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Human polymorphonuclear neutrophils (PMN) chemotax to a foreign entity. When the chemoattractants’
origins are reached, specific receptors bind to the invader’s surface, initiating phagocytosis, phagosome
formation, and fusion with granule membranes, generating the bactericidal oxidative burst, and releasing lytic
enzymes, specific peptides, and proteins. We explored the initial signaling involved in these functions by
observing naive, unprimed PMN in suspension using fluorescent indicators of cytoplasmic signals (A[Ca®*],
and ApH,) and of bactericidal entities (oxidative species and elastase) exposed to N-formyl-methionyl-leucyl-
phenylalanine (fMLP) and/or multivalent immune complexes (IC). fMLP and IC each initiate a rapid transient
rise in [Ca®*],, mostly from intracellular stores, simultaneously with a drop in pH,; these are followed by a
drop in [Ca®"]; and a rise in pH,, with the latter being due to a Na*/H™" antiport. The impact of a second
stimulation depends on the order in which stimuli are applied, on their dose, and on their nature. Provided that
[Ca**], is restored, 10~7 M fMLP, previously shown to elicit maximal A[Ca**], but no bactericidal functions,
did not prevent the cells’ responses with A[Ca”**]; to a subsequent high dose of fMLP or IC; conversely, cells
first exposed to 120 pg/ml IC, previously shown to elicit maximal A[Ca**], and bactericidal functions,
exhibited no subsequent A[Ca®**];, or ApH; to either stimulus. While exposure to 107 M fMLP, which
saturates the PMN high-affinity receptor, did not elicit bactericidal release from these naive unprimed PMN

in suspension, 10~ M fMLP did, presumably via the low-affinity receptor, using a different Ca>* source.

Human polymorphonuclear neutrophil (PMN) activation is
triggered by the liganding of the stimulus to its specific recep-
tors (4, 8, 29, 30, 40-43). Chemoattractants released by an
organism or by the opsonins that coat it, such as N-formyl-
methionyl-leucyl-phenylalanine (fMLP), are recognized by
their PMN surface receptors. Naive PMN have been shown to
possess two classes of fMLP receptors (fPR1 and fPR2, of high
and low affinity, respectively) (25, 40-43), which, when ligan-
ded with up to 100 nM peptide, mediate the activation of
signals, including a rapid transient rise in cytoplasmic Ca*"
([Ca*"],), due largely to release from intracellular stores, and
a simultaneous drop in cytoplasmic pH (pH;) (14, 19, 26, 27,
37); when the fMLP concentrations are above 1 pM, the lower-
affinity fMLP receptor also initiates some release of bacteri-
cidal entities (7, 25, 42, 43, 49). The initial rapid cytoplasmic
signals initiated by fPR1 have been studied extensively; they
are followed within less than 1 min by a redistribution such that
a final [Ca®"]; up to 100 nM above the resting [Ca®"];
([Ca*"],%) of naive PMN as well as a pH; 0.2 to 0.3 units higher
than its resting pH; (pH,) of 7.05 to 7.07 are attained (2, 15,
37). These changes, in turn, cause the PMN, after cytoskeletal
rearrangement (15, 33, 37) and expression of adhesion proteins
on their surface, to move (chemotax) up the chemoattractant
gradient to its source via multiple contacts between a given
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PMN and higher fMLP concentrations (32), a motion that has
been captured in real time (23).

Many investigations have shown that at or below 100 nM,
liganding with fMLP does not induce the activation of the
bactericidal functions of human PMN (e.g., oxidative burst and
Iytic enzyme and inhibitory protein release) unless the PMN
have been primed (3, 6, 13, 15, 39, 48, 50). When the PMN
reach the maximal chemoattractant concentration and hence
the entity from which it originated, a different set of receptors,
such as FcyR, C3R, CD14, and Toll-like receptor (specific
receptors for the Fc ends of immunoglobulin G, complement
components, lipopolysaccharides, and Toll-like ligands, respec-
tively), which mediates phagocytosis and degranulation, is li-
ganded by the entity itself or its coating opsonins, and the
bactericidal functions of the PMN are initiated (30).

