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Abstract

We have studied how cytosolic free Ca2" ([Ca2+Ii) changes and
phorbol myristate acetate (PMA) exposure affects ligand-in-
dependent cell surface expression offMet-Leu-Phe receptors on
human neutrophils. Mere incubation primed neutrophils to dou-
ble their binding of fMet-Leu-Phe. This spontaneous increase
of peptide binding was unaffected by changes in the extracellular
calcium concentration. However, depression of the [Ca2"1, totally
abolished the increased binding of fMet-Leu-Phe. Scatchard-
Plot analysis revealed that the observed increase of peptide
binding was due to an increased number of receptors. Normal-
ization of the [Ca2"1 in cells where it was initially depressed
resulted in a slow but progressive increase in fMet-Leu-Phe
binding. The rate of receptor recruitment could be enhanced by
rapidly increasing the [Ca2J1, by addition of ionomycin.

Addition of PMA to cells with near maximal receptor
expression led to a marked reduction of fMet-Leu-Phe binding
without affecting [Ca2+Ii. These observations suggest the exis-
tence of a dual regulatory mechanism for up- and down-regulation
of fMet-Leu-Phe receptors on the cell surface of human neutro-
phils.

Introduction

Human neutrophils are equipped with a number of specific cel-
lular functions, and all are ofcrucial importance for host defense
against invading microorganisms. Initiation of these various
neutrophilic activities usually occurs as a result of interaction
between a ligand and its specific plasma membrane receptor, as

is the case for the chemotactic peptide fMet-Leu-Phe (for review
see references 1 and 2). Receptor activation initiates a number
of intracellular signals, and special attention has been given to
the increase in the [Ca2+]i and the increased activity of protein
kinase C (3-6). Using quin2, a high affinity fluorescent probe
for Ca2 , it has been shown that interaction between the che-
motactic peptide fMet-Leu-Phe and its membrane receptor on

human neutrophils results in a biphasic rise ofthe [Ca2+]J (7, 8).
Several pieces ofevidence indicate that after the initial interaction
between fMet-Leu-Phe and its specific receptors, which are al-
ready present on the cell surface at the time of exposure, the
ligand-receptor complexes disappear from the cell surface via
endocytosis (9, 10). At the same time, up-regulation of unoc-
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cupied receptors are thought to occur from an intracellular res-
ervoir (for review see reference 1). Possible involvement of the
[Ca2+]i in receptor recruitment and internalization has been dis-
cussed in a number of recent papers. It was shown that a high
concentration of the calcium ionophore A23 187 increases the
recruitment of four different cell surface receptors in mouse tu-
mor macrophages and CR1 receptors in human neutrophils,
while it resulted in inhibition ofepidermal growth factor-receptor
internalization in three different cell lines (1 -13). In addition
to changes in the [Ca2+]i, another intracellular signal has been
intimately connected with both receptor internalization and re-
cruitment. This is the activity of the phospholipid and Ca2`-
dependent enzyme protein kinase C. Direct activation of this
enzyme with phorbol esters has been shown to stimulate the
internalization of transferrin receptors both in K562 cells (14)
and in HL-60 cells (15, 16). However, in human neutrophils it
has been shown that phorbol myristate acetate (PMA) exposure
results in an increased expression of fMet-Leu-Phe receptors
(17). Furthermore, two recent reports claim that, depending
upon the concentration used, PMA can increase both externali-
zation and internalization of CR1 receptors in human neutro-
phils (18, 19).

Due to the obvious controversy about how receptor expres-
sion is regulated, the aims of the present investigation were to
correlate changes in the [Ca2+]j and PMA exposure to alterations
of fMet-Leu-Phe cell-surface receptor expression on human
neutrophils. The results presented suggest the existence ofa dual
regulatory control mechanism for fMet-Leu-Phe receptor
expression, i.e., [Ca2J]i increases up-regulation and PMA stim-
ulates down regulation of fMet-Leu-Phe receptors on the cell
surface of human neutrophils.

Methods

Chemicals. All reagents were ofan analytical grade. Dextran and Ficoll-
Paque were from Pharmacia Fine Chemicals Inc. (Uppsala, Sweden).
Ionomycin, quin2, and quin2/AM were from Calbiochem-Behring Corp.
(La Jolla, CA) and were stored as stock solutions in dimethylsulfoxide
(DMSO) at -200C. fMet-Leu-Phe, PMA, luminol, cytochrome c, su-
peroxide dismutase, and glucose oxidase were all obtained from Sigma
Chemical Co. (St. Louis, MO). New England Nuclear (Boston, MA)
provided 3H-fMet-Leu-Phe. I251 was obtained from Amersham Inter-
national (Buckinghamshire, U. K.).

Isolation ofhuman neutrophils. Blood was obtained from healthy
adult volunteers. The whole blood was allowed to settle on dextran after
which the neutrophil granulocytes were isolated according to the method
described by Boyum (20). The rest of the contaminating erythrocytes
were eliminated by hypotonic lysis after which the polymorphonuclear
leukocyte (PMN) cells were washed twice before resuspension in the
calcium containing medium that has been described.

