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Abstract: Many chemoattractant-activated responses
in neutrophils show transient kinetics, suggesting that
rapid desensitization occurs during the time course of the
response. We found that desensitization of the actin
polymerization response to N-formyl peptides is, in a
large part, due to inhibition by adenosine released from
cells to the medium and depletion or a chemical inactiva-
tion of the agonist. To reduce the influence of these
factors, we stimulated neutrophils in a very diluted sus-
pension, sometimes with continuous replacement of the
medium. The actm polymerization response to a high
agonist concentration was greatly enhanced and pro-
longed under these conditions, often without any ten-
dency to subside within 10 mm at 25CC. It has previously
been shown that the N-formyl peptide receptor converts
from a rapidly dissociating to a slowly dissociating and
presumably inactive form during activation. Under the
conditions of low cell concentration, the conversion to a
slowly dissociating receptor still occurred. Thus the pro-
longed response was not due to prolonged presence of
rapidly dissociating receptors. We conclude either that a
low number of rapidly dissociating receptors, which we
failed to see, is sufficient to maintain actm polymeriza-
tion or that slowly dissociating receptors can support the
actin response. In contrast to responses stimulated by
high agonist concentrations, the responses to low concen-
trations of the agonists were transient. The results of
other authors indicate that low concentrations of N-for-
myl peptides do not desensitize the receptors. Other
mechanisms, which are specific for the actm polymeriza-
tion response, must be involved in response termination
to low concentrations ofN-formyl peptides. Activation at
low cell density will be a useful approach for studying
other processes (Ca2� elevation, oxidant production, etc.)
and chemoattractants (leukotriene B4, interleukin 8, etc.)
for which an understanding of the kinetics due to desen-
sitization of the components of the receptor-mediated
activation pathway is desired.J. Leukoc. Biol. 58: 33!-341;
!995.
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INTRODUCTION

N-formyl peptides are among the best-characterized neu-
trophil chemoattractants. Binding of an N-formyl peptide
to its receptor activates a cascade of responses in the
neutrophil: opening of ion channels, protein phosphory-
lation, generation of H2O2 and O2, and actin polymeriza-
tion [1]. Although biochemical pathways leading to the
chemoattractant-induced responses remain in many in-

stances unclear, they all require activation of G proteins
(G1 type). Desensitization is another feature common to
many responses: exposure of neutrophils to a chemoat-
tractant may result in loss of sensitivity of the response to
the stimulus [2-6].

Several processes are believed to contribute to desensi-
tization. Internalization of ligand-receptor complexes may
significantly reduce the number of available receptors on
the plasma membrane [7]. In addition, the remaining
receptors become less efficient in stimulating GTPase ac-
tivity [8, 9]. The latter may be related to an increased
receptor association with cytoskeleton as a result of
chemotactic stimulation [10-12] and removal of G pro-
teins into separate membrane microdomains [13]. Phos-
phorylation may also play a role in desensitization
[14-17]. The fact that different responses do not desensi-
tize simultaneously [18, 19], as well as the observation of
direct inactivation of distant steps in signal transduction
[20, 21], points at the possibility that specific reactions
past activation of the G proteins may become desensi-
tized. The actin polymerization response, which is a sub-

ject of the present study, was found to be enhanced in the
absence of calcium; that led to the hypothesis that intra-
cellular calcium, which is released into the cytosol upon
chemotactic stimulation in a calcium-containing buffer,
serves as an additional turnoff signal [22, 23].

Desensitization to chemical stimuli is commonly dem-
onstrated in two types of experiments: a single stimula-
tion protocol and a double stimulation protocol. In the
first, the response is observed continuously after a single
addition of an agonist, and desensitization is judged by a
decrease in the response magnitude that may occur after
some time of stimulation. In experiments of the second
type, the cells are activated with two additions of agonist,
and a reduction in ability of the cells to respond to the
second addition is interpreted as desensitization. In this
protocol the stimulus from the first addition is usually
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washed away before the second stimulation. Sometimes,
the washing step is omitted; in this case, the second stimu-
lation should be done with a much higher concentration
of the stimulus than the first one. Both approaches have
advantages and disadvantages. The double stimulation
with the wash step permits a direct comparison of cell
responsiveness before and after exposure to a stimulus,
however, it tests only for a long-lasting desensitization.
Continuous observation of the response may be more
sensitive but it is often based on the reaction to a non-
physiological, abrupt pulse of agonist concentration. It is
also particularly sensitive to a number of additional fac-
tors, such as secretion of biologically active compounds
into the medium in response to stimulation and degrada-
tion of the agonist. Neutrophils, for instance, can pro-
duce and secrete interleukins [24], prostaglandins [25],
adenosine [26], etc. Their influence on the kinetics of the
response to an exogenous stimulus may be complex:
some of them (interleukin-8, platelet-activating factor,
leukotriene B4) are chemoattractants in their own right
and, in fact, their release accounts for a number of ob-
served phenomena [27]; others (prostaglandins, adeno-
sine) can oppose activation via G,-adenylyl cyclase
mechanisms [28]; free radicals and proteases can destroy
the stimulus [29, 30]. These factors may represent physi-
ological mechanisms of the response control and make an
important area of study. However, if one is interested in

basic signaling reactions necessary for a response to oc-
cur, then having a medium with a simple and well-known
composition makes interpretation of the results easier.

