously been used to meas-
ure potential changes across membranes of bacteria,
squid axons, erythrocytes, and tumor cells (18). The
fluorescent moiety behaves as a permeant cation and
optical changes result from membrane-localized dye
movements. Cyanine dye absorption changes occur be-
cause of a potential-dependent partition of the dye be-
tween the membrane and the medium (19). For 3,3'-
dipropylthiocarbocyanine iodide, cell hyperpolariza-
tion is thought to cause uptake of dye molecules by the
cells and decreased fluorescence because of the forma-
tion of dye aggregates that have reduced fluores-
cence. In contrast, depolarization leads to release of dye
into the extracellular medium and enhanced fluores-
cence (19).

Continuous tracings of the fluorescence changes from
a single representative donor are shown in Fig. 3, and
data from several different donors are presented in
Table V, showing the effects of preincubation with one
stimulus on the subsequent response to the same or a
different stimulus. For these experiments, the cells
were initially stimulated and the fluorescence changes
monitored continuously for 5 min at 37°C. Thereafter,
the second stimulus was added and the subsequent dye-
cell fluorescence responses followed for an additional
5 min. The addition of 0.3-10 ul/ml C5a caused an im-
mediate response of increasing fluorescence, which is
consistent with membrane depolarization. Peak
fluorescence levels were reached within 1 min, after
which the response declined toward, but did not reach,
control values by 5 min (Fig. 3A, 3B, and Table V).
Treatment of the cells with C5a (0.3-10 ul/ml) caused
dose-dependent inhibition of the subsequent fluores-
cence response to challenge with the optimal (10 wl/
ml) C5a dose (Fig. 3A, Table V C), but had no effect
on the peak level of fluorescence achieved by the
addition of 100 nM FMLP (Fig. 3B, Table V B). How-
ever, C5a preincubation did have an effect on the sub-
sequent FMLP-induced increment (peak FMLP-in-
duced fluorescence minus basal level) in fluorescence.
This effect was due to the fact that the fluorescence re-
sponses caused by the higher doses of C5a had not yet
returned to basal levels by the end of the first 5-min
incubation. Similar results were seen with FMLP—
i.e., treatment of the cells with 4—100 nM FMLP caused
dose-dependent inhibition of the fluorescence re-
sponse to subsequent challenge with 100 nM FMLP
(data not shown).

Effect of simultaneous additions of FMLP and C5a
on dye-cell fluorescence. As seen with O; generation
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FIGURE 2 Effect of simultaneous additions of FMLP and C5a on the cAMP response. See legend
to Fig. 1 except that 6-10 x 10° neutrophils were used for each determination and the level of
cAMP determined at 15 s. Results represent the mean+SD of three separate experiments each

performed in triplicate.

and the cAMP response (Figs. 1 and 2), the combina-
tions of the two simultaneously added chemotactic fac-
tors—4-40 nM FMLP and 0.33-3.3 ul/ml C5a—
evoked additive peak fluorescence responses (Fig. 4)
that were significantly greater (P < 0.05) than those
fluorescence levels obtained with either stimulus
alone. The separate FMLP- and C5a-induced re-
sponses were fully additive (P < 0.05) at concentra-
tions (4 nM FMLP plus 0.33 ul/ml C5a) unable to pro-
mote O3 release (Fig. 1). However, the combination
of 100 nM FMLP and 10 ul/ml C5a, each an optimal
dose, was associated with no additive response.

DISCUSSION

FMLP and C5a have previously been shown to bind to
distinct cell membrane receptors on human neutrophils
(5, 6). The interaction of these factors with the cell has
been shown to cause the biologic expressions of chemo-
taxis, exocytosis, and superoxide generation (20). In
addition, FMLP and C5a cause membrane potential
changes (21, 22), transient elevations of intracellular
cAMP (17, 22, 23), and influxes of Na* and Ca2?* (24,
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25), which have been thought to constitute, or at least
reflect, early activation events, since they occur during
the 15-25-s latency period before any granule enzyme
release or O7 generation can be detected (17, 22).
Preincubation of the cells with either FMLP (4-100
nM) or C5a (1-10 ul/ml) caused dose-dependent in-
hibition of the subsequent response to an optimal dose
of the same stimulus. This was shown for the fluores-
cence changes compatible with membrane depolariza-
tion and for the rise in cAMP, as well as for O; gen-
eration, and is analogous to the phenomenon of deacti-
vation or desensitization noted in chemotaxis (1-3) and
granule enzyme release (26, 27). With O; release,
pretreatment of the cells with an ineffective FMLP
dose (4 nM) nonetheless resulted in inhibition of the
subsequent response to a second FMLP challenge.
Secondly, for cells initially exposed to suboptimal
FMLP doses, the sum of the increments in O; release
during the two successive FMLP stimulations was less
than the total O3 production obtained in the presence
of 100 nM FMLP. These two lines of evidence suggest
that the initial treatment of the cells with FMLP specif-
ically deactivated the subsequent response to a second