We have previously shown for naive PMN in suspension (26,
27) that the fMLP-induced early rapid A[Ca®"]; response of
each individual PMN is proportional to the fMLP concentra-
tion up to an fPR1-saturating concentration of 10~ M when
all the high-affinity receptors appear to be liganded. Even
though these receptors are recycled, residual fMLP at that
concentration still binds only to fPR1 and does not ligand
measurably to fPR2. Conversely, PMN Fc receptor (FcR)-
mediated signaling as well as the subsequent oxidative product
and elastase release are disproportionate. That is, in contrast
to its fMLP-induced signal, the response of any single cell to
high-valency immune complexes (IC), as measured by flow
cytometry, is either with full A[Ca®"];,, ApH;, oxidative burst,
and elastase release or with none of these (4, 5, 35, 44, 45). This
means that only an IC dose-dependent fraction of the PMN
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population responds to the incomplete saturation of the rele-
vant FcR of PMN. Since 100% of the PMN exhibit maximal
A[Ca?"]; and ApH; in response to a saturating (120 wg/ml) or
supersaturating amount of IC, the cells are all equally capable
of responding, but the signal is initiated in only a portion of the
PMN determined by the dose of IC; e.g., 50% respond to a
half-saturating dose. These kinds of data are obtainable only
when cell-by-cell observations are made, i.e., on cells in sus-
pension by flow cytometry (4, 5, 26, 27, 35, 44, 45), with ap-
propriate gating or on attached cells by real-time imaging (11,
23) and cannot be discerned using suspension techniques that
measure average values.

Using fluorescent probes, the early events in PMN activation
can be monitored kinetically via A[Ca®"]; (26, 37) and ApH;
(11, 15), as can the later events of oxidative product and lytic
enzyme release (14, 15, 35). Mononuclear phagocytes express
all three classes of FcyR, while naive PMN express only
FeyRII and FeyRIIT (17, 47). In contrast to FeyRI, FeyRII
and FcyRIII bind IC possessing multivalent Fc endings with
much higher affinity than monovalent complexes (5, 44, 45).
We reported previously that FcyRIII plays an extensive role in
phagocytic activation, while FcyRII controls only a small, slow,
activation-initiated Ca®" influx, which does not appear to be
involved in the subsequent degranulation (4) but does contrib-
ute to pH; regulation via a recently discovered Ca*"/H™" ex-
changer (2). We have also shown that these PMN responses to
high-valency IC depend upon simultaneous binding to several
FcyR and are not elicited by a monovalent antibody-antigen
complex (44, 45). The early rapid transient A[Ca®*];, 1,000 to
1,200 nM, is faster (<10 versus 15 to 25 s) when elicited by a
chemoattractant rather than by an IC-responding pathway. We
have previously shown that the FcyR-mediated Ca®" transient
is not required for PMN degranulation and that only a small
channel-mediated influx is necessary, permitting a final [Ca®"];
of 100 to 200 nM to be reached in activated PMN (37). Al-
though the mechanisms by which these events occur have been
studied extensively, no universal agreement has been reached;
it is nevertheless probable that pH; plays a critical role in
controlling degranulation (14, 15, 19, 24, 35, 37).

In order to investigate the mechanisms by which the same
PMN in suspension respond first to a chemoattractant and
then to the organism from which the chemoattractant origi-
nated, leading to phagocytosis and degranulation, we modeled
these events by the sequential addition of chemoattractant
(fMLP) and the FcyR-liganding multivalent IC to naive,
unprimed PMN in suspension. We further investigated
whether Ca®" homeostasis plays a role in these responses. As
noted above, because these observations were made via fluo-
rimetry, yielding average values over all the cells in a suspen-
sion, we chose to make these observations on naive PMN with
fPR1- and FcyR-saturating concentrations of fMLP and IC to
avoid any disproportionation. Studies with subsaturating doses
were not performed in this series of experiments.

MATERIALS AND METHODS

Materials. The acetoxy methyl esters (AM) of the membrane-permeable flu-
orescent probes Indo-1-AM and BCECF-AM as well as the probe for the de-
tection of oxidative products in the supernatant, H,HFF-OxyBURST-Green-
BSA, were obtained from Molecular Probes (Eugene, OR). Elastase substrate V
(MeO-Succ-Ala-Ala-Pro-Val-AMC) was purchased from EMD Biosciences Inc.
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(La Jolla, CA). The rabbit anti-bovine serum albumin (BSA) antibody was
obtained from MP Biomedicals (Irvine, CA). All buffers were prepared with
high-performance liquid chromatography-grade chemicals in our laboratory as
described below, employing our in-house distilled water that was additionally
processed in four stages: charcoal, ion exchange, pyrogard filters, and, thereafter,
redistillation (21, 28). All other chemicals were purchased from Sigma-Aldrich
Co. (St. Louis, MO) or from Fisher Scientific (Pittsburgh, PA).

Probe preparation. Indo-1-AM and BCECF-AM were dissolved in dry di-
methyl sulfoxide (DMSO) and then aliquoted into glass Vacutainers at 1 mg/ml;
they were kept frozen at —20°C until ready to use. One milligram of lyophilized
H,HFF-OxyBURST-Green-BSA was dissolved in 1 ml phosphate-buffered sa-
line (PBS) solution without glucose (125 mM NaCl, 2 mM NaH,PO,, § mM
Na,HPO,, 5 mM KClI) and stored at 4°C until use. To avoid oxygen preexposure
of the probe, preparations took place under a nitrogen atmosphere. Additionally,
the buffers and solvents in use were deaerated via vacuum.