Determination and manipulation ofcytosolicfree Ca2". The medium
used contained; 138 mM NaCl, 6 mM KCI, 1 mM MgSO4, 1.1 mM
CaC12, 0.1 mM EGTA, 1 mM NaHPO4, 5 mM NaHCO3, 5.5 mM glu-
cose, and 20 mM Hepes (pH 7.4). As stated in the legends, Ca2+ was
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omitted in some experiments, with and without the addition of 1 mM
EGTA. This resulted in extracellular calcium concentrations in the range
of micromolars and nanomolars, respectively. The technique of loading
the cells with quin2 has previously been described (7). The cells were
suspended at a concentration of 5 X 10' cells/ml and after 5 min at
370C, quin2/AM was added so that there was a final concentration of
100 uM. 10 min after the addition of the probe, the cell suspension was
diluted to 1 X I07 cells/ml with the same type ofmedium supplemented
with 0.5% (wt/vol) albumin. The loading procedure was completed after
incubation for 50 min at this cell concentration. This loading procedure
yielded a cellular quin2 concentration of 1.48±0.21 nmol/106 cells (n
= 12). Due to the relatively high concentration ofquin2/AM which was
added, it was possible to manipulate the [Ca2+]i by changing the extra-
cellular calcium concentration in the loading medium. Control experi-
ments showed that the viability of cells loaded with 100 MM did not
significantly differ from controls when assessed with trypan blue exclusion
tests.

Measurements of fluorescence were performed with a fluorimeter
(model MPF-3L; Perkin-Elmer Corp., Pomona, CA). The cuvette holder
was maintained at 370C by means of a thermostat and was equipped
with a continuous stirring device. The excitation and emission wave-
lengths were 339 and 492 nm, respectively. To minimize light-scattering
phenomena, we used two cut-off filters, UV D25 andUV 35, for excitation
and emission, respectively. Quin2 fluorescence as a function ofthe [Ca2i]
was determined as previously described (7). The intracellular concen-
trations of quin2 were measured by comparing the Ca2"-dependent flu-
orescence of quin2-loaded cells, treated with 0.1% (vol/vol) Triton, with
the fluorescence of a standard solution of quin2 in the presence of un-
loaded cells, also treated with 0.1% (vol/vol) Triton, in a calcium-con-
taining medium.

Determination of 3H-]Met-Leu-Phe binding. The different cell sus-
pensions, in triplicates for each experiment, were placed in an ice-bath
and 20 nM 3H-tMet-Leu-Phe was added (this gave - 30% saturation of
fMet-Leu-Phe binding). To evaluate the contribution of nonspecific
binding, samples containing the above components plus I03 times more
nonlabeled fMet-Leu-Phe, were run in parallel. Scatchard-plot analyses
were performed using concentrations of 3H-fMet-Leu-Phe between 2
and 200 nM. The cell suspensions (final volume 200 W) were incubated
in the ice-bath with the radiolabeled peptide for 60 min. This was followed
by rapid filtration (15 s) of the cell suspensions using a cell harvester
(Skatron AS, Lier, Norway) and including a washing with an ice-cold
medium (total volume, 4 ml). The filters were then placed in liquid
scintillation vials for determination of the cell-bound radioactivity. As
a control for the filtration technique, we performed identical 3H-fMet-
Leu-Phe-binding studies but separated cells from unbound peptide by
centrifugation through an oil layer (in a microfuge; Beckman Instruments
Inc., Fullerton, CA). This technique allowed cells to be separated from
unbound ligands within a few seconds. The results obtained with the
centrifugation method did not significantly differ from those of the pre-
viously described filtration technique.

Measurements ofchemiluminescence and O2 production. The gen-
eration of oxidative metabolites was determined by measuring the pro-
duction ofchemiluminescence in a six-channel Biolumat LB 9505 (Bert-
hold, Wildbad, W. Germany). Human neutrophils were suspended in a
calcium-containing medium supplemented with luminol (final concen-
tration 2 X I0-' M). These cell suspensions were placed in the Biolumat
(maintained at 37°C by means of a thermostat) and after addition of
ionomycin and different concentrations of PMA, the light emission for
each tube was recorded continuously for 60 min. Superoxide production
was measured continuously, essentially as described by Cohen and
Chovaniec (21), using a DU-6 spectrophotometer (Beckman Instruments
Inc.) with a temperature regulator set at 37°C. In the standard assay,
both sample and reference cuvettes contained 2 X 106 cells and 1.5 mg
cytochrome c in I ml of the calcium-containing medium. Furthermore,
the reference cuvette contained 200 U of superoxide dismutase. After
the addition of ionomycin and different concentrations of PMA, the
absorbance change accompanying cytochrome c reduction was monitored
continuously for 60 min at 550 nm.

Iodination. Enzyme-mediated iodination ofintact human neutrophils
was performed essentially as previously described (22-24). A modification
of the medium described above, lacking Mg2e and Ca2' and with an
EGTA concentration of 2 mM, was used during the labeling procedure.
Human neutrophils (2 X 10'/ml) were incubated in this EGTA-containing
medium at room temperature for 30 min together with 10 Ug/ml lac-
toperoxidase, 5.5 mM glucose, 1.4 U glucose oxidase, and 50 MCi 1251.
Immediately after labeling, the cells were extensively washed five times
in the EGTA-containing medium. The cells were then incubated at 370C
for 50 min in the same medium used for all other experiments done in
this study, either with or without PMA (10-9 or 10-7 M), as described
in the legend to Table II. After this incubation for 50 min, the cells were
centrifuged (500 g for 10 min) and washed twice. The pellets were lysed
in 0.5 ml of a 10% Triton solution and stored together with the medium
at -200C. Triplicate 100-Al aliquots of cells and medium from each
group were precipitated with 25% TCA and placed on Millipore HA
filters (pore size, 0.45 Mm), and then washed with 4 ml of25% TCA and
dried. The respective radioactivity levels were determined using 1282
CompuGamma universal gamma counter (LKB Instruments, Inc.,
Gaithersburg, MD).