Desensitization of the actin polymerization response in
neutrophils is readily demonstrated by using a continuous
stimulation approach but is less apparent with repetitive
stimulation [31]. In the present work we characterize de-
sensitization as observed with the continuous stimulation
method and evaluate the cumulative contribution of cell-
derived factors in the medium to termination of the actin
response. We describe the steps we took to reduce the
influence of these factors and obtain the response kinetics
under conditions of a constant concentration of a
chemoattractant and a buffer minimally contaminated
with cellular products. We then use these conditions to
study the characteristics and mechanisms of desensitiza-
tion of the N-formyl peptide-induced actin polymeriza-
tion response.

MATERIALS AND METHODS

Chemicals

N-Formyl-Met.Leu-Phe (IMLP), bovine serum albumin (BSA), BSA-fluo-
rescein isothiocyanate (FITC), FITC phalloidin, lysophosphatidylcholine
from egg yolk, catalase from bovine liver (50 U,4tg), SOD from bovine
erythrocytes (3.4 U/�.tg), adenosine deaminase from calf intestinal mu-

cosa (0.19 Ufltg), and antifluorescein antibody were purchased from
Sigma Chemical Co. (St. Louis, MO); N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys-

fluorescein (FNLPNTL-FITC) and nitrobenzoxadiazol (NBD) phal-
lacidin were obtained from Molecular Probes (Eugene, OR); [3H]fMLP
(56.4 Ci/inmol) was obtained from New England Nuclear (Boston, MA).
Statistical analysis was done with the GraphPad statistical program.

Isolation and stimulation of neutrophils

Neutrophils were isolated from the venous blood of healthy volunteers
using a counterfiow centrifugation method [32]. The first purification
step was a crude cell separation on gelatin. That was followed by coun-

terfiow centrifugation, yielding a 95-99% pure neutrophil preparation.
The cells were finally resuspended in modified Gey’s buffer (MGB)
without calcium and kept refrigerated until used.

Stimulation with chemotactic peptides was carried out in MGB sup-

plemented with 1 mg/mI BSA to prevent nonspecific adsorption of the
peptides to plastic. The cell suspension was placed in a polystyrene
spectrophotometric cuvette and kept there with stirring for about 10
mm before addition of a stimulus. Three different conditions for cell
stimulation were used: ( I ) bolus addition of the stimulus into a high-den-
sit) cell suspension (HDS, 5 x 106 cells/ml)� (2) bolus addition into a
low-density suspension (LDS, 2-5 x 1ff’ cells/mi); (3) bolus addition of
the peptide into HDS, followed by continuous perfusion with the buffer
containing the agonist at the same concentration as in the suspension.
In the perfusion experiments the medium was added with an infusion

pump (Harvard Apparatus, South Natick, MA) to a stirred cuvette con-
taming cells at an initial concentration of 5 x 106 cells/mI. The constant

level of liquid in the cuvette was maintained by removing extra buffer
together with cells through tubing connected to a vacuum. Unless oth-
erwise indicated, the medium was exchanged at a rate of 1 volume/mm;
the maximal duration of the experiment, when the remaining cells could
still be analyzed, was about 8 mm. Perfusion with buffer without a

chemoattractant did not change the F-actin levels by more than 2-3% of
the initial value.

Perfusion experiments were done at room temperature (22-25CC).

When perfusion results were compared to a bolus injection, the bolus
injection experiments were also done at room temperature; otherwise

the temperature in these experiments was kept at 25’C or 15C, as

indicated.

Analysis of the actin polymerization response

At specified time points during the activation of neutrophils, aliquots of
the cell suspension were diluted into a 10- or 15-fold excess of 3.7%
formaldehyde buffered with MGB and fixed there overnight. The cells
were then concentrated, if needed, by centrifugation at 2000g and resus-

pended in a volume of 100 gil. We found that, after the cells had been
in formaldehyde overnight, NBD phallacidin staining was the same
regardless of cell concentration and whether or not cells were centri-

fuged (Fig. 1). Staining and analysis were based on the known proce-
dure using NBD phallacidin to quantify F-actin [33]. One hundred
microliters of 3.7% formaldehyde with 0.02% lysophosphatidylcholine
and either 0.33 (iM NBD phallacidin or 0.1 �tM FITC phalloidin were
added to the cells (results obtained with these two reagents were quali-

tatively similar). After at least 1 h of staining, the cells were analyzed
with a flow cytometer (FACScan, Becton Dickinson, Braintree, MA). A

wash or dilution step prior to the measurement was omitted because it
resulted in dissociation of some dye from the cells within the time
required to collect data. Previous authors did not observe dissociation
of NBD phallacidin from fixed cells [331, which could have been due to
a shorter fixation time used in their experiments. Fluorescence of NBD
phallacidin present in solution was insignificant and did not interfere
with the measurements. The protocol yielded a staining that did not
depend on the cell concentration in a wide range (Fig. 1 ). Sometimes,

in the low cell density experiments or at the end of the perfusion
experiments, only several hundred cells could be analyzed with the flow
cytometer. The statistical analysis [34] showed, however, that the mean

channel number of the fluorescence distribution could be determined
with 99% confidence within ± 1-2 channels.’ The F-actin levels are given
as the percent change above the resting level, that is,

[(F-Fj/F0] x 100%

where F0 is the fluorescence of resting cells and F is the fluorescence of
stimulated cells.