Participating individuals. This study was approved by the Institutional Review
Board of the Boston University School of Medicine. The participants were
recruited through the Boston University School of Medicine. All donors were
healthy, as determined by a detailed medical history review, were taking no
medications known to affect neutrophil functions, and provided informed, writ-
ten consent to participate.

Neutrophil preparation. Peripheral venous blood (30 ml) was collected by veni-
puncture and instantly mixed with 3 ml of 4.3% sodium citrate. PMN were purified
by dextran sedimentation followed by Ficoll-Hypaque centrifugation and brief hy-
potonic lysis of the remaining red blood cells, as previously described (28). As noted
therein and above, special precautions were taken to ensure that PMN remained
naive and unprimed; this includes the use of distilled, three-cartridge-purified, and
then redistilled H,O in the preparation of sterile buffers, rinsed plastic ware, and
hypotonic lysis. PMN were kept rocking at 4°C in PBS with glucose (125 mM NaCl,
2 mM NaH,PO,, 8 mM Na,HPO,, 5 mM KCl, 5 mM glucose [pH 7.4]) until use. All
experiments were performed within 6 h of blood drawing. PMN were loaded with
the acetoxymethyl ester forms of the intracellular probes Indo-1 for cytoplasmic
calcium and BCECF for intracellular pH, respectively, as previously described (5, 21,
37, 44). As we have also shown previously, full activatability without priming is
achieved by incubating these PMN in Krebs-Ringer-phosphate (KRP) (PBS solution
with glucose supplemented with 0.9 mM Ca®" and 1.5 mM Mg?* [pH 7.4]) for 2 min
at 37°C before a stimulus was added.

Stimulus preparation. fMLP was dissolved in dry DMSO at a concentration of
1 mM, aliquoted into glass Vacutainers, and frozen at —20°C until use. The final
concentration of vehicle did not exceed 0.1% DMSO in fMLP-activated PMN
suspensions. Possible effects of the vehicle DMSO on pH; or [Ca®*]; were
monitored at their experimental concentrations and found to be absent. High-
valency IC were prepared as the insoluble portion of a fourfold molar excess of
rabbit anti-BSA compared to BSA as previously described (5, 35). As indicated
above, all experiments shown here were performed with fPR1-saturating 10~7 M
fMLP and/or FeyRII-saturating 120 pg/ml IC.

Simultaneous [Ca**]; and pH; measurements. Fluorescence (A, = 350 nm,
Nem T€¥2F =405, and Aoy %27 = 485 nm [Indo-1]; A, PH dependent — 500 nm,
Nexp PHindependent — 450 nm_ and \.,, = 530 nm [BCECF]) was measured
continuously in a Hitachi F-4500 fluorimeter equipped with stirring and thermo-
stating as previously described (21). The known K, of Indo-1 and the Grynk-
iewicz equation allowed the calculation of [Ca®"]; from the Indo-1 ratio
(F405/Fags) (20). The fluorescence ratio of the pH probe BCECF (Fs/F,s0) was
converted into pH values using a calibration curve (37) and quadratic regression
analysis (R* = 0.997) by employing the statistical software SPSS. For stimulus
response quantification, 2 X 10° PMN per ml were suspended in KRP at 37°C
with stirring for 2 min; A[Ca®*]; and ApH; were monitored as previously de-
scribed (21), and dose responses were determined (27, 44). Sequential stimula-
tion of PMN was performed with the injection of fMLP or IC, as desired, at 120
and 420 s with or without the addition of 5 mM EGTA 15 s before the first or the
second injection of the stimulus in order to chelate the extracellular Ca*>* pool
without depleting the outer membrane of bound Ca®* (37).

Elastase release by PMN. A 5 mM solution of elastase substrate V was
prepared in distilled H,O and aliquoted for storage at —20°C until use. Ten
microliters of this 5 mM solution of MeO-Succ-Ala-Ala-Pro-Val-AMC was
added to a cuvette containing KRP (pH 7.4) at 37°C, followed by 2 X 10° PMN
(final volume, 1 ml), with stirring for 2 min (16, 22, 28, 43). After this equilibra-
tion phase, the desired volume of fMLP or IC was injected.