Results

Fig. 1 shows how incubation of human neutrophils before de-
termination of 3H-fMet-Leu-Phe binding almost doubled the
binding capacity for the peptide, indicating a spontaneous in-
crease ofreceptor expression. This observation corresponds well
to previous functional results (25). A similar protocol has also
recently been shown to increase both the number of CR1 and
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Figure 1. Binding of 3H-fMet-Leu-Phe to human neutrophils after in-
cubation in a medium containing calcium as described in Methods.
Purified human neutrophils were incubated at 220C (solid circles) or
370C (open circles) for various periods of time. After 0 (control), 15,
30, 60, 90, and 120 min, samples were taken for determination of cel-
lular 3H-fMet-Leu-Phe binding. To measure peptide binding, the cells
were incubated with 3H-fMet-Leu-Phe in an ice-bath for 60 min, fol-
lowed by a rapid filtration of the cell suspension with a cell harvester.
The filters were washed with ice-cold medium and then placed in liq-
uid scintillation vials for determination of the specific cell-bound ra-
dioactivity. Mean values±SEM are given for 6-10 separate experi-
ments. Statistical analyses were performed using the t test. * P < 0.05.
** P < 0.01.
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CR3 receptors on human neutrophils (26). Under the conditions
used in this investigation, there was an increase from - 3.9 to
7.9 fmol bound 3H-fMet-Leu-Phe/106 cells. This effect of in-
cubation before peptide binding was shown to be temperature
dependent, because increasing the temperature from 220 to 370C
during incubation resulted in a more rapid rise to maximal pep-
tide binding. To avoid unnecessarily long incubations of the
cells and to allow for optimal conditions for the quin2 loading,
all the subsequent experiments were performed at 370C.

Fig. 2 shows how changes in the extracellular and the intra-
cellular calcium concentrations during 60 min of incubation at
370C affected the increased receptor expression for the che-
motactic peptide. Reduction in the extracellular calcium con-
centration from the millimolar to the micromolar range had no
effect on receptor expression (Fig. 2 A). A further decrease in
the extracellular calcium concentration to the nanomolar range,
by supplementation with 1.0 mM EGTA, was also without effect
on receptor expression (not shown). However, modulation of
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the [Ca2J]i, with the use of high quin2 loading, yielded quite
different results. Loadinghuman neutrophils with 100 ,M quin2/
AM in the presence of 1.0mM Ca2E, resulting in a normal resting
level of the [Ca2+]i (legend to Fig. 2), had no effect on receptor
expression (Fig. 2 B). This observation indicates that the probe
itself had no nonspecific effects on the expression of fMet-Leu-
Phe receptors. However, when the quin2 loading was performed
in the absence of extracellular calcium, resulting in a significant
reduction in the [Ca2+]j to halfofnormal resting levels (see legend
to Fig. 2), the previously observed increase in receptor expression
was totally abolished (Fig. 2 B). Further reduction in the [Ca2+Ji
concentration to 9.1 nM (n = 5) after the addition of 1 mM
EGTA to a calcium-free medium during the quin2 loading had
no additional effect on the receptor expression (not shown). To
determine whether these changes ofreceptor expression resulted
from a change in receptor affinity or a change in receptor number,
we performed a Scatchard-plot analysis of cells from the two
groups marked A and B in Fig. 2 B. Fig. 3 shows a Scatchard-
plot analysis of one representative experiment, treating the data
as representing binding to one population of receptors (2). The
KD values were; 6.9 X 10-8 M (A) and 5.9 X 10-8 M (B). The
number of receptors were 2.8 X 104/cell (A) and 1.3 X 104/cell
(B), respectively. The affinity and the number of fMet-Leu-Phe
receptors in this study are in the same range as those previously
reported (17, 27). This analysis revealed that the depressed re-
ceptor expression after reduction in the [Ca2+]i is most readily
explained by a decreased number of fMet-Leu-Phe receptors on
the cell surface.

To further investigate the role of [Ca2J]i in receptor up-reg-
ulation, we reconstituted a normal resting [Ca2J]i after initially
having reduced it to 50 nM (Fig. 4 B). This was done by
restoration ofthe extracellular calcium concentration to 1.0 mM
(indicated by an arrow in Fig. 4 B). The normalization of the
[Ca2+]J occurred within 5 min, and the number of3H-fMet-Leu-
Phe-binding sites started to increase simultaneously. Control
experiments with the same batch of cells showed no increase in
peptide binding sites when the [Ca2+]i was maintained at - 50

4
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[Ca+ ] 1.0 (mM)

Figure 2. Effects of changes in extracellular and cytosolic-free Ca2'
concentrations on cellular binding of 3H-fMet-Leu-Phe. Purified hu-
man neutrophils were incubated with either 100 MM quin2/AM, dis-
solved in DMSO (B), or in equal volumes ofDMSO alone (A). The
medium used during these incubations differed only with regard to the
concentration of calcium, as indicated. Immediately after the loading
procedure, samples were taken for determination of both 3H-fMet-
Leu-Phe binding and [Ca2+]i, as previously described. The mean val-
ues±SEM for the [Ca2+]i of the groups marked with A and B were