Ligand quantitation in the supernatant

To determine whether the free ligand concentration decreased during

neutrophil activation, two different chemotactic peptides, [3HJfMLP and
FNLPNTL-FITC, were quantified in the supernatant. At designated

times after addition of the ligand, the external medium was quickly
separated from cells by centrifugation and the supernatant was kept on
ice until assayed. Samples (10 �tl) of the supernatant were fractionated
by thin-layer chromatography on SG 60 silica gel plates (Merck,
Darmstadt, Germany) with a 0.25-mm silica layer using chloroform,

methanol, and acetic acid (3:1:0.1) as a solvent [35]. Stripes ofsilica were

scraped off the plate and the peptides were solubilized with I ml of 50%

tFor example, if the number of analyzed cells is N = 300 and SD = 20,

then the 99% confidence interval for the mean is ± sD/2.58’IW = ±0.45.
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Fig. 1. Lack of effect of cell concentration and centrifugation on stain-
ing of neutrophils with NBD phallacidin. Cells in HDS were fixed by a
15-fold dilution into 3.7% formaldehyde prior to (rhombuses) or I mm
after (triangles) activation by 0.5 �tM fMLP. After fixing overnight, some
samples were centrifuged at l6,000g (open symbols). San�les with dif-
ferent cell concentrations were prepared by further dilution with for-
maldehyde. Permeabilization, staining with NBD phallacidin, and
determination of cell-bound fluorescence were done as described in
Materials and Methods. The final cell concentrations were determined
with the FACScan and are plotted along the horizontal axis

methanol prior to quantitation. [3H]fMLP was quantified by radioactiv-

ity and FNLPNTL-FITC was quantified by fluorescence. For fluores-
cence measurements the silica was removed by centrifugation and the
water-methanol extract was neutralized with 0.125 volume of 1 M Na-

HCO3. Fluorescence of the solution was recorded with an SLM 8000C
spectrofluorometer (SLM-Aminco, Urbana, IL) using excitation at 490

nm and emission through a 520-nm bandpass filter (Corion, Holliston,
MA). Low concentrations of FNLPNTL-FITC (0.1 nM or less) were
detected directly in the supernatant because these small quantities of
the peptide could not be measured after thin-layer chromatography.
Because the background fluorescence of the supernatant was relatively
high, we used antifluorescein antibody (final dilution 1:3000), which is
known to quench the fluorescence of the free peptide [36]. The de-

crease in the fluorescence intensity caused by addition of the antibody
was used to quantify FNLPNTL-FITC in the supernatant.

Quantitation of FNLPNTL-FITC by its fluorescence had to be given
some justification. If oxygen radicals produced by activated neutrophils
caused bleaching of fluorescein, the fluorescence would probably be
attenuated without a significant change in the biological activity of the
peptide. To check for bleaching, we stimulated neutrophils with saturat-
ing concentrations of fMLP (0.5-1 �.tM) in the buffer containing 0.2
mg/ml BSA-FITC and 0.8 mg/ml BSA, which brought the total BSA
concentration to the same level as in the rest of experiments. After 10
mm of stimulation, the supernatant was collected and the BSA-FITC
fluorescence was measured as described above. These experiments were

done at 25C with HDS, LDS, and no cells for control. Each data point
represents the average of two to four measurements. Normalizing the
control fluorescence to 100%, we obtained for HDS the values 108%,
93%, and 96% in three experiments and for LDS 106% and 96% in two
experiments. Thus, bleaching did not occur to any significant extent
under any of the conditions we used, and fluorescence could be used as
a reliable measure of FNLPNTL-FITC.

Measurement of FNLPNTL-FITC dissociation

It has previously been shown that during the time course of neutrophil
activation receptors convert from a rapidly dissociating form to a slowly

dissociating form. Because the experiments demonstrating this intercon-
version were done in high-density cell suspensions [35], we questioned
whether this conversion was altered in LDS. Dissociation kinetics of
FNLPNTL-FITC were registered using flow cytometty. LDS (5 x i0�

cells/ml) was allowed to bind 2.5 nM FNLPNTL-FITC at 25’C for 0.5
mm or 10 mm, and the dissociation was observed after addition of a
high concentration of a nonfluorescent peptide (0.1 mM fMLP). The

time required to add fMLP, mix, and start data collection was about 5
5; thus data for the first 5 s of dissociation were not obtainable. To
analyze the data, we set 4-s-wide gates on the time-resolved fluorescence
data, and statistics of the fluorescence distribution were obtained for
each gate.

RESULTS

The actin polymerization response is enhanced under
conditions of low cell density and perfusion

Our preliminary results showed that extracellular factors
‘:� and/or the loss of the agonist may alter the observed

kinetics ofresponses to N-formyl peptide in human neutro-
-I--- phils. To minimize these effects, we designed experiments
10� in which stimulation of neutrophils was performed with

continuous replacement of the medium or at low cell
density. We found that stimulation by continuous perfu-
sion produced a more prolonged response than a single
addition of the agonist into HDS (Fig. 2). Activation by a
bolus addition of the agonist gave typical rapidly decaying
kinetics; however, perfusion with FNLPNTL-FITC or with
high concentrations offMLP often resulted in a stable level
of actin. Table ! shows the effect of experimental condi-
tions on the magnitude of the response. Neutrophils were
activated by high and low concentrations of FNLPNTL-
FITC and fMLP and analyzed 5 mm after addition of the
agonist. The responses to perfusion and to a bolus addition
of the stimulus into cell suspensions of different densities
were compared. The most dramatic effect of the experi-
mental conditions on the response was observed with a low
concentration of FNLPNTL-FITC (0.02 nM). After 5 mm
of stimulation of cells at 5 x 1 06/ml, F-actin levels returned
to the baseline. However, at cell concentrations below 1 x
105/ml and under perfusion conditions, the F-actin was
still 20-30% above the baseline. With high concentrations
of either agonist we observed an intermediate effect, and
activation by a low concentration of fMLP (0.5 nM) was
insensitive to cell concentration or perfusion. When a
difference between HDS and LDS was detected, it was
statistically highly significant (P < .OO1-.004 by the paired
t-test); perfusion with FNLPNTL-FITC and LMLP at a high
concentration brought about an additional response en-
hancement over LDS (P < .004-.03).