TABLE IV
Effect of Sequential Additions of FMLP and C5a on cAMP Response

Preincubation Second Mean increment
additions challenge cAMP response* in cAMP
pmoll107 cells
A (A - D)
Medium None 4.59+1.63 -0.22
10 ul/ml C5a None 7.95+2.17 3.08
3.3 ul/ml C5a None 7.31£2.59 2.65
1.0 ul/ml C5a None 5.49+1.30 1.21
B (B-D)
Medium 100 nM FMLP 8.67+0.61 3.86
10 ul/ml C5a 100 nM FMLP 8.21+1.09 3.34 P>020
3.3 ul/ml C5a 100 nM FMLP 8.16+1.37 3.50 P >0.20
1.0 ul/ml C5a 100 nM FMLP 9.04+0.65 476 P <0.20
C (C-D)
Medium 10 ul/ml C5a 7.31+0.82 2.50
10 ul/ml C5a 10 ul/ml C5a 4.67+0.26 -0.20 P <0.01
3.3 ul/ml C5a 10 ul/ml C5a 6.08+0.63 142 P <0.02
1.0 ul/ml C5a 10 pl/ml C5a 7.55+1.78 3.27 P <020
D (control)
Medium Medium 4.81+0.98 —
10 ul/ml C5a Medium 4.87+0.93 —
3.3 ul/ml C5a Medium 4.66+1.09 —
1.0 pl/ml C5a Medium 4.28+0.80 —
A’ (A" - D)
Medium None 3.01+0.34 -0.18
100 nM FMLP None 7.59+2.16 3.72
40 nM FMLP None 5.62+0.47 1.90
10 nM FMLP None 4.68+0.67 1.17
B’ (B' — D)
Medium 100 nM FMLP 9.05+3.16 5.86
100 nM FMLP 100 nM FMLP 5.24+0.91 1.37 P<0.01
40 nM FMLP 100 nM FMLP 4.75+0.60 1.03 P <0.01
10 nM FMLP 100 nM FMLP 7.43+2.92 3.92 P<0.10
C’ (C'-D")
Medium 10 ul/ml C5a 6.85+1.42 3.66
100 nM FMLP 10 ul/ml C5a 5.73+1.32 1.86 P <0.02
40 nM FMLP 10 ul/ml C5a 6.45+1.56 273 P <0.20
10 nM FMLP 10 pl/ml C5a 6.43+1.85 292 P>0.20
D’ (Control)
Medium Medium 3.19+0.16 —
100 nM FMLP Medium 3.87+1.20 —_
40 nM FMLP Medium 3.72+1.41 —
10 nM FMLP Medium 3.51+0.26 —_

Neutrophils (107) were preincubated with C5a (Sets A—D) or FMLP (Sets A'-D")
dilutions. Sets A and A’ were assessed for the cAMP response at 155 after the
addition of the stimuli. Sets B,C,D and B',C’,D’ were incubated for 5 min at 37°C,
after which 10 nM FMLP, 10 pl/ml C5a, or medium, respectively, were added, and
the cAMP responses measured at 15 s.
* Results represent the mean=SD of three separate experiments each performed in

triplicate.
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FIGURE 3 Effect of sequential additions of FMLP and C5a on dye-cell fluorescence. Neutrophils
(4 x 10%) were equilibrated with 1 uM 3,3'-dipropylthiocarbocyanine iodide. At zero time, C5a
dilutions or medium were added and the fluorescence changes recorded for 5 min at 37°C. Then,
either 10 ul/ml C5a (Fig. 3A) or 100 nM FMLP (Fig. 3B) was added and the fluorescence re-
sponses monitored for an additional 5 min. The figures represent tracings of actual recordings from
a representative donor. Total fluorescence was 47+3 U. '

