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Abstract

The iC3b receptor (CR3) is required for neutrophil adhesive
functions, including homotypic aggregation. Because stimuli
that enhance neutrophil adhesion also induce up-regulation of
surface CR3, it is widely held that these two responses are
causally related. Wehave dissociated CR3 display (immuno-
fluorescence) from CR3 function (aggregation). Neutrophils
isolated at 40C and rewarmed to 370C up-regulated surface
CR3 twofold, but did not aggregate. The kinetics of FMLP-in-
duced CR3 up-regulation were discordant with those of aggre-
gation. In the absence of extracellular divalent cations, CR3
expression increased twofold after exposure to FMLP, but
neutrophils did not aggregate. FMLP elicited 3.5-fold more
aggregation than the ionophore A23187, yet less than one-half
as much CR3up-regulation. 3 mMsodium salicylate inhibited
aggregation 55±4%, but had no effect on CR3 up-regulation.
Conversely, 1 mMtetracaine completely inhibited CR3 up-
regulation, while significantly enhancing aggregation. Neutro-
plasts expressed CR3, but did not up-regulate the receptor; in
contrast, FMLP induced CR3-dependent aggregation of neu-
troplasts. Weconclude that, although constitutive surface CR3
is required for neutrophil aggregation, the up-regulation of
CR3 is neither necessary nor sufficient to promote cell-cell
adhesion.

Introduction

In the course of inflammation, neutrophils adhere to endothe-
lium and to each other (1-3). Adhesion is mediated by a group
of related cell-surface glycoproteins that includes the iC3b re-
ceptor (CR3)' (1, 4). Although first recognized by rosette
assays as a receptor on myeloid cells with relative specificity
for iC3b (5), CR3was subsequently shown to be identical to a
heterodimeric glycoprotein recognized by the MAbsMo- 1 and
Mac- 1, and sometimes referred to as the Mo- 1 or Mac- 1 anti-
gen (4, 6). CR3 consists of a 165-kD alpha chain (CDl lb)
noncovalently linked to a 95-kD beta chain (CD 18) (7). The
beta chain is shared by two other leukocyte surface glycopro-
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1. Abbreviations used in this paper: CR3, iC3b receptor; GAM-FITC,
fluorescein-conjugated goat anti-human immunoglobulin; RFU, rela-
tive fluorescence unit; ZAS, zymosan-activated serum.

teins, LFA- 1 and gp 150/95, which together form a function-
ally important family of membrane glycoproteins designated
the LFA- 1 family (4). The expression of these three molecules
varies according to lineage and stage of maturation of hemato-
poietic cells (8). All three molecules have been implicated in
various functions of leukocytes related to adhesion (1, 9). CR3,
the predominant species on mature granulocytes, is also
present on monocytes, macrophages, and null cells (5, 10).

Several lines of evidence suggest that CR3 is a major adhe-
sion-related molecule of human neutrophils. A recently recog-
nized group of pediatric patients, genetically deficient in all
three LFA- 1 family molecules, suffer from recurrent soft tissue
infections (1, 11, 12). Neutrophils from these patients exhibit
defects in such adhesion-related functions as aggregation,
spreading on surfaces, directed migration, and attachment to
endothelial cells (12-15). Normal human neutrophils, treated
in vitro with a subset of available anti-CR3 MAbs, exhibit
defects indistinguishable from those of neutrophils from CR3-
deficient patients (9, 12, 16-18).

The number of CR3 molecules on resting neutrophils is
reported to be 10,000-20,000 per cell, although this number
depends on isolation procedures (5, 19). After exposure to
stimuli such as con A, FMLP, zymosan-activated serum
(ZAS), phorbol myristate acetate (PMA), or calcium iono-
phores, neutrophils augment their surface expression of CR3
5- to 10-fold, a process often referred to as up-regulation (5, 1 1,
19-23). CR3 up-regulation is rapid and is not dependent on
protein synthesis (19, 22, 23). Studies indicate that up-regula-
tion results from the translocation of preformed receptors to
the plasma membrane from an intracellular source that cosed-
iments with the specific granule fraction of neutrophil lysates
(23, 24).