Fc-oxidative burst/superoxide production of PMN. For the detection of oxi-
dative product release, 10 wl of H,HFF-OxyBURST-Green-BSA stock solution
was injected into KRP (pH 7.4) at 37°C, followed by 2 X 10° PMN (final volume,
1 ml), with stirring for 2 min. Special precautions to eliminate exposure to air
were taken (see above).
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FIG. 1. Sequential stimulation of PMN by fPR1 (high-affinity)-saturating doses (10”7 M) of fMLP 5 min apart. (a) Control; (b) 5 mM EGTA
added 15 s before the first fMLP injection; (¢) 5 mM EGTA added before the second fMLP injection; (d) release of elastase (shown as F,4,) and
of oxidative products (shown as Fs;,). Each figure is representative of six independent experiments. In this and each of the following figures, the
[Ca**); and pH; are indicated on the ordinates; F,q, is proportional to the elastase release, and Fss, is proportional to the release of oxidative

products.

RESULTS

Chemotactic receptor-mediated PMN responses. We have
previously shown that 1077 M fMLP saturates the high-
affinity fPR1, as measured by a maximal A[Ca?"]; and ApH;
response from all the cells (27), while others (7, 25) previ-
ously reached the same conclusion via direct binding stud-
ies, which also showed essentially no formation of a complex
with the low-affinity fPR2 at concentrations below 107° M.
We also demonstrated that lower doses of fMLP yielded
smaller, dose-proportional responses from each cell (27).
The early responses to 1077 M fMLP, detectable within 4 to
10 s, consist of a rapid transient rise of 1,000 to 1,200 nM
[Ca?"]; simultaneously with a decrease in cytoplasmic pH by
0.1 to 0.15 units from pH,,. These are followed by a gradual
decrease in free [Ca®"];, as redistribution within the cell
occurs, to an eventual level up to 100 nM above that of the
naive PMN, accompanied by a gradual rise in pH; to 0.2 to
0.3 units higher than its pH, of 7.05 to 7.08, as the Na™/H"
antiport opens (2, 26, 27). We also confirm here, as has been
reported previously (3, 6, 7, 13, 15, 25, 39, 48-50), that in
unprimed naive PMN in suspension, prepared as described
in Materials and Methods, no detectable oxidative products

or lytic enzymes are released when the cells are exposed to
concentrations less than or equal to 1077 M.

Since PMN moving up a chemoattractant gradient must
recognize that chemoattractant repeatedly as its concentra-
tion rises, we mimicked the effect by injecting a second dose
of fMLP (10”7 M final concentration) 3, 5, or 10 min after
the first exposure to this dose. As there was no difference
between the 5- and 10-min intervals (data not shown), we
performed the remainder of our studies with a 5-min time
lapse between the first and second additions of stimuli. As
shown in Fig. 1a for a representative experiment (n = 6),
upon injection of a second fMLP dose in the presence of
extracellular Ca?", a A[Ca®*]; somewhat smaller than the
first (800 versus 1,200 nM) occurred, but virtually no further
change in pH; could be detected. It is not clear from these
experiments whether this consistent absence of reacidifica-
tion upon restimulation is due to (i) the antiport still being
open or (ii) a lack of further phospholipase D activation and
consequent generation of phosphatidic acid (14, 15). Thus,
since the 5-min presence of extracellular Ca** (Ca®*,,,)
permitted the replenishment of that cation’s intracellular
stores, a situation likely to occur physiologically (37), the
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PMN response and its ability to reinitiate intracellular Ca**
signaling remained intact, as did its H" homeostasis. Fur-
thermore, these results show that the low-affinity fPR2 are
not engaged at the low fMLP doses and that no oxidative
burst or elastase release could be detected whether saturat-
ing (10~7 M) fMLP was added once or twice (Fig. 1d).

When Ca®"_, was chelated with 5 mM EGTA 15 s prior to
the first addition of 1077 M fMLP (Fig. 1b), the ensuing
A[Ca®"]; remained high (only 50 to 100 nM lower), while the
response to a second addition of fMLP was abolished, implying
that the availability of extracellular Ca®" is required for the
replenishment of the intracellular source of the transient Ca**;
“spike”; similar results have been reported when such replen-
ishment was prevented by the blockage of Ca®* reentry chan-
nels (32, 34). Furthermore, the final [Ca®"|; and pH; were both
slightly lower, by 100 nM and 0.15 units, respectively, possibly
due to the Ca?*/H™ channel, which would allow Ca>" to exit
the cell in the presence of EGTA and H™" to enter it (2). In
contrast, when Ca®*_ , was chelated later, 15 s prior to the
second addition of 10”7 M fMLP, the second A[Ca**]; profile
(Fig. 1c) was unaltered in comparison to that observed in the
absence of EGTA (Fig. 1a), except for the lower final [Ca*"];
and pH; attributable to the Ca?*/H" channel.