challenge with FMLP and that the observations re-
ported here do not represent simple saturation of the
response to a given stimulus. Receptor blockade or
functional loss of receptors has been thought to be the
mechanism of deactivation, and indeed, preincubation
of rabbit neutrophils with FMLP has been shown to
interfere with the subsequent binding of tritiated
formyl-norleucyl-leucyl-phenylalanine, a closely re-
lated compound (28). However, since 10-20% of recep-
tor activity is still present even after exposure of the
cells to large excesses of the peptide (28), it is con-
ceivable that one or more postreceptor events may
underlie, at least in part, the deactivation phenomenon.
If deactivation were mediated by a later Ca**-de-
pendent step after receptor-ligand binding (e.g., a Ca?*
influx), then by chelating Ca?*, EDTA would be ex-
pected to impair the Ca?* influx and thus pos-
sibly protect the cells from deactivation. The pres-
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ence of | mM EDTA together with FMLP under deacti-
vating conditions (i.e., during the preincubation with
FMLP) had no effect on inhibition of subsequent
FMLP-induced O3 generation occurring in the pres-
ence of 1 mM Ca?*. These observations are consistent
with the deactivation phenomenon’s mediation
through receptor blockade or a functional loss of recep-
tors, inasmuch as tritiated-FMLP binding to neutro-
phils occurs independently of divalent cations (9).
However, one must bear in mind the possibility that
calcium-independent deactivation mechanisms having
nothing to do with receptors have not been precluded.
The response of the cells to sequential additions of
the two chemotactic factors was also studied. Preincu-
bation with 1-10 ul/ml C5a had no effect on the sub-
sequent cAMP response or on the amount of O3 gen-
erated by an optimal dose of FMLP (100 nM). Simi-
larly, preincubation with 10-100 nM FMLP had no



Peak Fluorescence

TABLE V
Effect of Preincubation with C5a on Subsequent Fluorescence
Response to FMLP or C5a

Preincubation

Fluorescence (F) units

additions Second

(ul/ml) challenge Basal* Peakt AF§

A
Medium None 8.7+3.2 8.7+3.2 0.0
10 pl/ml C5a None 7.3+3.4 28.0+4.1 20.7
3.3 ul/ml C5a None 8.7+3.8 25.3%6.1 16.6
1.0 pl/m] C5a None 8.3+3.4 18.7+5.3 10.4
0.3 pul/ml C5a None 9.3x2.5 14.0x3.1 4.7

B
Medium 100 nM FMLP 8.0x2.6 26.3+5.0 18.3
10 pl/m] C5a 100 nM FMLP 12.3+2.3 24.3+2.1 12.0
3.3 ul/ml C5a 100 nM FMLP 12.0+4.4 26.3+4.5 14.3
1.0 ul/ml C5a 100 nM FMLP 9.7+3.1 25.0+6.1 15.3
0.3 ul/ml C5a 100 nM FMLP 8.7+3.2 26.3+6.8 17.6

C
Medium 10 pl/ml C5a 8.0+3.4 27.0x7.5 19.0
10 pul/ml C5a 10 ul/ml C5a 11.7+3.8 12.3+x4.2 0.6
3.3 ul/ml C5a 10 ul/ml C5a 13.0+£5.0 19.0+£3.4 6.0
1.0 ul/ml C5a 10 ul/ml C5a 10.7+2.9 22.3+4.2 11.6
0.3 pl/ml C5a 10 pl/ml C5a 9.0+2.8 24.3+3.8 15.3

Neutrophils (4 x 10°) in 3.0 ml were equilibrated with 1 uM 3,3’-dipropylthio-
carbocyanine iodide. Cells were exposed to C5a dilutions and the fluorescence
changes recorded for 5 min at 37°C. Afterward, 100 nM FMLP or 10 ul/ml C5a was
added to sets B and C, respectively, and the fluorescence responses observed for
an additional 5 min. Results represent the mean+SD of three separate experi-

ments each performed in duplicate.

* Basal fluorescence, fluorescence level immediately before stimulation.
1 Peak fluorescence, peak fluorescence after stimulation.
§ AF, peak fluorescence — basal fluorescence.

40,
35 L
FMLP + C5a
30 L
FMLP
25} U
204
C5a
15}
10}
0 4 10 40 100
FMLP Concentration (nM)
0 03 1.0 33 10

C5a Concentration ( u I/ml)

effect on the subsequent cAMP (except for apparent in-
hibition with 100 nM FMLP at 15 s, but not 1 min) and
O; responses to a later challenge with 10 ul/ml C5a.
These experiments indicate that for these two stimuli
under the conditions outlined, a phenomenon analo-
gous to cross-deactivation or cross-desensitization does
not exist for the transient rise in cAMP or for O; gen-
eration induced by FMLP and C5a. These findings
parallel those reported by O’Flaherty et al. (29),
wherein FMLP and C5a demonstrated selective
desensitization of neutrophil aggregation in response
to the chemotactic factors: after preincubation with
either stimulus, subsequent challenge with the other

FIGURE 4 Effect of simultaneous additions of FMLP and
C5a on dye-cell fluorescence. See legend to Fig. 1. Neutro-
phils (4 x 10°) were equilibrated with 1 uM 3,3'-dipropylthio-
carbocyanine iodide and the peak fluorescence levels plotted
after stimulation by FMLP and C5a, either separately or to-
gether. Results represent the mean+SD of three separate ex-
periments each performed in duplicate. Total dye fluores-
cence, in the absence of cells, was 52+4 U.
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stimulus evoked a normal response. Moreover, our ob-
servations parallel those of Henson et al. (26), who
previously showed that preincubation of human neu-
trophils with C5a had no effect on subsequent enzyme
release induced by casein or by zymosan particles
coated with complement.