Neutrophils exposed to stimuli that enhance cell-cell adhe-
siveness also display more CR3 on their surface. Because of
this association, it is widely held that up-regulation of CR3and
augmented adhesiveness are causally related (8, 9, 12, 14, 22,
23). In this study, we examined the relationship between the
up-regulation of CR3 on the human neutrophil and its func-
tional activation, i.e., its capacity to promote cell-cell aggrega-
tion. Weinvestigated these two responses with respect to their
kinetics, calcium requirements, pharmacologic sensitivities,
and dependence on various stimuli. Wehave also studied the
same two responses in neutrophilic cytoplasts that lack specific
granules. Surprisingly, our results demonstrate that the in-
creased surface expression of CR3 that accompanies neutro-
phil activation is neither necessary nor sufficient to induce
neutrophil aggregation.

Methods

Reagents. PBS contained 137 mMNaCl, 2.7 mMKC1, 1.5 mM
KH2PO4, and 8 mMNa2HPO4, pH 7.45. Hepes buffer contained 149
mMNaCl, 5 mMKOH, 1.3 mMCaC12, 1.2 mMMgC12, and 10 mM
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Hepes, pH 7.45. The above constituents as well as DMSO,Ficoll 70,
paraformaldehyde, sodium salicylate, and tetracaine were purchased
from Sigma Chemical Co. (St. Louis, MO). A23187 and PMAwere
purchased from Calbiochem-Behring Corp. (La Jolla, CA). Cytochala-
sin B was obtained from the Aldrich Chemical Co. (Milwaukee, WI).
FMLPwas purchased from Vega Biotechnologies, Inc. (Tucson, AZ).
ZASwas prepared by incubating human sera with 10 mg/ml zymosan
at 370C for 30 min (ICN Pharmaceuticals, Cleveland, OH) followed by
centrifugation. Leukotriene B4 (LTB4) containing < 7% (5S,12S)-di-
HETEwas prepared as previously reported (25).

Neutrophil isolation. Blood was collected from normal volunteers,
anticoagulated with 10 mMNa2EDTA, and immediately placed on
ice. All subsequent isolation steps were performed at 0-40C. Neutro-
phils were isolated by means of Ficoll/Hypaque gradient centrifugation
followed by dextran sedimentation and hypotonic lysis as previously
described (26). Neutrophils were washed and maintained in ice-
cold PBS.

Neutroplast preparation. Neutroplasts were prepared by the
method of Roos et al. (27). Briefly, 108 neutrophils were mixed with
12% (wt/vol) Ficoll 70 containing 5 ttg/ml cytochalasin B and layered
over a discontinuous gradient of 16 and 25% Ficoll 70 prewarmed to
37°C containing 5 ,ug/ml cytochalasin B. The cells were spun in an L-2
ultracentrifuge with a SW27 rotor (Beckman Instruments, Inc., Ful-
lerton, CA [82,000 g, 35°C, 30 min]). Neutroplasts were harvested
from the layer that formed at the 12/16% Ficoll interface. These were
washed three times with ice-cold Hepes and maintained on ice. Light
microscopic counts confirmed that on average, one neutroplast was
formed from each neutrophil loaded onto the gradient.

Antibodies. The murine MAb MN-41, an IgG, directed to the
human CR3 alpha chain (CDI lb) (10), was the generous gift of Dr.
Gordon Ross (Division of Rheumatology and Immunology, Univer-
sity of North Carolina School of Medicine, Chapel Hill, NC). Murine
MAbCLB-LFA-l-1, the kind gift of Dr. Frank Miedema (Central Lab
of the Netherlands, Red Cross Blood Transfusion Service, Amsterdam,
The Netherlands), is an IgG, directed to the commonLFA-l/Mac-l/
gp165/95 beta chain (CD18) (28). MOPC-21 is a murine IgGI MAbof
unknown specificity and was used as an isotype control. Murine hy-
bridoma C-40 was developed in our laboratory against human chronic
myelogenous leukemia cells and produces a IgM MAbdirected to a
determinant on human neutrophils unrelated to CR3 (unpublished
data). Mouse ascites was used as the source of MAbs. The immuno-
globulin content of the various ascites was 1-5 mg/ml. Whole, purified
polyclonal fluorescein-conjugated goat anti-mouse immunoglobulin
(GAM-FITC; Coulter Electronics, Inc., Hialeah, FL) was used as the
second stage antibody in indirect immunofluorescence staining. Quali-
tatively identical results were obtained when fluorescein-conjugated
affinity purified F(ab')2 fragments of goat anti-mouse IgG (Cappel
Laboratories, Cochranville, PA) were substituted for the GAM-FITC.
Results were confirmed by direct immunofluorescent analysis using
fluoresceinated purified MN-4 1, which was prepared by standard pro-
cedures (29).