Response inhibition in HDS correlates with loss of
activity in the supernatant

To investigate the reason for the rapid decay of the re-
sponse when a stimulus was injected as a bolus into HDS,
we first determined the biological activity of the agonist
remaining in the supernatant at the end of activation.
After incubation of HDS with 0. 1 nM FNLPNTL-FITC or
with 0.5 nM fMLP for 10 mm at room temperature, the
sample was centrifuged and the supernatant with remain-
ing free agonist was collected. For the next step, the
supernatant was used as a continuous source of the pep-
tide in a perfusion experiment; the initial bolus injection
of the agonist into the suspension of fresh cells (see Ma-
terials and Methods) was omitted in order to have the
supernatant as the only source of the agonist. In the
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100 nM FMLP 0.02 nM HP-FITC

Fig. 2. Actin polymerization response to 100 nM IMLP (A) and 0.02 nM FNLPNTL-FITC (B) under conditions of stimulus perfusion (solid lines)
and bolus addition into HDS (dashed lines). Activation was performed as described in Materials and Methods.

control experiments we stimulated the cells by perfusing
them with the peptides dissolved in MGB with BSA (again
without an initial bolus of stimulus) for direct comparison
with the test supernatants. The supernatant containing
FNLPNTL-FITC showed a greatly diminished ability to
stimulate fresh cells (Fig 3A), suggesting a significant loss
of the ligand. With the supernatant containing fMLP,
cells were fully stimulated at the beginning of the perfu-

sion but later the response went below the control (Fig.
3B). This result suggested that in this experiment the
active agonist remained intact; however, a slowly acting
inhibitor of cell activation accumulated in the medium.

The decrease of the N-formyl peptide activity of the
supernatant can be due to both ligand loss and
accumulation of inhibitors

To determine whether the decrease in the activity of the
N-formyl peptide in cell supernatant was due to ligand
loss, [3H]IMLP or FNLPNTL-FITC was incubated with
neutrophils under specified conditions and quantified in
the supernatant as described in Materials and Methods.

The incubation conditions and the results are shown in
Table 2. In the control experiments the labeled peptide
was incubated in the buffer without cells. After 10 mm of
incubation of cells with 20 nM or 1 jiM fMLP, depletion
of ligand occurred in the HDS but not LDS. There was
no loss of 1 nM fMLP in either HDS or LDS.

Experiments with FNLPNTL-FITC showed that it may
be more readily lost than fMLP. FNLPNTL-FITC initially
present at 1 �sM was markedly depleted (by 65%) in 10
mm by HDS at 25CC, and some depletion (10-24%) was
found even in LDS both at 25’C and 15’C. In the perfu-
sion experiment the depletion was noticeable at the be-
ginning of the perfusion, when the cell concentration was
still high, although the level recovered with 5 mm of
perfusion. With a lower FNLPNTL-FITC concentration
(0. 1 nM) we invariably found loss of the fluorescence in
the supernatant after incubation of the peptide with the
high-density cell suspensions at 25CC and at 15CC but not
with low-density suspensions. Taken together, these re-
sults suggest that neutrophil responses initiated by a one-
time addition of FNLPNTL-FITC or high concentrations
of fMLP into HDS may be influenced by loss of the active

TABLE I . Effect of Experimental Conditions on the Actin Polymerization Response”

Stimulus

Cell coi icentration ( 1/mi)

5x106 5x1O� 1x105 2xl04 Perfusion

FNLPNTL-FITC, mM 48.6 ± 2.0 60.4 ± 3.9 61.5 ± 2.8 61.4 ± 3.0 66.5 ± 4.8

FNLPNTL-FITC, 0.02 nM 1.2 ± 1.15 17.3 ± 5.3 22.7 ± 5.4 22.4 ± 4.6 31.4 ± 4.8

IMLP, 50 nM 35.4 ± 6.6 54.3 ± 4.6 56.3 ± 5.4 54.8 ± 4.6 61.4 ± 5.2

fMLP, 0.5 nM 7.3 ± 1.5 7.4 ± 0.8 8.1 ± 2.7 7.2 ± 1.2 8.3 ± 1.2

“The actin polymerization response (percent increase: mean ± SD, n = 3) to the indicated concentrations of chemotactic peptides was

determined at 5 mm. Bolos addition of the agonist was used with four different concentrations of cells and also under perfusion conditions, all at

the same temperature, 24-25 � C.
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Fig 3. Loss of biological activity of N-formyl peptides after preincubation with cells. Cells were stimulated with 0.1 nM FNLPNTL-FITC (A) and
0.5 nM fMLP (B) for 10 mm; then the samples were centrifuged and the supernatant recovered. A fresh sample of cells was then perfused with
the supernatant (dashed lines), and the actin polymerization response was measured as described in the text. The solid lines represent the controls,
where the cells were perfused with the indicated concentrations of the peptides in buffer. The results were reproduced in two experiments.

agonist from solution. At the same time, fMLP appears
not to be lost at low concentrations (0. 1 nM). The dimin-
ished activity of the supernatant from cells incubated with
0.5 nM LMLP shown in Figure 3B could be attributed to
inhibitory substances secreted by neutrophils during incu-
bation and stimulation.