129±11 nM and 52±9 nM, respectively. The 3H-fflet-Leu-Phe bind-
ing data are given as mean values±SEM for six to nine separate exper-
iments. The two bars in b marked with A and B, respectively, were

chosen for further Scatchard-plot analysis (see Fig. 3). The effect of
lowering the [Ca2+]i was evaluated with the t test. * P < 0.05;
** P<0.01.
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Figure 3. Scatchard-plot analysis of 3H-fMet-Leu-Phe binding to cells
with normal or depressed [Ca2+]j, marked A and B in Fig. 2. The Scat-

chard-plot analysis in this figure is based on data from one representa-
tive experiment out of six.
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Figure 4. Correlation between [Ca2+]i and cellular binding of 'H-fMet-
Leu-Phe. Human neutrophils were loaded with quin2/AM under con-
ditions similar to those for the group marked B in Fig. 2. (A) Cells
were kept in a calcium-free medium. (B) Extracellular calcium con-
centration was reconstituted to I mM (arrow). At different time points
(0, 10, 30, and 60 min) samples were taken from both groups for de-
termination of their cellular 'H-fMet-Leu-Phe-binding capacity. Fur-
thermore, cells were taken from each group to follow changes in the
[Ca2 ]. To avoid photobleaching of the quin2 signal, the [Ca2i] were
not followed continuously, as indicted by the broken lines in this fig-
ure. Data are from the same batch of cells. Table I presents the com-
piled results of the 'H-fMet-Leu-Phe-binding data from this series of
experiments.

nM (Fig. 4 A). Furthermore, when 1 mM Ca2+ was introduced
together with ionomycin (250 nM) to quin2-loaded cells, a more
rapid increase in the [Ca2+]i to micromolar levels was obtained
(Fig. 5, A and B). This rapid increase in the [Ca2+]i to well above
the resting value resulted in an even more rapid (already signif-
icant after 10 min) increase of fMet-Leu-Phe receptor expression
on the cell surface (Table I and Fig. 5, A and B). A problem
worth mentioning in this context, although not addressed in the
present study, is whether the Ca2+-induced effects observed are
direct or indirect. It could well be that the effect of a rise in the
[Ca(2+], could be due to the consequent production of other in-
tracellular messengers. For example, a rise in the [Ca2+]i has
been implicated in activating phospholipase A2 (28) and also in
increasing the breakdown of polyphosphoinositides (29).

PMA, considered and often used as a direct activator ofpro-
tein kinase C (30, 31), has previously been shown to increase
the expression of fMet-Leu-Phe receptors in human neutrophils
(15), while it has been reported to stimulate receptor internal-
ization in other cell types (14-16). To study whether PMA ex-
posure could decrease receptor expression also in human neu-

trophils, we chose a condition in which the number of cell surface
receptors had reached a near maximal level, i.e., the process of
receptor up-regulation was negligible. Furthermore, because a
rise in the cytosolic free Ca2' level has been suggested to increase
the translocation of protein kinase C from the cytosol to the
plasma membrane and thereby potentiate the effect of PMA
(32), our protocol also ought to provide optimal conditions for
protein kinase C-mediated effects. Fig. 5 B shows the effects on
tMet-Leu-Phe receptor expression oftwo different concentrations
ofPMA (10-7 and 10-9 M) introduced 10 min after the addition
of Ca2` (1 mM) and ionomycin (250 nM). Both concentrations
resulted in a prompt reduction of peptide binding to the cells.
The lower concentration of PMA reduced the binding to ap-
proximately the same level as observed before the addition of
Ca2' and ionomycin, whereas the higher concentration ofPMA
reduced peptide binding to a much lower level (Table I). The
effect of PMA on peptide binding could also be observed at
normal resting [Ca2+]i (i.e., 120 nM), ifthis compound was added
after the cell surface expression of fMet-Leu-Phe receptors had
reached near maximal values (i.e., 1 h at 370C). Because pre-
treatment with ionophore also substantially potentiates PMA-
induced superoxide production (5), we tested the effect of these
two PMA concentrations on the generation ofOF. Exposure to
ionomycin (250 nM) + PMA (10-7 M) resulted in a marked
production of superoxide anions (Fig. 5 C), so that it is possible
that part of the decreased peptide binding at this concentration
could be due to an autooxidative process. However, the addition
of scavengers, i.e., catalase and superoxide dismutase, had no
effect on the reduced receptor expression (not shown). Further-
more, ionomycin (250 nM) + PMA (10-9 M) had a minimal
effect, ifany, on the generation ofO- (Fig. 5 C), but nevertheless
reduced the fMet-Leu-Phe binding by 50% (Table I). Identical
results were obtained when the PMA-induced metabolic activity
was assessed with luminol-dependent chemiluminescence. After
incubation and before determination of3H-fMet-Leu-Phe bind-
ing, the number of cells was always calculated for each group
with the aid of a Coulter counter. No loss of cell numbers could
be detected in any of the samples and could consequently not
explain the PMA-induced decrease of fMet-Leu-Phe-receptor
expression. Furthermore, to exclude the possibility that the PMA-
induced decrease of fMet-Leu-Phe-receptor expression was due
to a loss of cell surface membrane by shedding to the media,
whole cells were labeled with 1251 by means ofa lactoperoxidase-
catalyzed reaction, essentially as described previously (22-24).
Iodinated cells were exposed for 50 min to either of the two
PMA concentrations which were used, after which cells were
separated from the media by means of centrifugation. Table II
shows that PMA exposure did not significantly decrease the cel-
lular content of radioactivity nor did it increase the radioactivity
in the media.