Immunofluorescent analysis. 106 neutrophils or 3 X 106 neutro-
plasts were resuspended in 1 ml Hepes buffer or, in selected experi-
ments, divalent cation-free PBS. Control cells were kept on ice. Dupli-
cate samples were warmed to 37°C for 10 min before the addition of
stimuli for varying times. In certain experiments, cells were warmed in
buffer containing 3 mMsodium salicylate or 1 mMtetracaine. After
exposure to stimulus (or buffer control), reactions were stopped by the
addition of 2 vol of ice-cold buffer. In kinetic experiments, the reaction
was stopped with 2 vol of ice-cold paraformaldehyde (1% wt/vol) in
Hepes. After a 5-min incubation, the fixative was removed by washing
before the staining process. Cells were washed and the pellets were
resuspended in 0.1 ml Hepes buffer containing MAbat a 1:400 dilu-
tion of ascites fluid (found in preliminary experiments to exceed the
saturating concentration for MN41staining of CR3) for 20 min on ice.
Background staining with control MAbwas not affected by increasing
or decreasing 10-fold the concentration of MOPC-21 ascites. Then the
cells were washed three times and resuspended in 0.2 ml Hepes buffer

containing a saturating concentration of GAM-FITC for 20 min on
ice. After three final washes the cells were fixed with paraformaldehyde
(1% wt/vol) and refrigerated before cytofluorographic analysis. Micro-
scopic examination of stained neutrophils confirmed that cell clumps
were disrupted by the washing procedure (> 95%of cells were singlets)
before cytofluorographic analysis. Cells were analyzed with an Ortho
50H cytofluorograph interfaced with a Ortho 2150 computer (Ortho
Diagnostic Systems, Inc., Raritan, NJ) run in the linear mode with the
arithmetic mean channel of fluorescence distribution automatically
computed. The mean fluorescence channel of unstimulated cells con-
tinually held at 0-40C was arbitrarily assigned a relative fluorescence
unit (RFU) of 100 and the other samples were normalized accordingly.

Aggregation. 1.25 X 106 neutrophils or 3.75 X 106 neutroplasts
were resuspended in Hepes buffer or 0.1 ml PBS in the presence or
absence of 3 mMsodium salicylate or 1 mMtetracaine and warmed to
370C for 10 min in a siliconized cuvette. Aggregation was measured as
the change in the transmittance of light through the stirred (900 rpm)
suspensions of cells in a dual chamber aggregometer (Payton Scientific,
Inc., Buffalo, NY). Responses were compared by calculating the areas
under the aggregation curves in the first minute using a Micro Plan II
morphometric tablet (Laboratory Computer Systems, Inc., Cam-
bridge, MA). Aggregometry was corroborated with manual cell/clump
counts in the light microscope.

Statistics. Significant differences were determined by the t test for
paired data.

Results

Effect of MAbMN-41 on neutrophil aggregation. Since some
but not all MAbs directed to the alpha chain of CR3 inhibit
neutrophil adhesion, we tested the ability of MN-4 1 to inhibit
cell-cell aggregation. As shown in Fig. 1, incubation of neutro-
phils with MN-41 (1:400) markedly inhibited FMLP-induced
aggregation. Ascites containing murine MAb CLB-LFA-l-l
directed against the CR3 beta chain gave similar inhibition
(not shown). No inhibition was seen with identical concentra-
tions of either MOPC-21, an irrelevant isotype control MAb,
or C40, a murine anti-human neutrophil MAbnot reactive
with CR3. MN-41 also effectively inhibited neutrophil aggre-
gation in response to the ligands C5a (present in ZAS) and
LTB4, the calcium ionophores ionomycin, and A23187 and
PMA, a direct activator of protein kinase C (Table I).

