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Neutrophils respond to chemotactic stimuli by increasing the nucleation and polymerization of actin filaments, 
but the location and regulation of these processes are not well understood. Here, using a permeabilized-cell 
assay, we show that chemotactic stimuli cause neutrophils to organize many discrete sites of actin 
polymerization, the distribution of which is biased by external chemotactic gradients. Furthermore, the Arp2/3 
complex, which can nucleate actin polymerization, dynamically redistributes to the region of living neutrophils 
that receives maximal chemotactic stimulation, and the least-extractable pool of the Arp2/3 complex co-
localizes with sites of actin polymerization. Our observations indicate that chemoattractant-stimulated 
neutrophils may establish discrete foci of actin polymerization that are similar to those generated at the 
posterior surface of the intracellular bacterium Listeria monocytogenes. We propose that asymmetrical 
establishment and/or maintenance of sites of actin polymerization produces directional migration of neutrophils 
in response to chemotactic gradients.

eutrophils, cells of the innate immune system, hunt and kill
bacteria, which they find by reading chemotactic gradients of
formylated peptides released from the bacteria. Neutrophils

respond to chemotactic stimuli by increasing the nucleation and
polymerization of actin filaments1. They respond to a gradient of
chemoattractant by extending actin-rich pseudopodia preferentially
in the direction of the highest concentration of chemotactic
molecules2. Although actin polymerization is necessary for this mor-
phological polarity and for migration of the neutrophils in response

to chemotactic gradients3,4, the spatial distribution of actin polymer-
ization in response to chemotactic gradients is not well understood.
A knowledge of this distribution will be crucial in understanding
how neutrophils and other chemoattactant-responsive cells spatially
rearrange their actin cytoskeletons during chemotaxis.

The Arp2/3 complex, a strong candidate for the regulation of
actin polymerization in chemotaxis, has not been studied during
chemotaxis. This complex stimulates the nucleation of actin
filaments5,6 in a regulatable fashion6,7, and conditional Arp2 and

N

Figure 1 Polarization of a neutrophil in response to a gradient of 
chemoattractant. a–d, Nomarski images of an unpolarized neutrophil responding to 

a micropipette containing 10 µM FMLP (white circle) at a, 5  s, b, 30 s, c, 81 s, and d, 
129 s.
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Arp3 mutations in yeast produce several defects in actin function8–10.
Neutrophils would seem to represent an ideal model system for

the study of the spatial control of actin polymerization during
chemotaxis. However, standard techniques for determining the
subcellular localization of actin polymerization, through incorpo-
ration of fluorescently labelled actin into microinjected11,12 or
permeabilized12,13 cells, have proven difficult or impossible to use
when studying neutrophils. It would be useful to express GFP-
tagged proteins in neutrophils to analyze protein dynamics in living
cells during chemotaxis. However, it has not been possible to
express recombinant proteins in neutrophils because they are
short-lived terminally differentiated cells.

We have now overcome these difficulties, and report that chem-
oattractant-stimulated neutrophils establish discrete sites of actin
polymerization whose distribution is biased towards the cell surface
that is directed towards the highest concentration of chemoattract-
ant. The least-extractable pool of the Arp2/3 complex co-localizes
with these sites of actin polymerization, and this complex dynami-
cally redistributes to the region of living neutrophils that receives
maximal chemotactic stimulation. We propose that asymmetrical
establishment and/or maintenance of these sites of actin polymeri-
zation mediates the directional migration of neutrophils in
response to gradients of chemoattractant.

Results
Actin distribution and polymerization. Before stimulation by chem-
oattractant, neutrophils lack obvious polarity. Between 5 s (Fig. 1a)
and 30 s (Fig. 1b) of exposure to a point source of N-formyl-methio-
nyl-leucyl-phenylalanine (FMLP), supplied through a micropipette
(Fig. 1a–d, white circle), neutrophils begin to extend their surface
toward the chemotactic pipette. Only the neutrophil surface directed
up the chemotactic gradient ruffles and extends as neutrophils
become polarized in the direction of the micropipette (Fig. 1b–d; see
Supplementary Information). Microspikes constantly project from
the leading edge towards the micropipette (Fig. 1b–d; see Supple-
mentary Information), some continuing to extend for more than 1
minute if the direction of chemotactic stimulation remains constant.
How do neutrophils control actin polymerization to generate these
complex, polarized morphologies in response to chemoattractant?