Discussion
The cellular mechanisms involved in receptor recruitment and
internalization are offundamental importance for various aspects
ofcell biology. In human neutrophils these processes are essential
for the understanding ofchemotaxis, phagocytosis, and secretion
(1, 2). During locomotion of neutrophils, a continuous receptor
cycling and asymmetric distribution on the cell surface are
thought to be critical for sensing the chemotactic gradient and
maintaining a directed movement (33, 34). Although our
knowledge about the systems that control membrane flow and
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Figure 5. Correlation between rapid changes in the [Ca2J]i and expo-

sure to PMA vs. cellular binding of 'H-fMet-Leu-Phe and superoxide
production. Human neutrophils were loaded with quin2/AM under
conditions similar to those for the group marked B in Fig. 2. A, cells
were initially kept in a calcium-free medium, but at the point indi-
cated with the arrow the extracellular calcium concentration was re-

constituted to 1 mM and 250 nM ionomycin was added. B, cells were
treated similarly for up to 10 min, and then the cell suspension was

split into two and PMA, lO-' (solid line) was added to one group and
10-7 M (broken line) was added to the other group, as indicated in the

receptor cycling is limited, much information has been gained
about signals that are triggered after ligand binding to the che-
motactic receptor (6, 7, 35, 36). The catalytic unit of this trans-
duction mechanism appears to be a membrane bound phos-
pholipase C linked to an N regulatory protein. Increased phos-
pholipase C activity has been shown in a number of cells to
result in an increased production of inositol trisphosphate, which
mobilizes Ca2" from intracellular stores, and diacylglycerol,
which activates protein kinase C (for review see references 3,
37, and 38). In this study we have bypassed the plasma mem-
brane receptors and have directly manipulated the [Ca2+Ji and
exposed the cells to PMA, a phorbol ester known to activate
protein kinase C (30, 31), and have studied their effects on cell
surface expression of fMet-Leu-Phe receptors on human neu-

trophils. Our results address not only the question of whether
the signals triggered by chemotactic receptor activation modulate
subsequent receptor availability, i.e., as a positive or negative
feed-back mechanism, but also the more general question as to

figure. At different time points (0, 10, 30, and 60 min) samples were

taken from each group for determination of their cellular 3H-fMet-
Leu-Phe-binding capacity. Furthermore, cells were taken from each
group to follow changes in the [Ca2+]j. To avoid photobleaching of the
quin2 signal, the [Ca2+]i were not followed continuously, as indicated
by the broken lines in this figure. The compiled results of the 3H-fMet-
Leu-Phe-binding data from this series of experiments are presented in
Table I. C, O2 production in response to ionomycin and PMA. Solid
line, response to 10-9 M; broken line, response to 10-7 M of PMA. C,
one representative experiment out of five.

how receptor distribution is controlled independent of ligand
binding.

The development of quin2, a high affinity indicator of free
Ca2', has also made it possible to both monitor and manipulate
with the [Ca2+]i in small cells (6, 7, 39). Using the latter property
ofquin2, it has been possible to show that IgG-mediated phago-
cytosis, but not C3bi-mediated phagocytosis, is a calcium-de-
pendent process in human neutrophils (40). To make use ofthe
chelating properties of quin2, high intracellular concentrations
of this probe must be used. In a previous report we have shown
that under the conditions of our studies the effects ofquin2 can
be attributed mainly, if not totally, to buffering of the [Ca2+]j
and not to any nonspecific side effects (7).

Direct evidence that the increased fMet-Leu-Phe receptor
expression is modulated by the [Ca2+]i was obtained from the
three following observations. First, receptor up-regulation was
entirely abolished when the basal [Ca2+]j was decreased to - 50
nM. Second, this process was entirely reversible by reconstituting
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Table I. Effects ofCytosolic Free Ca" Changes and PMA Exposure on Chemotactic Peptide Receptor Expression

Additions IH-fMet-Leu-Phe

(a2+ Ionomycin PMA 0 min 10 min 30 min 60 min

mM nM nM fino/106 cells fmol/106 cells fmol/106 cells fmol/106 cells

--- 4.6±0.2 3.7±0.3 3.4±0.2 4.6±0.5
1.0 - 4.6±0.2 4.5±0.3 6.8±1.0* 7.3±0.7§
1.0 250 - 4.6±0.2 6.1±0.7t 8.4±0.8§ 10.8±1.1§
1.0 250 1 - 4.8±0.4§ 4.6±0.5*
1.0 250 100 - 0.6±0.3§ 0.8±0. 1

The accumulated results of peptide binding from experiments also presented in Figs. 4 and 5. Mean values±SEM are given for five to seven
different experiments. The effects of calcium addition alone (1 mM) or calcium (1 mM) plus ionomycin (250 mM) were statistically analyzed in
comparison with the binding before these additions, i.e., time zero values. The PMA-induced effects (20 and 50 min after PMA addition) were
statistically analyzed in comparison with the binding 10 min after addition of calcium (1 mM) and ionomycin (250 nM). The t test was used for
statistical analysis. * P<0.05; tP<0.01; P<0.001.