Effect of temperature and FMLPon CR3 expression. The
warming of isolated neutrophils from 4 to 37°C increased the
surface expression of CR3, as measured by MN-41 (anti-
CDl lb), to 168±7% of control (P < 0.00001) by 11 min (Fig.
2). A similar increase (147 + 7%, P < 0.01) was observed when
CLB-LFA-1-1 (anti-CD18) was substituted for MN-41. The
continued warming of cells over 40 min further increased CR3
expression to 205±10% of control (P < 0.0005 versus cells

Non-CR3 anti-Neutrophil Ab Figure 1. The effect of
f(C40)

t / _ Buffer Control MN-41 on FMLP-in-
AT Isotype Control Ab duced neutrophil aggre-

FMILP s (MOPC-21) gation (curves represen-
(10-7m)

Anti - CRB Ab tative of seven experi-
(_841) ments). Neutrophils

1I1 min were preincubated in
Hepes buffer with or

without various MAbs (1:400 vol/vol). Aggregation was measured as
described in Methods after the addition of 10-' MFMLP. MN-41 is
a murine IgG, MAbdirected to the alpha chain of human CR3.
MOPC-21 is a murine IgG, MAbwith undetermined specificity. C40
is a murine IgM MAbdirected to a human neutrophil surface anti-
gen distinct from CR3.
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Table I. Effect of MAbMN-41 on Neutrophil Aggregation
Induced by Various Agents

Agegation*

Agent n +MOPC-21 +MN-41l

PMA(I 1g/ml) (7) 87±11 6±+1
FMLP(100 nM) (7) 128±14" 31±6§
ZAS (10% vol/vol) (4) 96±16 42±12"
LTB4 (200 nM) (4) 97±15 44±10'
lonomycin (200 nM) (4) 85±5 24±6'
A23187 (10 AM) (4) 83±13 41±14"

* Aggregation was measured as described in Methods and quanti-
tated by taking the area (in squared centimeters) under each curve in
the first 2 min after addition of the agent. Data are expressed as the
percent control aggregation in buffer alone (mean±SEM).
t Ascites (1:400 vol/vol) containing MAbswas added to neutrophil
suspensions 1 min before the addition of the agent. MN-4 1 is di-
rected to the a-chain of CR3; MOPC-21 is an isotype control MAb.
§ P < 0.0001, 11 P < 0.05, ¶ P < 0.01 versus buffer control.

warmed for 11 min). The insert in Fig. 2 shows the aggregation
curves of cells warmed to 370C with or without the subsequent
addition of FMLP. Despite a doubling of surface CR3, neutro-
phils warmed from 0 to 370C, but not exposed to a stimulus
such as FMLP, do not aggregate.

10-7 MFMLPhad no significant effect on the CR3 ex-
pression of neutrophils maintained at 00C. CR3expression on
neutrophils warmed to 37°C for 10 min and then exposed to
10-7 MFMLPfor increasing amounts of time is also shown in
Fig. 2. After 1 min of FMLP exposure CR3 expression in-
creased from 168±7 to 221±8 RFU(P < 0.00001). Therefore,
57±4% of the increase in CR3 expression seen after a 1-min
exposure to FMLPwas background attributable to warming
alone. Not until 10 min of FMLPexposure did the increment
in CR3expression induced by the chemoattractant exceed that
caused by warming alone. Moreover, after cells had been
warmed in the absence of chemoattractant for 50 min, CR3
expression (223±18 RFU) was not different from that on cells
warmed for 10 min and then exposed to FMLP for 1 min
(221±8 RFU). Despite the display of an equal number of CR3
molecules on the cell surface, the cells warmed for 50 min in
the absence of chemoattractant did not aggregate.

7 Figure 2. The effect of_ 500-L ' temperature and FMLP

4u0 0 on neutrophil CR3 ex-
Iv300 ^5 _ T T t r n pression and aggrega-

300H i7 tion. Neutrophils iso-
200 lated at 4°C were

LLI00iwarmed to 37pC for 10
=

LLL __ _ L _ _ _ L L Lmin in Hepes buffier
0ON7ROL 2 5 t 2 30 4C 60 and then incubated inl4NC' N the presence or absence. lUJi 6A N MW -70_TM'T_ -v of lO7 MFMLPfor

the times indicated
below each bar. The cells were then stained and subjected to cyto-
fluorographic analysis as described in Methods. The results (RFU)
are expressed as the mean±SEMof the number of experiments indi-
cated in parentheses. The inset shows representative aggregation
curves of similarly treated cells.

Kinetics of CR3 up-regulation and neutrophil aggregation.
Based on these results, we defined FMLP-attributable CR3
up-regulation as the increment (RFU) in CR3 expression on
cells exposed to FMLPabove the expression elicited by warm-
ing alone. Wethen compared the kinetics of FMLP-attribut-
able up-regulation with those of neutrophil aggregation. As
shown in Fig. 3, neutrophils aggregated within seconds of ex-
posure to 10-7 MFMLP. Aggregation was maximal at 90 s and
was followed by disaggregation, despite the continued presence
of FMLP. Disaggregation was confirmed by cell/clump counts
in the light microscope as described by Hoffstein et al. (30).
The kinetics of CR3 up-regulation were discordant with those
of aggregation (Fig. 3). At the peak of aggregation (1 min), CR3
up-regulation was only 26±7% maximal. Moreover, aggrega-
tion reversed after 90 s, whereas CR3up-regulation continued
for more than 20 min.