To test more directly whether an inhibitor of cell acti-
vation accumulated in the extracellular medium, a cell
supernatant was generated by an 8-mm incubation of
HDS at 25’C with subsequent 8-mm stimulation with 0.4
nM fMLP and also by a 16-mm incubation of HDS with-
out stimulation. After discarding the cells by centrifuga-
tion, additional fMLP was added to the supernatant to

bring its final concentration to 4.4 nM. Even if some loss

of the previously added 0.4 nM fMLP had occurred, the
resulting uncertainty in the final fMLP concentration
would have been negligible. This solution of fMLP in the
supernatant was tested for its activity in the perfusion
experiment, which was analogous to the experiment de-
scribed in the previous section (to increase the duration
of this experiment, the flow rate was switched from 1
vol/mm to 0.5 vol/mm at 5 mm). As a control, we used
4.4 nM fMLP in MGB in the same perfusion protocol.
The results (Fig. 4) are consistent with those shown in
Figure 3B in that the supernatant from both stimulated

and unstimulated cells had little effect on the first 2 mm

TABLE 2. Loss of Chemotactic Peptides in the Course of Neutrophil Activation0

Co Temp

Fraction of j�gand recovered

High density, Low density, Perfusion, Perfusion,

Peptide (nM) (‘C) 10 miii 10 mm 15 ruin 5 mm

fMLP I 25 0.99 ± 0.10 (3) 0.96 ± 0.15 (3)

LMLP 20 25 0.64 ± 0.29 (5) 1.01 ± 0.02 (2)

fMLP 1000 25 0.60 ± 0.31 (4) 1.03 ± 0.08 (2)

FNLPNTL-FITC 0.1 25 0.24 ± 0.22 0.87 ± 0.24 (3)

FNLPNTL-FITC 0.1 15 0.43 ± 0.23 (3) 0.99 ± 0.19 (3)

FNLPNTL-FITC 1000 25 0.35 ± 0.13 (4) 0.76 ± 0.27 (5 0.71 ± 0.04 (4) 0.89 ± 0.10 (4)

FNLPNTL-FITC 1000 15 0.78 ± 0.03 (3) 0.89 ± 0.06 (4)

“The results (mean ± SD) are expressed as a ratio of the peptide remaining in the supernatant after activation of cells to a control incubation

in the buffer with no cells. tMLP and high concentrations of FNLPNTL were measured after thin-layer chromatography and low concentrations of

FNLPNTL were measured in the supernatant, as described in Materials and Methods. The measurements were done in duplicate for each

experiment except for the experiments with 0.1 nM FNLPNTL-FITC, which were done in triplicate. The total numbers of experiments are shown

in parentheses: Co denotes the initial peptide concentration. The highest fMLP concentration (1 nM) was achieved by adding unlabeled fMLP to

20 nM [3H]fMLP.
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TIME (mm)

Fig. 4. Test for the release into the extracellular medium of an inhibitor
of cell activation. Supernatant from cells (5 x 10 cells/mI) incubated
with (dashed line) or without (dotted line) 0.4 nM fMLP for 16 mm was
collected. Additional fMLP was added to the supernatant to bring its
final concentration to 4.4 nM. This supernatant was then used as per-
fusate for activating a second sample of cells in the perfusion protocol
and the F-actin levels determined as in Materials and Methods. As a
control, a sample ofcells was perfused with 4.4 nM tMLP in buffer (solid
line). The bars show the standard deviation calculated on the basis of
two experiments done with the same sample. The experiment was re-
peated four times.

of the response, but it accelerated the turnoff of the
response at later times. This supported the hypothesis
that products released by neutrophils can alter the re-
sponse kinetics. Neutrophil activation is not required for
the release of these inhibitory products.

Oxygen radicals and adenosine are important but not
the only factors contributing to response inhibition

We undertook a series of experiments to verify the impor-
tance of some of the previously described factors in re-
sponse inhibition: the phosphoramidon-sensitive
proteolytic cleavage of fMLP [37], the oxidation of fMLP
by the myeloperoxidase-H202 system [38] or, rather,
through any reaction with the involvement of 02 and
H202, and the response inhibition by adenosine in the
medium [26]. We used 0.1 jiM phosphoramidon to in-

hibit the protease, 0.05 mg/ml SOD with 0.1 mg/ml
catalase to inactivate oxygen radicals, and 0.025 mg/ml
adenosine deaminase to remove adenosine. These re-
agents were added to HDS, and the actin responses to
0.02 nM FNLPNTL-FITC, 1 nM FNLPNTL-FITC, or 50
nM fMLP were measured after 5 mm of stimulation at
25CC (Table 3). For controls we used HDS without addi-
tives and LDS (2 x i0�’ cells/ml). In a separate set of
experiments we added both free radical scavengers
(catalase and SOD) and adenosine deaminase to HDS and
observed the response at four different time points (Fig.
5).