In contrast to the findings when fPR1 was the only fMLP
receptor engaged, i.e., in conditions corresponding to the usual
physiological environment encountered by PMN, a supersatu-
rating amount of fMLP, such as 107> M, exhibited a broader
but not higher A[Ca?"]; if added to naive PMN (Fig. 2a), which
became narrower and sharper in the presence of EGTA (Fig.
2b). PMN exposed to 107> M fMLP were then unable to
respond to a subsequent exposure to 10~7 M fMLP with either
the A[Ca®"]; or the pH signal, whether extracellular calcium
was available or not (Fig. 2a, b, and e). If the fMLP additions
were reversed, i.e., 1077 M followed by 107> M after 5 min
(Fig. 2c), the second A[Ca®*]; transient was higher, and acid-
ification was present, both contrasting with findings when only
enough fMLP to saturate fPR1 was added (compare Fig. 2c
with 1a). Furthermore, while a second response to a second
addition of 10”7 M fMLP in the presence of EGTA yielded no
second Ca** transient (Fig. 1b), a significant second response
was elicited with 107> M fMLP (Fig. 2d), as was a greater
acidification. These high doses of fMLP, in contrast to those
involving only fPR1, also activated the PMN bactericidal func-
tions. As shown in Fig. 2e, 107> M fMLP initiates a slow
oxidation, unchanged by a second addition of 10~7 M peptide.
In contrast, if the initial 107> M fMLP stimulus is followed by
120 pg/ml IC, a full oxidation response is achieved (Fig. 2f).
The Ca** transient does not appear upon the addition of the
second fMLP following the initial 10~> M peptide stimulation
(Fig. 2e) but does appear upon the addition of IC (Fig. 2f).
These observations would be consistent with an fPR2-medi-
ated mechanism involving the Ca®>"/H" channel (since a Ca®"
outflow toward the chelator would involve an electrically neu-
tral H* inflow) and/or a different intracellular Ca** store as
well as signals which activate the fusion of granules with the
phagosome and the initiation of lytic enzyme release and of the
oxidative burst.

While these findings are interesting and could help to elu-
cidate the functions of the low-affinity receptor, they also de-

INFECT. IMMUN.

viate from normal physiological conditions and imply the de-
sensitization or destruction of fMLP receptors previously
suggested by Sklar and colleagues (40-43). For these reasons,
the remainder of our studies were carried out with fPR1-
saturating 10~7 M fMLP.

Chemotactic-mediated PMN responses followed by FcyR-
mediated PMN responses. In order to mimic the chemoattrac-
tion followed by stimulation of PMN effector (bactericidal)
functions, we performed experiments using 10”7 M fMLP for
the first addition and 120 pg/ml IC (FcyRIII saturating) as the
second dose.

Since fMLP and IC stimulate PMN via different receptors,
stimulation with fMLP, followed by IC after 5 min (Fig. 3a),
elicited transient A[Ca®"]; and ApH; signals for both (Fig. 3a),
comparable to those observed for each stimulus when added to
naive PMN (Fig. 1a and 4a, respectively) at the same concen-
tration.

In the absence of Ca®*"_, (EGTA 15 s before the first
addition) (Fig. 3b) and unlike the effect of the addition of
fMLP 5 min after an initial fMLP stimulation (Fig. 1b), the
addition of IC after fMLP elicited a smaller (500 nM) but
reproducible Ca®" transient. This implies that either a differ-
ent intracellular pool was involved or a greater mobilization
from the same pool occurred with FeyRIII-saturating IC than
with fPR1-saturating fMLP. Interestingly, the pH; signaling
elicited by IC, including the greater acidification (0.35 to 0.40
units) and the absence (or delay of more than 2 min) of alka-
linization, was independent of the availability of extracellular
Ca®* (Fig. 3b and c), in contrast to the IMLP-fMLP additions
(Fig. 1b and c), where the acidification was virtually abolished
in the absence of Ca®"_ .. Whether or not Ca**_, was avail-
able, there was an acidification in response to IC, added 5 min
after fMLP, accompanied by an oxidative burst and elastase
release (Fig. 3d). Besides reconfirming the difference in the
mechanisms mediated via different classes of receptors, these
observations indicate that FcyRIII accesses an intracellular
Ca®" pool that is inaccessible to the fPR1-mediated pathway
and controls pH; differently. These results are in agreement
with our previous findings (14) showing that, in contrast to
fPR1, FcyRIII does not initiate the activation of phospholipase
D and the consequent formation of phosphatidic acid, which
then ionizes in the cytoplasm, leading to a lower pH;. Addi-
tionally, in contrast to the fPR1-saturating 10~7 M fMLP, the
FcyRIII-saturating 120 pg/ml IC (4, 5, 35, 44, 45) does stim-
ulate PMN phagocytosis and degranulation, initiating the re-
lease of elastase and of oxidative entities (Fig. 3d). This is the
sequence of responses occurring physiologically as a phagocyte
is attracted to a foreign entity, which it then phagocytizes and
destroys, although as noted in the introduction, other receptors
in addition to FcR may be involved (for example, if that entity
has been opsonized).