Divalent cation requirements. To analyze the discordance
in the kinetics of these two processes, we next examined the
divalent cation requirements of neutrophil CR3up-regulation
and aggregation. Fig. 4 compares CR3 expression on neutro-
phils isolated from blood anticoagulated with 10 mMEDTA
and then maintained in calcium- and magnesium-free buffer
with that on cells maintained in calcium- and magnesium-re-
plete buffer. CR3 expression after exposure to 10-7 MFMLP
was significantly diminished in the absence of extracellular
divalent cations both at 1 and 30 min. This inhibition, how-
ever, was not complete: in the absence of extracellular calcium
and magnesium, exposure of neutrophils to 10-7 MFMLP
resulted in a small but significant up-regulation of surface CR3
at 1 min (177±9 vs. 200±9 RFU, P < 0.05 control vs. FMLP)
and a twofold increase at 30 min (168±9 vs. 320±12 RFU, P
< 0.001 control vs. FMLP). In comparison, the inset in Fig. 4
shows that neutrophils did not aggregate in the absence of
extracellular divalent cations.

Stimulus dependence. An examination of responses to a
1-min exposure of neutrophils to diverse stimuli indicated that
the extent of aggregation was not related to the magnitude of
CR3 up-regulation (Table II). 10-' M of the calcium iono-
phore A23 187 elicited twofold greater CR3up-regulation than
the ligand FMLP (10-7 M). In comparison, FMLP elicited
3.5-fold more aggregation than A23187. This difference was
not a function of comparing an ionophore to a ligand since, of
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Figure 3. The kinetics
of FMLP-induced CR3
up-regulation and ag-
gregation of human
neutrophils. Neutro-
phils isolated at 4°C
were warmed to 37°C
for 10 min and then
further incubated in
Hepes buffer with or
without l0-7 MFMLP

for the times indicated along the x axis. Cells were then subjected to
immunofluorescence staining and cytofluorographic analysis. FMLP-
attributable CR3 up-regulation (open circles), expressed in RFU, was
defined as the relative fluorescence of cells exposed to FMLPminus
that of control cells warmed in buffer alone. FMLP-induced aggrega-
tion was measured as described in Methods. Aggregation (closed cir-
cles) is expressed as the percent maximal transmission of light mea-
sured at discrete times after the addition of FMLP(x axis). Results
are given as the mean±SEMfor three experiments.
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Figure 4. The effect of
extracellular calcium
and magnesium on
FMLP-induced neutro-
phil CR3expression
and aggregation. Neu-
trophils were isolated
from blood anticoagu-
lated with 10 mM
EDTA, washed, and
suspended in buffer
with or without 1.2 mM
CaC12 and 1.3 mM

MgCl2. After exposing these cells to 10-7 MFMLPfor 1 or 30 min,
they were subjected to immunofluorescence staining and cytofluoro-
graphic analysis. Results (RFU) are expressed as mean±SEMfor five
experiments. The inset shows representative curves for 10-7 M
FMLPinduced aggregation of the same cells in the presence or ab-

sence of extracellular divalent cations.

all stimuli examined, the ionophore ionomycin (2 X 10-' M)
elicited both the greatest CR3 up-regulation and the most ag-
gregation. LTB4 (2 X 10-7 M) and ZAS (10% vol/vol), agents
that engage specific receptors, had intermediate effects similar
to those of FMLP.