the [Ca2+]i back to normal, i.e., - 120 nM. Third, receptor
expression was markedly accelerated and also enhanced by rap-
idly raising the [Ca2+]i to micromolar levels by the addition of
the calcium ionophore ionomycin. A similar regulatory mech-
anism for receptor expression has previously been proposed for
other receptors and/or other cells (1 1, 12, 41). Further support
for our findings is provided by the recent demonstration that
the [Ca2+]i appears to be elevated primarily in the anterior part
of moving neutrophils (42), and in accordance with this obser-
vation, an increased number of chemotactic peptide receptors
have also been reported to exist on the front half of moving
neutrophils (33). The present observation of increased fMet-
Leu-Phe receptor expression most likely reflects a true exter-
nalization of receptors, i.e., a membrane flow from the interior
of the cell to the plasma membrane. The reasoning behind this
assumption comes primarily from the work by Gallin and co-
workers (for review see reference 43) and is based on the following
observations: (a) 30 times more fMet-Leu-Phe receptors can be
demonstrated in a subcellular fraction that is enriched in specific

Table II. Distribution ofRadioactivity after
Incubation in the Absence or Presence ofPMA

Acid-insoluble radioactivity

Cellular conditions Cells Medium

Control 98.4±0.5 1.6±0.5
PMA (l0-9 M) 98.5±0.2 1.6±0.2
PMA (l0-7 M) 98.3±0.3 1.7±0.3

Isolated human neutrophils were iodinated and then transferred to the
previously described calcium containing medium and incubated at
37°C for 50 min. This incubation occurred in the absence (control) or
presence of PMA. After the incubation the cells were separated from
the medium by centrifugation and the radioactivity levels were deter-
mined. The cell and medium-associated radioactivity are expressed as
percent of total and given as mean±SEM for four different experi-
ments. Statistical analysis of possible PMA-induced effects was per-
formed using the t test.

granules than in the plasma membrane; (b) degranulation has
been shown to be an important source of membrane addition;
(c) degranulation is associated with an increased expression of
fMet-Leu-Phe receptors and is independent ofprotein synthesis;
and (d) cells from patients who lack specific granules, differen-
tiated HL60 cells also lacking specific granules, and cells that
have been artificially devoided of their intracellular organelles,
i.e. cytoplasts, all lack the ability to increase their expression of
fMet-Leu-Phe receptors. Furthermore, the rate and extent of
secretory granule exocytosis is closely associated with the rate
and extent of the [Ca2+]i elevation (7), although additional sig-
nal(s) provided by receptor activation has recently been shown
to markedly lower the Ca2+ requirements of the exocytotic pro-
cess (44).

The origin of the increased production of 1,4,5-IP3, which
mobilizes Ca2" from intracellular stores, is a receptor-mediated
increase in phosphoinositol breakdown which also results in an
increased production of diacylglycerol, the natural activator of
protein kinase C (3). A vast amount of knowledge has recently
been gained concerning the effects of protein kinase C activity
on receptor functions. PMA exposure has been shown to stim-
ulate receptor internalization in a variety of cell types (14-16),
presumably because of its ability to activate protein kinase C.
However, in neutrophils PMA has been shown to promote sec-
ondary granule exocytosis and fMet-Leu-Phe receptor recruit-
ment (17). To circumvent this initial exocytotic event, we selected
an experimental condition in which receptor recruitment would
not blunt a possible PMA-induced decrease of receptor expres-
sion, i.e., we first increased the [Ca2+]i, which resulted in a rapid
increase of cell surface receptors, and then exposed the cells to
PMA. Using this protocol, PMA exposure led to a marked de-
crease of fMet-Leu-Phe receptor expression, although the [Ca2+J]
was maintained at a high level. The cause of the observed de-
crease ofreceptor expression is unclear although it was apparently
not due to cell loss, membrane shedding, or autooxidation. Be-
cause it has been shown in previous studies, using photoaffinity-
labeled ligands, that the chemotactic receptor can be internalized
in both human neutrophils and differentiated HL60 cells (9,
10), it is tempting to imagine that PMA has a dual role in the
regulation offMet-Leu-Phe receptor expression, by both affecting
the up-regulation (17) and down-regulation.
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The opposite effects of the [Ca2+]i elevation and PMA ex-
posure on cell surface receptor expression do not necessarily
constitute a contradictory finding. It has been suggested that in
various cell systems the [Ca21]i increases are transient and are
followed by a more persistent protein kinase C activity (for review
see references 45 and 46). It is thus possible that the dual control
of receptor expression on the cell surface ofhuman neutrophils
might in part be the cause of the transient nature of cellular
responses elicited by fMet-Leu-Phe.

Acknowledgments

We are indebted to Ms. Johanna Gustavsson, Ms. Anita Lbnn and Ms.
Kristina Orselius for excellent technical assistance, and to Ms. Jane Wig-
ertz for linguistic revision.

This work was supported by the Swedish Cancer Association, the
Swedish Medical Research Council (grants 5968 and 6956), the Swiss
National Foundation (grant 3.990.0.84), Ligue Suisse contre le Cancer,
the King Gustav V Foundation, the Swedish Society of Medicine, and
the Nordic Insulin Foundation. Dr. Lew isthe recipient ofa Max Cloetta
Career Development Award.

References

1. Gallin, J., and B. Seligmann. 1984. Neutrophil chemoattractant
fMet-Leu-Phe receptor expression and ionic events following activation.
In Regulation of Leukocyte Function. R. Snyderman, editor. Plenum
Publishing Corp., New York. 83-108.

2. Snyderman, R., and M. Pike. 1984. Transductional mechanisms
ofchemoattractant receptors on leukocytes. In Regulation ofLeukocyte
Function. R. Snyderman, editor. Pleunum Publishing Corp., New York.
1-28.