Fcy-mediated PMN responses followed by chemotactic re-
ceptor-mediated PMN responses. Can PMN be restimulated
after degranulation has been activated? Although we showed
above that a subpopulation of PMN responds to subsaturating
doses of IC, leaving the remainder of cells to respond to fur-
ther exposure, the fluorimetric technique used here does not
allow us to study subpopulation responses. As shown in Fig. 4,
PMN exposed to 120 pg/ml IC exhibit the previously reported
A[Ca®"]; and ApH; (Fig. 4a), as well as degranulation (Fig. 4d),
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FIG. 2. Sequential stimulation of PMN by high doses (107> M) of fMLP, followed 5 min later by 10”7 M fMLP. (a) Control; (b) 5 mM EGTA
added 15 s before the first fMLP injection; (e) control and oxidative product release (see Materials and Methods); (f) 107> M fMLP followed by
120 pg/ml IC. (c and d) Reversal of the order of sequential stimulation, 10”7 M fMLP, followed by 107> M fMLP 5 min later. (c) Control; (d)

5 mM EGTA added 15 s before the first fMLP injection. Each figure is representative of four independent experiments.

in the presence of Ca®" .. However, in contrast to the inverse
order (fMLP and then IC), fMLP added 5 min after IC elicited
neither signal, whether or not Ca**_, was available (Fig. 4a, b,
and c), and no additional release of oxidative products or
elastase was detected (Fig. 4d).

Fcy-mediated PMN responses followed by FcyR-mediated
PMN responses. We next investigated whether PMN exposed
to 120 pg/ml of IC, so that all of its FcyRIII is liganded, can

respond again to a second dose of IC 5 min after the first dose.
Again, subpopulation responses were avoided by using satu-
rating doses, and therefore, the ability of PMN to phagocytize
individual particles (29) one at a time does not apply. Whether
Ca?*_,, was present (Fig. 5a), chelated before the first stimu-
lation (Fig. 5b) or the second stimulation (Fig. 5c), neither
cytoplasmic signal was elicited by the second addition, nor was
there any increase in oxidative product or elastase release (Fig.
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FIG. 3. Sequential stimulation of PMN by saturating doses (1077 M) of fMLP followed by 120 wg/ml IC 5 min later. (a) Control; (b) 5 mM
EGTA added 15 s before fMLP injection; (¢) 5 mM EGTA added before IC injection; (d) release of elastase (shown as F,q)) and of oxidative
products (shown as Fs;,). Each figure is representative of five independent experiments.

5d). It should be noted that the sharp decrease in fluorescence
at a single wavelength upon the addition of IC (Fig. 5d) is
attributable to increased light scatter, since the IC stimulus is
particulate; no scatter occurs with soluble fMLP. The light-
scattering effect is more pronounced when observations are
made at a single wavelength (e.g., oxidative burst and elastase
release), as ratios ([Ca®"]; or pH;) partially correct for the light
scatter by canceling out the concentration of particulate mat-
ter. This effect becomes more pronounced at increased fluo-
rescence readings; the small change that occurs with the addi-
tion of the first IC stimulus, at baseline fluorescence (compare
Fig. 4d and 5d at 120 s), is below the detection threshold of the
instrument.

All of the results described above were obtained in multiple
separate experiments (n = 4), with observations made by flu-
orimetry after confirmation by flow cytometry that the entire
population of PMN was responding to each stimulus when a
saturating concentration of that stimulus was injected (data not
shown).

DISCUSSION

Polymorphonuclear neutrophils constitute one of the body’s
primary defenses against invading bacteria or foreign entities.

Drawn towards the latter by increasing gradients of the che-
moattractants that the organisms generate, the neutrophils’
task is, once they reach them, to phagocytize and destroy the
organisms. Their bactericidal functions lie in the contents of
their granules and the oxidative products, which the combina-
tion of granules, plasma membrane, and cytoplasmic contents
allows them to generate in, or inject into, the phagosome
enclosing the organism.