Pharmacologic agents. We next evaluated the effects of
pharmacologic agents known to inhibit discrete neutrophil
functions (31, 32) on CR3 up-regulation and neutrophil ag-
gregation. Fig. 5 shows the effects of pretreating neutrophils
with sodium salicylate or tetracaine on these two responses. 3
mMsodium salicylate had no effect on the up-regulation of
CR3attributable to a 1-min exposure to 10-7 MFMLP(45±4
vs. 40±7 RFU, NS). After 30 min of FMLPexposure, CR3
up-regulation was significantly enhanced in the presence of
sodium salicylate (258±20 vs. 214±20 RFU, P < 0.005). In
contrast to CR3 up-regulation, aggregation was significantly
inhibited (55±4% control, P < 0.01) in the presence of 3 mM
sodium salicylate (Fig. 5). At concentrations that resulted in
50% inhibition of neutrophil aggregation, piroxicam and in-
domethacin had no effect on up-regulation of CR3 (data not
shown). Preincubation of neutrophils in buffer containing 1

Table II. Relative Responses (Aggregation and CR3 Up-
regulation) of Neutrophils Exposed to Various Agents for 1 Min

Relative responses*

Aggregationt CR3 up-regulation
Agent (n = 5) (n = 3)

Ionomycin (200 nM) 100 100
FMLP(100 nM) 58±4 48±10
LTB4 (200 nM) 48±6 44±10
ZAS (10% vol/vol) 42±6 52±5
A23187 (10JM) 16±1 79±12

* Percent response relative to that obtained with ionomycin, which
gave maximal responses.
$ Measured as described in Methods and quantitated as the area (in
squared centimeters) under each aggregation curve in the first mi-
nute after exposure to the agent.
§ Relative fluorescence was measured as described in Methods. Up-
regulation was defined as the RFUof cells exposed to each agent for
I min minus that of control cells warmed in buffer alone.

mMtetracaine for 10 min at 370C had converse effects (Fig.
5). CR3 alpha chain up-regulation was abolished after 1 min
and 68±5% inhibited (P < 0.0001) after 30 min of FMLP
exposure. Similarly, using CLB-LFA-l-1, no up-regulation of
CR3 beta chain could be detected after a 1-min exposure to
FMLP(116±4 vs. 1 15±13 RFU). In contrast to the absence of
up-regulation of either the alpha or beta chain of CR3, aggre-
gation was significantly enhanced (122±8% control, P < 0.05)
in neutrophils pretreated with 1 mMtetracaine.

Neutroplasts. Neutroplasts are in vitro constructs consist-
ing of neutrophil plasma membrane enclosing cytoplasm de-
void of granules. Because they remain metabolically active,
they serve as a useful model for neutrophil function in the
absence of degranulation (33). Fig. 6 A shows that neutroplasts
specifically expressed CR3 on their surface. However, unlike
intact neutrophils, neutroplasts did not increase surface ex-
pression of CR3 after exposure to 10-7 MFMLP for 1 min
(104±7 vs. 106±3 RFU, NS) or 30 min (104±13 vs. 109±13
RFU, NS). Exposure of neutroplasts to FMLPfor 1 min had
similar effects on CR3 beta chain expression (112±5% con-
trol). Fig. 6 B shows that, despite their inability to up-regulate
CR3, neutroplasts were capable of aggregation upon exposure
to FMLP. Moreover, this aggregation was CR3 dependent:
pretreatment of neutroplasts with the anti-CR3 MAbs,
MN-41 or CLB-LFA-l-1, effectively inhibited FMLP-induced
aggregation.

Discussion

Several lines of evidence have established that the neutrophil
iC3b receptor, CR3, is required for normal cell adhesion (9,
11, 12, 16-18). Nevertheless, the mechanism by which the
CR3molecule promotes cellular adhesion remains to be eluci-
dated. That all degranulating stimuli that enhance neutrophil
adhesion also induce significant up-regulation of surface CR3
has led to the hypothesis that adhesiveness depends upon the
quantity of CR3expressed on the cell surface (8, 9, 12, 22, 23).
This concept is supported by the observation that the clinical
severity of CR3/LFA-l/gpl50/95 deficiency is directly pro-

40A rf Figure 5. The effects of so-
Control dium salicylate and tetra-

300-c caine on FMLP-induced
neutrophil CR3 expression
(A) and aggregation (B).

, 100 M | | n Neutrophils were incubated
in Hepes buffer with or

o + without 3 mMsodium sali-
No SALICYLATE TETRACAINE cylate or 1 mMtetracaine.