From data in Table 3 the following conclusions can be
made: (1) None of the additions to HDS enhanced the
response to 0.02 nM FNLPNTL-FITC. Most likely in HDS,
but not LDS, free ligand is depleted due to binding to the
receptors (see Discussion). (2) Phosphoramidon did not
enhance the response to fMLP and, as the pairwise t-test
showed, even inhibited the response to 1 nM FNLPNTL-
FITC (P < .03). Previous authors also did not detect any
effect of phosphoramidon on the right-angle light scatter-
ing, a parameter closely related to actin polymerization
[22]. It seems possible from these data that, even though
phosphoramidon may offer some protection to fMLP,
this effect is counterbalanced by an inhibitory action of
phosphoramidon itself. (3) Free radical scavengers signifi-
cantly enhanced the response to 50 nM fMLP but not to
1 nM FNLPNTL-FITC. This is possibly related to the
presence of methionine in fMLP, which is an easy target
of oxygen radicals. (4) The removal of adenosine from
solution brought the response at a 5-mm point close to
that in the low-density suspension. However, a more de-
tailed study (Fig. 5) showed that even a combined action
of catalase, SOD, and adenosine deaminase failed to
mimic completely the LDS conditions. Factors other than
oxidants and adenosine may be present in HDS and in-
hibit the response. It is worth mentioning, though, that
complete actin depolymerization by 5 mm, observed with
some of the HDS samples after stimulation with fMLP,
never occurred in the presence of adenosine deaminase
and antioxidation enzymes.

Qualitative characteristics of the enhanced response

Having determined that LDS provides the optimal condi-

tions for measuring response kinetics by preventing li-
gand depletion and accumulation of inhibitors, we
characterized the kinetics of the actin response in LDS.
Examples of the kinetic curves in LDS at 25*C are shown
in Figure 6; Figures 2-4 demonstrate some results of
stimulation by perfusion. At high concentrations of the
peptides that gave maximal responses, the actin polymeri-

TABLE 3. Effect of Additions in the Incubation Medium on the Actin Polymerization Response”

FNLPNTL-FITC

(1 nM)

FNLPNTL-FITC

(0.02 nM)

IMLP

(50 nM)

HDS 38.6 ± 17.3 (5) -2.9 ± 6.6 (3) 5.2 ± 16.5 (5)

HDS/phosphoramidon 25.4 ± 18.5 (3) -4.6 ± 5.1 (3) 2.3 ± 22.9 (3)

HDS/catalase/SOD 41.8 ± 13.0 (5) 1.1 ± 5.5 (3) 43.6 ± 11.2 (5)

HDS/adenosine deaminase 62.3 ± 7.3 (4) -0.9 ± 5.0 (3) 54.3 ± 10.7 (4)

LDS 57.6 ± 16.5 (6) 22.7 ± 11.7 (3) 60.5 ± 16.9 (6)

aCells were prepared as LDS (2 x 10�’ cells/mi) or HDS. The additions to the high-density suspensions were either 0.1 mM phosphoramidon,

0. 1 mg/ml catalase with 0.05 mg/mi SOD, or 0.025 mg/mi adenosine deaminase. The actin response (percent increase: mean ± sD) was measured

after 5 mm of stimulation at 25’C. The numbers of repeats are given in parentheses.
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Fig. 5. Effect of SOD, catalase, and adenosine deaminase on the actin
polymerization response to fMLP and FNLPNTL-FITC. Cells were

stimulated with 50 nM fMLP (top) and 1 nM FNLPNTL-FITC (bottom)
in HDS with (H+, n 4) or without (H, it 5) SOD + catalase + adenosine
deaminase (concentrations were the same as in Table 3). For compari-
son, the response of cells in LDS (L, n = 6) was also determined.
Activation was done at 25C.

zation response often reached a level where it stayed
nearly constant for at least several minutes. The kinetics
were similar for fMLP and FNLPNTL-FITC. When low
peptide concentrations were used, the response to
FNLPNTL-FITC developed more slowly than to fMLP. At
these suboptimal concentrations, the peaks of polymeriza-
tion occurred with FNLPNTL-FITC at 50-70 s and with
fMLP at 20-30 5 at 25CC, and at l5�C the peaks were,
respectively, at 4-5 mm and 1.5-2 mm (detailed data not
shown). We hypothesized that these differences in kinet-
ics reflected different binding rates of the two peptides.

During the early part of the response the rate of binding
is approximately proportional to the product of k,,, and
agonist concentration. There are no published data for
k00 of fMLP. If it is high enough, then at peptide concert-
trations that produce comparable responses, the product
of the association rate and peptide concentration may be
greater for fMLP than for FNLPNTL-FITC. Then it is
likely that faster fMLP binding would produce a faster
response. However, at sufficiently high concentrations of
the peptides, binding of both fMLP and FNLPNTL is so
rapid that factors other than binding become rate limit-
ing, and the differences between the responses to the two
peptides disappear.

To prove experimentally that the binding rates were
responsible for the kinetic differences at low agonist con-
centrations, we modified the stimulation conditions: the
agonists were incubated with 2.5 x 10� cells/mi on ice for
30 mm to allow the ligands to bind to the receptors
without activating the cellular responses. To initiate the
actin polymerization response, an aliquot of the cell sus-
pension was transferred into a nine times larger volume
of buffer at 16-17’C. This temperature was chosen to
avoid too drastic changes that could by themselves cause
major actin polymerization and, on the other hand, to
reveal all the characteristic features of the response kinet-
ics. For comparison, the analogous experiment was per-
formed with cells incubated for 30 mm on ice without
agonist. As shown in Figure 7, the kinetics of the re-
sponses to fMLP and FNLPNTL-FITC became identical
when the transition period from zero to equilibrium re-
ceptor occupancy was eliminated.