The roles of chemoattractants and phagocytizable entities
are very different, and their effect on the neutrophils proceeds
through different receptors and receptor-mediated processes.
While such differences have long been recognized and some of
the intermediates involved have been identified, the specific
roles of each separate receptor-mediated early signaling in the
cytoplasm, which lead to the so-called PMN effector functions,
have not yet been delineated. We have addressed the question
here, taking advantage of the indicators that we have devel-
oped in collaboration with Molecular Probes, which permit the
simultaneous observation of intracellular signals and released
bactericidal products. The time scale of these signals is rapid,
with maximal fMLP- or IC-elicited A[Ca**]; and minimal pH,;
occurring within <10 s and <30 s, respectively (2, 10, 14, 19,
21, 24, 38, 50). The effector functions can be detected within 30
to 45 s in IC-stimulated PMN (9, 35, 37) but are not initiated
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by 1077 M fMLP in naive unprimed PMN in suspension. Al-
though there have been reports of capacitative changes in
[Ca®*]; (18), these are smaller and occur much later, with
maxima occurring at 5 to 8 min, and are not addressed in our
current studies.

As shown previously by our group as well as by others (18,
23,26, 27, 32, 34, 37, 50), chemoattractants such as fMLP elicit
rapid dose-dependent signaling in the cytoplasm as the cells
move, i.e., as the adhesion proteins are expressed and cytoskel-
etal motility (including actin and myosin) (31, 46) functions
affect the motion of the PMN towards their targets. In this
process, the same cell must respond multiple times to the
occupancy of its chemoattractant receptors by increasing con-
centrations of the attractant until the origin of that attractant
is reached. Results reported previously (16, 22) and shown
here by our techniques, as well as binding and oxidative burst
elicitation studies reported previously by others (25, 49), have
shown that the high-affinity fMLP receptor fPR1 of naive,
unprimed PMN is saturated and elicits maximal cytoplasmic
signals at 10”7 M fMLP and that higher concentrations bind to
the low-affinity fPR2 (7, 25, 49) and initiate the oxidative burst
and elastase release.

The fPR1-mediated rapid and transient rise in [Ca®*]; orig-
inates mostly from intracellular stores (32, 34, 37), although a

) 120

time [sec.] 420

FIG. 4. Sequential stimulation of PMN by saturating doses (120 pg/ml) of IC followed 5 min later by 10~7 M fMLP. (a) Control; (b) 5 mM
EGTA added 15 s before IC injection; (¢) 5 mM EGTA added before fMLP injection; (d) release of elastase (shown as F,qy) and of oxidative
products (shown as Fs;,). Each figure is representative of five independent experiments.

small fraction comes via influx from the extracellular milieu (2,
32), as confirmed in the current study (Fig. 1b versus a and c).
‘When calcium is available from the exterior, these intracellular
stores are replenished, and our studies here confirm that the
same cells can respond to further chemoattractant liganding by
resignaling with a smaller A[Ca®"]; Furthermore, we show, for
the first time, that the pH; signals (14, 15, 19, 37, 48), which are
significant in the first response of PMN to 10~7 M fMLP, are
virtually absent if the same cells are reexposed to the same
amount of fMLP but do occur if 100-fold more fMLP is added
to them. Although our studies reported here focus on the
high-affinity fPR1-initiated functions, our preliminary investi-
gations with 107> M fMLP-initiated fPR2 functions show a
broader but similar A[Ca®*);, implicating either a second Ca**
storage source or a more extensive depletion of the same store.
Since for this higher dose, there is a more rapid and deeper
acidification (to pH; 6.85 rather than 6.95) and a lower even-
tual pH; (7.15 versus 7.3), a Ca>*/H" channel such as the one
that we described recently (2) could be responsible. While the
Ca®" changes are probably necessary to affect cytoskeletal
rearrangement and cell motility, the role of pH; signals in the
chemoattractant response is not yet clear, although it has been
documented that these pH; changes are also a vital component
of the receptor-mediated signaling pathway in phagocytic cells
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FIG. 5. Sequential stimulation of PMN by saturating doses (120 pg/ml) of IC 5 min apart. (a) Control, (b) 5 mM EGTA added 15 s before the
first IC injection; (¢) 5 mM EGTA added before the second IC injection; (d) release of elastase (shown as F,4,) and of oxidative products (shown
as Fs30). In panel d, the sharp decrease upon injection is due to light scatter (see Results). Each figure is representative of six independent

experiments.

(2, 14, 15, 19, 21, 24, 37, 38, 39). It is clear from the present
study as well as previous studies that these pH; signals are
important for the activation of the PMN bactericidal functions
via either FcR or fPR2. It should be noted that our observa-
tions of [Ca**]; changes concur qualitatively with those re-
ported previously by Nowak et al. (32) and Rosales and Brown
(34) (no pH; data were given), although the magnitudes of
these changes, in our hands (14, 15, 21, 35, 37) as well as
others’ (11, 12), are much higher, 1,000 to 1,200 nM versus 100
to 300 nM.