(A) Neutrophils were ex-

posed to I0- MFMLPor

fB/ _.%FMLP buffer alone for 1 min and
AT _FLP+ FMLP then subjected to indirect
S L-|

C00tA
immunofluorescence stain-

CM" wing and cytofluorographic1mm~ ~~ "W
analysis. Results (RFU) are

expressed as mean±SEMof four experiments. (B) Representative
10-7 MFMLP-induced aggregation curves for the same neutrophils
in the presence or absence of 3 mMsodium salicylate or 1 mMtetra-
caine.
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Figure 6. Neutroplast CR3 expression (A) and aggregation (B). Neu-
troplasts were prepared as described in Methods. (A) CR3 expression
on neutroplasts exposed to 10-' MFMLPor buffer alone for 1 or 30
min was measured by indirect immunofluorescence staining and cy-
tofluorographic analysis. Results (RFU) are given as the mean±SEM
(n = 4). Specific surface staining of CR3was confirmed by the nega-
tive results for neutroplasts stained with an isotype control MAb
(MOPC-2 1). (B) Representative (n = 3) l0-7 MFMLP-induced ag-
gregation curves of neutroplasts preincubated with saturating con-

centrations of anti-CR3 MAb(MN-4 1), isotype control MAb
(MOPC-2 1), or buffer alone.

portional to the amount of CR3 expressed on the deficient
neutrophils ( 14).

However, several recent observations suggest that the
quantitative hypothesis may not be correct. O'Shea et al. (24)
showed that neutroplasts did not up-regulate CR3upon expo-

sure to FMLP, whereas Korchak et al. (33) showed that neu-

troplasts were capable of FMLP-induced aggregation and su-

peroxide anion generation. Lopez et al. (34) demonstrated that
recombinant human granulocyte-macrophage colony-stimu-
lating factor enhanced the surface expression of neutrophil
CR3 but did not promote adherence of neutrophils to endo-
thelial cells or plastic surfaces, functions that have been shown
to be CR3dependent (17, 35). Conversely, Vedder and Harlan
(36) have reported that, although neutrophils treated with the
anion channel blocker, 4,4-diisocyanostilbene-2,2'-disulfonic
acid, failed to up-regulate CR3 upon exposure to PMAor

A23 187, their increased adhesion to endothelial cells was un-

diminished. In studies designed to elucidate the adhesive
mechanism of the related molecule, LFA- 1, Rothlein and
Springer (37) showed that PMA-induced aggregation of an

EBV-transformed B lymphoblastoid cell line was LFA- 1 de-
pendent, but not associated with an increase in surface expres-

sion of LFA- 1.
Our studies provide additional evidence that CR3-me-

diated neutrophil aggregation is not dependent on the quantity
of new molecules translocated to the cell surface. Neutrophils
isolated at 4°C and rewarmed to 37°C in the absence of che-
moattractant increased CR3 expression twofold, but did not
aggregate as assessed by aggregometry or microscopic analysis.
The absence of aggregation under these conditions could not
be explained by failure to attain a threshold quantity of surface
CR3, because the quantity of CR3 expressed on neutrophils
rewarmed for 50 min (no aggregation) was identical to that
expressed on cells exposed to FMLPfor 1 min (maximal ag-

gregation).
Physiologically significant neutrophil responses such as

degranulation, superoxide anion generation, and aggregation
are initiated within seconds and complete within 2 min of

exposure of the cells to a variety of stimuli (38, 39). Wehave
analyzed the kinetics of CR3 up-regulation as early as 15 s
after stimulation. Our results, which agree with those of Miller
et al. (22), whose earliest timepoint was 2 min, show marked
discordance between the kinetics of FMLP-induced CR3 up-
regulation and those of neutrophil aggregation. Not only was
relatively little (26±7%) of the CR3 translocatable by FMLP
brought to the surface of the cell at times when aggregation was
maximal (1 min), but new CR3 molecules continued to be
translocated to the plasma membrane for 20 to 40 min after
the addition of chemoattractant, long after aggregation had
reversed. The latter observation excludes the quantity of sur-
face CR3 from being the sole determinant of neutrophil adhe-
siveness.

A third line of evidence that dissociates neutrophil aggre-
gation from CR3 up-regulation is the discordant extracellular
calcium and magnesium requirements for these two responses.
As others have reported (40), we found that extracellular diva-
lent cations are required for maximal up-regulation of CR3.
Nevertheless, in the absence of extracellular calcium and mag-
nesium, we found a twofold increase in expression of CR3on
FMLP-treated cells compared with controls. In comparison,
neutrophil aggregation was absolutely dependent on extracel-
lular divalent cations. The latter observation is concordant
with studies demonstrating a requirement for magnesium in
LFA- l-dependent functions (e.g., adhesion of cytotoxic T cells
[41] and aggregation of EBV-transformed B lymphoblastoid
cells [37]) and the binding of iC3b to CR3 (42). Whereas one
explanation for our observation may be that the molecular
interaction between CR3 and its adhesive ligand requires the
presence of divalent cations, an alternative explanation is that
extracellular calcium and/or magnesium are required for the
activation of the CR3molecule, but not its translocation to the
plasma membrane.