Conversion of the receptors into a slowly dissociating
form is unaffected by cell density

Termination of the response has been associated with
conversion of the receptors to a state characterized by a
low dissociation rate. Using FNLPNTL-FITC, Sklar et al.
[35] showed that after short binding times dissociation
included rapidly and slowly dissociating forms. After long
binding times, only the slowly dissociating form was pre-
sent. Because by that time the responses to the chemoat-
tractant had subsided, it was concluded that the slowly
dissociating receptors do not participate in the signal
transduction. For these experiments, cells were generally
kept at a concentration of i0� ml�; it was therefore im-
poltant to know whether the enhanced response we ob-
served under the LDS conditions in our experiments was
due to lack of conversion of receptors to the slowly disso-
ciating form. Cells in LDS at 25CC were allow#{231}�I to bind

C.)

TIME (mm)
Fig. �l. Kinetics of the actin polymerization response in LDS. Cells at 5
x 10 /ml were stimulated at 25C with agonist and F-actin was quanti-
lied as described in Materials and Methods. Concentrations of fMLP
(solid line) and FNLPNTL-FITC (dashed line) are given in nM.
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Fig. 7. Effect of prebound ligand on the actin polymerization response kinetics. Neutrophils at 2.5 x i0� cells/mi were kept on ice for 30 mm with
agonist (B) to allow it to bind to receptors before activation and without agonist (A). Activation of the actin polymerization response was initiated
by transferring one volume of the cell suspension into nine volumes of buffer at 16CC with the same concentration of the agonist. Dashed lines
represent fMLP and solid lines represent FNLPNTL-FITC at concentrations indicated in nM. Control cells kept on ice for 30 mm, then diluted
into 16C buffer without agonist showed no change in F-actin levels. The experiment was done twice.

2.5 nM FNLPNTL-FITC for 0.5 or 10 mm, and the disso-
ciation of the peptide was observed with the flow cytome-
ter as the decrease in cell-associated fluorescence after
adding a high concentration of fMLP (Fig. 8). After 0.5
mm of binding, both rapid and slow dissociation compo-
nents were present, but only the slow one remained after
10 mm of binding. Similar results were obtained with
HDS [35]; we therefore conclude that keeping cells at a

low concentration does not prevent the agonist-induced
receptor conversion into the slowly dissociating form.
The fact that this conversion occurs under LDS condi-
tions, when the cell response is sustained, suggests either
that the slowly dissociating form of the receptor is signal-
ing or that a small number of rapidly dissociating, active
receptors exist at long times that are not detectable by the
method employed.

DISCUSSION

Kinetics of cellular responses can be studied under differ-
ent conditions. If one is interested in the turnoff due to
intrinsic cellular mechanisms, it seems natural to perform
a continuous stimulation experiment keeping the exter-
nal ligand concentration constant and having a buffer
free from cellular products.

It is known that new N-formyl peptide receptors must
be activated to maintain the response [39]. Therefore, if
the concentration of free agonist drops, one should ex-
pect that cellular responses would be affected. The data
in Table 2 demonstrate that the condition of constant
agonist concentration is not satisfied for a bolus injection
of high concentrations of FNLPNTL-FITC or fMLP if the

cell density in the medium is high. At low agonist concen-
trations, FNLPNTL-FITC but not fMLP was lost from the
supernatant. This may reflect their different affinities for
the receptors. Neutrophils at a concentration of 5 x 106
cells/ml may supply 0.5 nM or more receptors for N-for-
myl peptides [35]. High-affinity FNLPNTL-FITC with Kd
= 0.5 nM [35], initially present in the medium at a concen-
tration of 0.5 nM or less, at equilibium will be depleted at
least by half due to binding to 0.5 nM receptors. At the
same time, IMLP with Kd 20 nM [40] will remain almost
entirely in solution. The lack of any effect of adenosine
deaminase and antioxidants on the response to a low
FNLPNTL-FITC concentration (Table 3) also indirectly
supports this conclusion.

At higher N-formyl peptide concentrations, other fac-
tors come into play. On the average, 40% of [3HJfMLP
and 65% of FNLPNTL-FITC was lost from the solution
after a 10-mm incubation with 5 x 106 cells/ml at 25CC.
The FNLPNTL-FITC-containing solution also underwent
a dramatic loss of biological activity. Other authors have
shown that, under conditions promoting degranulation,
neutrophils can oxidize fMLP at the methionine moiety,
converting it into a chemotactically inactive product [38].
Myeloperoxidase was found to be a catalyst of this oxida-
tion reaction. Other known reactions, by which fMLP can
be inactivated, are hydrolysis by a membrane peptidase
[28, 41], which can be inhibited by phosphoramidon [37,
42], and lysosomal digestion [43]. Proteolytic involvement
in the destruction of the hexapeptide by neutrophils has
also been suggested [44]. Our data confirm that oxygen
products play an important role in the inactivation of
fMLP. It is not clear if we observed the same reaction as
the previous authors did [38], since it is unlikely that
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Fig. 8. Dissociation of FNLPNTL-FITC from neutrophuls after it was allowed to bind for 0.5 mm and 10 mm at 25�C. The vertical scale shows the
mean fluorescence channel determined as described in Materials and Methods, and the horizontal scale shows tlw time �tf1er addition of 0. 1 mM
fMLP to prevent further binding of FNLPNTL-FITC. Results obtained with the same neutrophil preparation are slmwn, the (Lots representing the
duplicate runs for one experiment. The lines represent the best fit of a two-state dissociation after 0.5 mm of binding and one-state dissociation
after 10 mm of binding. The experiment was done twice.

significant degranulation occurred in the conditions of
our experiments. It is possible that proteolytic enzymes
(phosphoramidon insensitive) contribute to the loss of
FNLPNTL-FITC at high concentration.