If extracellular calcium is chelated immediately before the
initial chemoattractant addition, so that the cells have no
time to lose their homeostatic equilibrium (37), the initial
response to 1077 M fMLP is almost unimpaired, but in the
absence of intracellular calcium restoration, no cytoplasmic
signaling response (A[Ca*"]; or ApH;) to further exposure
to 1077 M fMLP can be detected. In contrast, if the chela-
tion occurs only after replenishment, i.e., immediately be-
fore the reexposure to chemoattractant, these responses to
fMLP are restored, albeit reduced. As noted in our previous
studies (2, 15, 37), we have found that prolonged (>1 min)
depletion of extracellular Ca?* profoundly perturbs the
PMN functions, presumably by removing the cation not only
from extracellular but also from intracellular binding sites

via the Ca®" channels; we therefore restricted depletion to
15 s before the stimulus addition, a time that we found to be
too short for such a perturbation to occur.

In contrast to the physiological need for PMN to keep mov-
ing towards the source of chemoattractants, their ability to
phagocytize and destroy via immune complex-mediated pro-
cesses depends on the concentration of phagocytizable stimuli
that they encounter. We showed a number of years ago (4, 5,
35, 44, 45) that IC bind equally to all PMN in a given suspen-
sion but that all respond with the above-mentioned intracellu-
lar [Ca®*]; and pH,; signals only if all available FcR is bound. If
subsaturating amounts of these IC are added to PMN, all cells
appear to bind IC equally, but only a fraction, i.e., a subpopu-
lation, of PMN exhibit signaling and eventual effector func-
tions (oxidative burst and elastase release), while the remain-
ing cells exhibit neither. The responding fraction is dose
dependent, while its response is not; i.e., each responding cell
exhibits maximal cytoplasmic signaling and degranulation, and
each nonresponding cell exhibits neither. These observations
implied that a second bimolecular step, after initial binding to
FcR, was required for the initiation of PMN signaling. These
observations fit well with, for example, the films of crawling
PMN engulfing one opsonized particle after another since
these are subsaturating concentrations of those stimuli. Unfor-
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tunately, when those observations were made in real time,
labeling of those stimuli so that they could indicate oxidative
burst (35) or elastase release (13, 14, 22) was not yet available.
Our present studies, which rely on measurements of average
cell responses across whole populations, do not provide in-
sights into the mechanisms involved in single-cell responses.
Studies of such single-cell responses would involve multiple
non-mutually-interfering fluorescent indicators of the cell-as-
sociated parameters involved on each PMN (i.e., [Ca**];, pH,,
receptor identity, receptor occupancy, oxidative burst, and
elastase release) measured simultaneously, rapidly, and in real
time, with at least one detector per parameter and three or
more lasers for excitation. We are currently modifying an in-
strument for such investigations. It should be noted that in our
previous, present, and planned studies, the emphasis is on
initial signaling and, if present, effector function initiating time
and rate but not on the extent of effector functions (e.g., total
oxidative burst and elastase release), since these take much
longer, up to 10 min, to reach completion.

The data in the current study confirm that signaling and
degranulation initiated via FcR can follow and are indepen-
dent of chemoattraction initiated via fPR. However, when
PMN have been exposed to saturating doses of IC (i.e., all
available FcR liganded), the data imply that a second saturat-
ing dose of IC, or exposure to fMLP, does not elicit either
response in those previously fully IC-stimulated cells.

The oxidative component of PMN activation and its relation
to Ca®" signaling have previously been studied for adherent
PMN exposed to opsonized zymosan particles by Dewitt et al.
(11). We previously reported that there are major differences
in signaling and effector responses, such as oxidative burst,
between adherent and nonadherent monocytes (1), and similar
differences exist for PMN, at least in part, since the expression
of adhesion proteins involves partial activation such as that
elicited by fMLP. Because these early events were not mea-
sured by Dewitt and colleagues, it is not possible to compare
their results with ours.

Several studies have examined fMLP stimulation of human
PMN and reported no or minimal reactive oxygen species
release unless the PMN were preincubated with high concen-
trations of priming agents such as lipopolysaccharides, chemo-
kines, cytokines, and tumor necrosis factor alpha platelet-ac-
tivating factor (3, 6, 13). Our findings are in full agreement
with those reports and extend them to the physiological situ-
ation-mimicking consequence, when the migrating cells then
encounter the source of the chemoattractant and FcR are
engaged.

Conclusions. Taken together, our findings demonstrate the
early signaling processes required for PMN attraction to and
destruction of an invading entity, the importance of separate
mechanisms mediated through the chemoattractant versus
the FcR, and the reliance on intracellular calcium stores for
the large, rapid cytoplasmic calcium transient and the con-
comitant pH change, both of which play an important role in
PMN functions. As mentioned above, studies dealing with
subsaturating doses of IC, which will provide further insights
into early phagocytic signaling mechanisms, are currently
under way.
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