The different relative potencies of various stimuli in elicit-
ing CR3 up-regulation and aggregation represent a fourth line
of evidence that dissociates these two responses. Since A23 187
was twice as potent as FMLP in eliciting CR3 up-regulation,
yet less than one-third as potent in promoting aggregation,
neutrophil aggregation is unlikely to result simply from the
up-regulation of CR3.

Our experiments with sodium salicylate, tetracaine, and
neutroplasts further dissociate neutrophil up-regulation of
CR3 and aggregation. Sodium salicylate and other nonsteroi-
dal anti-inflammatory drugs have been shown to inhibit neu-
trophil aggregation (31) by a mechanism independent of their
effect on cyclooxygenase (43). Our current studies demon-
strate that these agents do not inhibit up-regulation of CR3.
Up-regulation of CR3 thus is not sufficient to elicit maximal
aggregation. This conclusion is supported by our observation,
reported elsewhere (44), that resting neutrophils treated with
MN-4 1 and then thoroughly washed were incapable of aggre-
gation, despite normal CR3 up-regulation in response to
FMLP.

Studies with tetracaine and neutroplasts indicate that the
converse is also true. Local anesthetics have various effects on
neutrophil function (32, 45). Wehave shown that pretreat-
ment with tetracaine did not inhibit neutrophil aggregation. In
striking contrast, tetracaine completely prevented up-regula-
tion of CR3in response to a 1-min exposure to FMLP. As has
been reported (24), neutroplasts did not up-regulate CR3.
However, not only were neutroplasts capable of aggregation in
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response to chemoattractant, but this aggregation was inhib-
ited by prior exposure to anti-CR3 MAbs. These two indepen-
dent observations demonstrate that up-regulation of CR3 is
not required for aggregation.

Together, these studies support the conclusion that, al-
though constitutive CR3 on the plasmalemma is required for
neutrophil aggregation, up-regulation of CR3 is neither neces-
sary nor sufficient to promote the cell-cell adhesion induced by
chemoattractant. CR3or the structure to which it binds proba-
bly requires activation to promote adhesion. This step might
involve a biochemical modification or events such as a posi-
tional change of the receptor within the plane of the mem-
brane.

It is known from other studies that the capacity of CR3 to
bind iC3b-coated particles and to promote phagocytosis is not
constitutive but requires activation. Wright and Silverstein
showed that binding of C3-coated particles to monocyte CR1
or CR3 did not promote phagocytosis of the particles, unless
the complement receptors were in an activated state induced
by PMA, which did not correlate with receptor number (42).
Subsequent studies revealed that treatment of cultured mono-
cytes with recombinant IFN gamma reduced iC3b binding
activity without affecting the number of CR3 molecules ex-
pressed on the cell surface (46). Griffin and Mullinax showed
that the ability of murine macrophage C3b receptors to pro-
mote phagocytosis was associated with their ability to move
laterally within the plane of the membrane (47). Similar results
were recently reported in neutrophil studies using colloidal
gold-labeled anti-CR3 MAbs, which revealed that PMA-in-
duced increased neutrophil binding of iC3b-coated particles
was associated with clustering Qof CR3 molecules on the cell
surface (48). Earlier studies with albumin-coated latex beads
showed that FMLP-induced changes in neutrophil adhesive-
ness were associated with a movement of adhesive sites toward
the uropod (49). Wright and Meyer showed that PMAinduced
a sequential rise and subsequent fall in neutrophil binding of
iC3b-coated erythrocytes that did not correlate with CR3 ex-
pression. These authors conclude that CR3activation, defined
as the ability to promote phagocytosis of bound iC3b-coated
particles, results from a qualitative rather than a quantitative
change in CR3. Based on indirect evidence using thiophos-
phate-loaded neutrophils, these authors suggest that this mo-
lecular activation/deactivation may involve phosphorylation
and subsequent dephosphorylation (50). However, direct evi-
dence of neutrophil CR3phosphorylation is lacking (5 1). Our
studies indicate that CR3-dependent homotypic aggregation,
like CR3-dependent phAgocytosis, requires an activation
event. Elucidation of the processes that regulate CR3-me-
diated functions will require further study.
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