3. Berridge, M. J. 1984. Inositol trisphosphate and diacylglycerol as
second messengers. Biochem. J. 220:345-360.

4. Gennaro, R., C. Florio, and D. Romeo. 1985. Activation ofprotein
kinase C in neutrophil cytoplasts: localization of protein substrates and
possible relationship with stimulus-response coupling. FEBS (Fed. Eur.
Biochem. Soc.) Lett. 180:185-190.

5. Penfield, A., and M. M. Dale. 1984. Synergism between A23187
and 1-oleoyl-2-acetyl-glycerol in superoxide production by human neu-
trophils. Biochem. Biophys. Res. Commun. 125:332-336.

6. Pozzan, T., P. D. Lew, C. B. Wollheim, and R. Y. Tsien. 1983.
Is cytosolic ionized calcium regulating neutrophil activation? Science
(Wash. DC). 221:1413-1415.

7. Lew, P. D., C. B. Wollheim, F. A. Waldvogel, and T. Pozzan.
1984. Modulation of cytosolic free calcium transients by changes in in-
tracellular calcium buffering capacity: correlation with exocytosis and
O2 production in human neutrophils. J. Cell Biol. 99:1212-1220.

8. Prentki, M., C. B. Wollheim, and P. D. Lew. 1984. Ca2+ homeo-
stasis in permeabilized human neutrophils: characterization of Ca2+-se-
questering pools and the action of inositol 1,4,5-trisphosphate. J. Biol.
Chem. 259:13777-13782.

9. Jesaitis, A. J., J. R. Naemura, R. G. Painter, L. A. Sklar, and
C. G. Cochrane. 1982. The fate ofthe N-formylated chemotactic peptide
receptor in stimulated human granulocytes: subcellular fractionation
studies. J. Cell Biochem. 20:177-19 1.

10. Anderson, R., and J. Niedel. 1984. Processing ofthe formyl pep-
tide receptor by HL-60 cells. J. Biol. Chem. 259:13309-13315.

11. Berger, M., D. L. Birx, E. M. Wetzler, J. J. O'Shea, E. J. Brown,
and A. S. Cross. 1985. Calcium requirements for increased complement
receptor expression during neutrophil activation. J. Immunol. 135:1342-
1348.

12. Buys; S., E. Keogh, and J. Kaplan. 1984. Fusion of intracellular
membrane pools with cell surfaces ofmacrophages stimulated by phorbol
esters and calcium ionophores. Cell 38:569-576.

13. Korc, M., L. M. Matrisian, and B. E. Magun. 1984. Cytosolic
calcium regulates epidermal growth factor endocytosis in rat pancreas
and cultured fibroblasts. Proc. Nati. Acad. Sci. USA. 81:461-465.

14. Klausner, R. D., J. Harford, andJ. Van Renswoude. 1984. Rapid
internalization of the transferrin receptor in K562 cells is triggered by
ligand binding or treatment with a phorbol ester. Proc. Nati. Acad. Sci.
USA. 81:3005-3009.

15. May, W. S., S. Jacobs, and P. Cuatrecasas. 1984. Association of
phorbol ester-induced hyperpolarization and reversible regulation of
transferrin membrane receptors in HL60 cells. Proc. Nadl. Acad. Sci.
USA. 81:2016-2020.

16. May, W. S., N. Sahyoun, M. Wolf, and P. Cuatrecasas. 1985.
Role of intracellular calcium mobilization in the regulation of protein
kinase C-mediated membrane processes. Nature (Lond.). 317:549-55 1.

17. Fletcher, M., and J. Gallin. 1980. Degranulating stimuli increase
the availability of receptors on human neutrophils for the chemoattractant
f-Met-Leu-Phe. J. Immunol. 124:1585-1588.

18. Changelian, P. S., R. M. Jack, L. A. Collins, and D. T. Fearon.
1985. PMA induces the ligand-independent internalization of CR1 on
human neutrophils. J. Immunol. 134:1851-1858.

19. O'Shea, J. J., E. J. Brown, T. A. Gaither, T. Takahashi, and
M. M. Frank. 1985. Tumor-promoting phorbol esters induce rapid in-
ternalization of the C3b receptor via a cytoskeleton-dependent mecha-
nism. J. Immunol. 135:1325-1330.

20. B6yum, A. 1968. Isolation of mononuclear cells and granulocytes
from human blood. Scand. J. Clin. Lab. Invest. 97:77-89.

21. Cohen, H. J., and M. E. Chovaniec. 1978. Superoxide generation
by digitonin-stimulated guinea pig granulocytes. A basis for a continuous
assay for monitoring superoxide production and for the study of the
activation of the generating system. J. Clin. Invest. 61:1081-1087.

22. Hubbard, A. L., and Z. A. Cohn. 1975. Externally disposed plasma
membrane proteins: enzymatic iodination ofmouse L cells. J. Cell Biol.
64:438-460.

23. Hubbard, A. L., and Z. A. Cohn. 1975. Externally disposed plasma
membrane proteins: metabolic fate of iodinated polypeptides of mouse
L cells. J. Cell Biol. 64:461-479.

24. Davies, W. A., and T. P. Stossel. 1977. Peripheral hyaline blebs
(podosomes) of macrophages. J. Cell Biol. 75:941-955.

25. Dahlgren, C., K.-E. Magnusson, 0. Stendahl, and T. Sundqvist.
1982. Modulation of polymorphonuclear leukocyte chemiluminescent
response to the chemoattractant f-Met-Leu-Phe. Int. Archs AllergyAppl.
Immunol. 68:79-83.