The results of experiments to test the possible cross-
deactivation phenomenon for the apparent membrane
depolarization response allow for alternative inter-
pretations. On the one hand, C5a preincubation had no
effect on the subsequent peak response to an optimal
FMLP dose (100 nM). Should membrane depolariza-
tion itself constitute, or at least reflect, early activation
events in the pathway leading to O; generation, the
observations reported here are consistent with a lack of
cross-deactivation of the depolarization response if the
level of peak depolarization were the critical factor
and/or if a threshold level of depolarization existed for
cell activation. This latter hypothesis is supported by
the observations that FMLP-induced depolarization
and a transient increase in Na* permeability (as meas-
ured by #2Na* fluxes) are observed at 4 nM FMLP, a
concentration at which O; generation over control
levels cannot be detected (25). Alternatively, the data
may be interpreted as being consistent with cross-de-
activation of the depolarization response, inasmuch as
the increment in the fluorescence change (A F) at-
tributed to FMLP was reduced, though only modestly,
by preincubation with C5a.

The simultaneous additions of FMLP and CS5a
caused enhanced fluorescent (“apparent depolariza-
tion”) and cAMP responses, as well as increased Oz
release relative to either stimulus alone. For each of the
three parameters measured, the responses were fully
additive at low stimulus concentrations and only
slightly additive, if at all, at optimal FMLP and C5a
doses.

These results are consistent with the hypothesis,
which we favor, that FMLP and C5a, through separate
receptors, utilize the same pathway of early activation
events (e.g., transient Ca?* influx and elevation in
cAMP) that eventually culminates in O; generation.
Alternatively, the data also support the contention that
FMLP and C5a stimulation occur along parallel, com-
pletely independent pathways. Although possible, the
latter supposition seems less attractive, as it implies
the necessity of the cells’ possessing redundant sys-
tems, a potentially wasteful duplication of effort.
Finally, it is conceivable that distinct subpopulations
of neutrophils exist: one subgroup reacting preferen-
tially or exclusively with FMLP, another subgroup
reacting with C5a. Against this, however, are the experi-
ments in which FMLP and C5a were added simul-
taneously to the cells. If different cell populations ex-
isted, the combination of the two chemotactic factors
would be expected to be fully additive over the entire
range of dose responsiveness, but such was not the case.
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Although O; generation induced by FMLP ceases
by 5 min, the cells are not totally refractory and are fully
capable of responding to another stimulus, such as C5a,
in terms of the cAMP response and Oj release. These
cells, however, remain unable to respond chemo-
tactically when exposed to the second, alternate stimu-
lus in the presence of a chemotactic gradient; i.e., there
is cross-deactivation between FMLP and C5a for
chemotaxis measured either in Boyden chambers or by
the agarose method, as previously reported (3) and
confirmed in our laboratory.?

The transient rise in cAMP induced by FMLP and
Cb5a has been suggested to represent an early activation
event in the pathways leading to O; generation, exo-
cytosis, and chemotaxis (17, 22, 23). If true, then it is
unlikely that cross-deactivation of chemotaxis is medi-
ated by an effect on the cAMP response, since the latter
cannot be cross-deactivated by FMLP and C5a. More
likely, cross-deactivation of chemotaxis could be due to
one or more events or processes required for chemo-
taxis that are irrelevant to O; generation and exocyto-
sis of granule enzymes. An attractive candidate for this
explanation is microtubule orientation and polymeri-
zation. Intact microtubule function is not required for
FMLP-dependent O; release since colchicine and
vinblastine, microtubule-disrupting agents, have no
effect on FMLP-dependent O3 production (30). Simi-
larly, 10-100 uM colchicine has been reported to have
little effect on nonphagocytic degranulation and extra-
cellular secretion of granule enzymes (31, 32). On the
other hand, colchicine has a profound inhibitory effect
on stimulated directional migration and on microtubule
polymerization (4). In addition, microtubule polymeri-
zation and orientation induced by several different
chemotactic factors (including FMLP) is still evident
after 20 min of incubation. If chemotaxis results from
integrated events requiring dynamic changes in micro-
tubule polymerization and orientation, then a relatively
prolonged or sustained effect on microtubules caused
by one stimulus could account for the relative refrac-
toriness of the cells on subsequent exposure to another
chemotactic factor—i.e., cross-deactivation.

Conceivably, the biologic value of stimulus-specific
deactivation and cross-deactivation could be to limit
cell responses to chemotactic factors in vivo. The reason
for the difference between chemotaxis and O3 genera-
tion with regard to the cross-deactivation phenomenon
and the significance of these observations in regard to
host defense mechanisms remains to be explained.
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