Our results also imply that a cell-mediated modification
of the medium is another factor that is responsible for the
difference between HDS and LDS/peifusion experi-
ments. A slowly acting inhibitory activity present in the
supernatant from unstimulated cells and from cells stimu-
lated with a low dose of fMLP (Figs. 3B and 4) is reminis-
cent of the delayed action of forskolin, a cAMP-elevating
agent [45]. Adenosine is another compound that raises
the cellular cAMP level and can inhibit chemoattractant-
induced responses [26, 46]. By incubating the cells with
adenosine deaminase, we were able to bring the actin
response close to that in the low-density suspension.

The majority of the previously published results on the
response kinetics were obtained using concentrated cell
suspensions. Moreover, protective substances like BSA,
which not only reduces nonspecific binding but also scav-
enges free radicals [47], were usually not included in the
buffer. Therefore it seems possible that some of the re-
ports of rapid desensitization of neutrophils partly re-
flected the loss of the active agonist and the presence of
adenosine and perhaps some other inhibitory compo-
nents in the medium.

Keeping cells at a low density appears to be an approxi-
mation of the desired experimental conditions: a nearly
constant concentration of the agonist and the medium
minimally contaminated with cellular products. The per-
fusion method probably achieves a clearer medium at late
times, but certainly not at the beginning, when the cell
concentration is still high. Kinetics of the actin polymeri-
zation response were obtained using both methods. Per-
fusion often resulted in a somewhat stronger response at
late times, although the main features of the kinetics
obtained with the two methods were similar. First, using

high agonist concentrations, we were able to stimulate a
strong and nondecaying response lasting at least 7-10
mm. This contrasts with the majority of the published
results (a possibility of a long-lasting actin polymerization
stimulated by a chemotactic peptide Irns been mentioned
occasionally [48]). Interestingly, a 10-mm incul)ation of
neutrophils with chemotactic peptides at 25CC converted
most of the fMLP receptois into a slowly dissociating state
(Fig. 8) which was thought to rcpiesent an inactive recep-
tot- form [10, 12, 35]. Recent data showing that formation
of the receptoi-cytoskeleton complex does not preclude
the degranulation response [19] called foi modification of
this view. Our iesults also do not suppoit the interpreta-
tion of the slowly dissociating receptors as totally inactive,
although we cannot rule out the possibility that a small
number of rapidly dissociating ieceptors undetectable by
our methods were present after 10 mm of binding.

A significant response turnoff occurred, however, at
low doses of the ligand (Fig. 7). This was especially cvi-
dent with activation by fMLP, since perfusion with low
concentrations of FN LPNTL-FITC sometimes resulted in
an almost nondecaying response. The difference between
the peptides could be due to a slowei binding of
FNLPNTL-FITC. Our measurements of equilibrium
FNLPNTL-FITC binding on ice (data not shown) verified
the eailier finding of other authors [7] that receptor
down-regulation was not an important factor undei these
conditions. Phosphorylation of the N-formyl peptide re-
ceptors induced by IMLP was demonstrated in HL6O
cells, which are closely related to neutrophils [14], and rat
basophilic leukemia cells transfected with fMLP receptor
[15]. Although obtained with different cell types, the dose
dependence of the receptor phosphorylation suggests
that it may not be an important mechanism of response
turn-off at low ligand concentrations (a 30-mm incubation
with 1 nM fMLP produced almost no phosphoiylation of
the receptors in HL6O cells [14], and similar results were
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obtained with transfected cells [15]). The strongest evi-
dence suggesting that the receptors are not desensitized
by low agonist concentrations comes, however, not from
the lack of documented receptor desensitization mecha-
nisms acting at low agonist concentrations but from di-
rect demonstration of their functioning. Bellavite et al.
[49] showed that incubation with low nanomolar and sub-
nanomolar concentrations of fMLP does not desensitize
but, in contrast, primes neutrophils for increased super-
oxide production and degranulation in response to a sec-
ond stimulation with a high dose of fMLP. Thus at least
at the level of the receptors and G1 proteins, whose acti-
vation is necessary for actin polymerization and also for
the superoxide and degranulation responses, the signal-
ing appears to be unimpaired. If this is so, desensitization
of the actin response at low agonist concentrations occurs
at a level beyond G1 proteins. Of possible relevance to
desensitization may be the fact that by the time the actin
polymerization response subsided, neutrophils acquire a
polarized shape with asymmetrically distributed compo-
nents [50]. We hypothesize elsewhere (M.A. Model and
G.M. Omann, in preparation) that cell polarization might
act as a desensitization factor. At any rate, the transient
nature of the response to a weak stimulation could be due
only to processes that are themselves activated by a weak
stimulation.
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