26. Samuelsson, B. 1983. Leukotrienes: mediators ofimmediate hy-
persensitive reactions and inflammation. Science (Wash. DC). 220:568-
575.

27. Cockcroft, S., J. P. Bennet, and B. D. Gomperts. 1981. The de-
pendence on Ca2" of polyphosphoinositol breakdown and enzyme se-
cretion in rabbit neutrophils stimulated by formyl-methionyl-leucyl-
phenylalanine or ionomycin. Biochem. J. 257:518-525.

28. Berger, M., J. O'Shea, A. S. Cross, T. M. Folks, T. M. Chused,
E. J. Brown, and M. M. Frank. 1984. Human neutrophils increase
expression of C3bi as well as C3b receptors upon activation. J. Clin.
Invest. 74:1566-1571.

29. Guthrie, L. A., L. C. McPhail, P. M. Henson, and R. B. Johnston,
Jr. 1984. Priming of neutrophils for enhanced release of oxygen metab-
olites by bacterial lipopolysacchjaride. J. Exp. Med. 160:1656-1671.

30. Castagna, M., Y. Takai, K. Kaibuchi, K. Sano, U. Kikkawa, and
Y. Nishizuka. 1982. Direct activation ofcalcium-activated, phospholipid-
dependent protein kinase by tumor-promoting phorbol esters. J. Biol.
Chem. 257:7847-7851.

31. Vandenbark, G. R., L. J. Kuhn, and J. E. Niedel. 1984. Possible
mechanism ofphorbol diester-induced maturation ofhuman promyelo-
cytic leukemia cells. Activation of protein kinase C. J. Clin. Invest. 73:
448-457.

32. Wolf, M., H. LeVine, III, W. S. May, Jr., P. Cuatrecasas, and N.
Sahyoun. 1985. A model for intracellular translocation ofprotein kinase

1232 T. Andersson, C. Dahlgren, P. D. Lew, and 0. Stendahl



C involving synergism between Ca2" and phorbol esters. Nature (Lond.).
317:546-549.

33. Sullivan, S., G. Daukas, and S. Zigmond. 1984. Asymmetric
distribution of the chemotactic peptide receptor on polymorphonuclear
leukocytes. J. Cell Biol. 99:1461-1467.

34. Zigmond, S. H., S. J. Sullivan, and D. A. Lauffenburger. 1982.
Kinetic analysis of chemotactic peptide receptor modulation. J. Cell
Biol. 92:34-43.

35. Lagast, H., T. Pozzan, F. A. Waldvogel, and P. D. Lew. 1984.
Phorbol myristate acetate stimulates ATP-dependent calcium transport
by the plasma membrane of neutrophils. J. Clin. Invest. 73:878-883.

36. Krause, K.-H., W. Schlegel, C. B. Wollheim, T. Andersson,
F. A. Waldvogel, and P. D. Lew. 1985. Chemotactic peptide activation
of human neutrophils and HL-60 cells. Pertussis toxin reveals correlation
between inositol trisphosphate generation, calcium ion transients, and
cellular activation. J. Clin. Invest. 76:1348-1354.

37. Michell, B. 1983. Ca2" and protein kinase C: two synergistic
cellular signals. Trends Biochem. Sci. 8:263-265.

38. Nishizuka, Y. 1984. The role of protein kinase C in cell surface
signal transduction and tumor promotion. Nature (Lond.). 308:693-698.

39. Tsien, R. Y., T. Pozzan, and T. J. Rink. 1982. Calcium homeo-
stasis in intact lymphocytes: cytoplasmic free calcium monitored with a

new, intracellular trapped fluorescent indicator. J. Cell Biol. 94:325-
334.

40. Lew, P. D., T. Andersson, J. Hed, F. Di Virgilio, T. Pozzan, and
0. Stendahl. 1985. Calcium-dependent and calcium independent
phagocytosis in human neutrophils. Nature (Lond.). 315:509-511.

41. lacopetta, B., J.-L. Carpentier, T. Pozzan, D. P. Lew, P. Gordon,
and L. Orci. 1986. Role of intracellular calcium and protein kinase C in
the endocytosis of transferrin and insulin by HL60 cells. J. Cell Bio.
103:851-856.

42. Sawyer, D. W., J. A. Sullivan, and G. L. Mandell. 1985. Intra-
cellular free calcium localization in neutrophils during phagocytosis.
Science (Wash. DC). 230:663-666.

43. Gallin, J. I. 1984. Neutrophil specific granules: A fuse that ignites
the inflammatory response. Clin. Res. 32(Suppl. 3):320-328.

44. Lew, P. D., A. Monod, F. A. Waldvogel, B. Dewald, M. Baggiolini,
and T. Pozzan. 1986. Quantitative analysis of the cytosolic free calcium
dependency ofexocytosis from three subcellular compartments in intact
human neutrophils. J. Cell Biol. 102:2197-2204.

45. Rasmussen, H., and P. Q. Barrit. 1984. Calcium messengers: an
integrated view. Physiol. Rev. 64:938-984.

46. Williamson, J. R., R. H. Cooper, S. K Joseph, and A. P. Thomas.
1985. Inositol trisphosphate and diacylglycerol as intracellular second
messenger in liver. Am. J. Physiol. 248:C203-C216.

Regulation ofJMet-Leu-Phe Receptor Expression 1233