To identify sites of actin polymerization accurately in permeabi-
lized neutrophils, we used fluorescently labelled actin (tetramethyl-
rhodamine–actin (TMR–actin)), but first we had to minimize
potential damage to the native cytoskeleton caused by the many
neutral proteases of neutrophils. We first treated neutrophils with
the membrane-permeable serine-protease inhibitor diisopropyl
fluorophosphate (DFP), exposed them to chemoattractant, and
then permeabilized them in the presence TMR–actin (procedure
modified from refs 12,14). DFP does not alter the cytoskeletal mor-
phology of fixed neutrophils or the ability of neutrophils to
undergo chemotaxis. In permeabilized neutrophils polarized by
exposure to uniform chemoattractant (that is, chemoattractant was
present in the buffer surrounding the cells, rather than in a micro-
pipette), exogenous actin incorporates at distinct sites on the pseu-
dopodial surface and in a perinuclear fashion. The pseudopodial
incorporation reflects actin polymerization, but the perinuclear
incorporation does not, as shown by the latter’s persistence when
actin polymerization is inhibited (Fig. 2). Thus we can analyse actin
incorporation in regions of the cell away from the nucleus, but can-
not determine the total distribution of actin polymerization in
polarized cells.

In neutrophils stimulated with uniform chemoattractant for
60 s, new actin incorporation occurs predominantly at the front
surface of the pseudopodium. In horizontal cross-sections, new
actin incorporation is concentrated at the tips of radially project-
ing actin bundles (Fig. 2a–c, arrows). If cells are permeabilized in
the presence of cytochalasin D, which inhibits actin polymeriza-
tion, only perinuclear actin incorporation is observed (Fig. 2d),

with no incorporation at the tips of radial actin bundles (arrow-
heads).

To obtain a more complete picture of the organization of the
actin polymerization in the neutrophil pseudopodium, we gener-
ated three-dimensional reconstructions of neutrophil pseudopodia
(Fig. 3e,f). These reconstructions reveal that what appear to be fin-
ger-like actin bundles in horizontal cross-section correspond to
radially projecting actin ruffles, that the crescent-like projecting tips
of these actin ruffles represent the sites of maximal actin polymeri-
zation, and that the sites of actin polymerization are not contiguous
with one another. Thus, although sites of actin polymerization are
present in many locations throughout the leading edge of stimu-
lated neutrophils, the leading surface of the cell does not polymerize
actin uniformly. Instead, the complex ruffled pseudopodium is
composed of many distinct sites of actin polymerization organized
at the tips of radially distributed actin projections. To our knowl-
edge, this is the first three-dimensional analysis of actin incorpora-
tion in a motile cell.

Neutrophils only transiently contain more than one pseudopo-
dium; in neutrophils with two pseudopodia, one pseudopodium
gains dominance and actively extends while the other pseudopo-
dium is retracted (D.R. Soll, personal communication; O.D.W.,
unpublished observations). Of 25 randomly chosen neutrophils
with multiple pseudopodia, 17 exhibited much more dramatic actin
incorporation for one pseudopodial projection than the other(s), as
shown for a single neutrophil in Fig. 3 (compare arrowhead and
arrow in Fig. 3c). This indicates that actin polymerization does not
depend solely on the pre-existing actin distribution and that two
morphologically similar regions of the cell can differ in their abili-
ties to polymerize F-actin.

To determine whether external chemotactic gradients bias the
spatial distribution of sites of actin polymerization, we exposed
neutrophils to a chemotactic micropipette and then permeabilized
them in the presence of fluorescently labelled actin. Actin fingers
showing polymerization at their tips are observed only on the up-
gradient face of cells exposed to a point source of chemoattractant
(data not shown).
Distribution and dynamics of the Arp2/3 complex. To study the
dynamics of the Arp2/3 complex during neutrophil chemotaxis, it
would be useful to follow the distribution of a green fluorescent
protein (GFP)-tagged component of the complex. To overcome the
difficulties of expressing a recombinant protein in short-lived neu-
trophils, we took advantage of the human promyelocytic cell line
PLB-985. These cells can be cultured indefinitely, transfected using
retroviruses, and then differentiated into cells that resemble human
neutrophils in their signalling properties and response to chemoat-
tractant.

Immediately after exposure to the chemotactic micropipette
(Fig. 4, white circle), neutrophils either lack polarity and show a
uniform distribution of Arp3–GFP (Fig. 4a, top left neutrophil), or
exhibit a slight polarity with Arp3–GFP uniformly distributed
throughout the cytosol and excluded from the nucleus (Fig. 4a, bot-
tom right cell). Within about a minute of exposure to the chemo-
tactic micropipette, Arp3–GFP concentrates in the region of
neutrophils that is beginning to exhibit cell polarity (that is, the
region of the cell that is facing up the gradient of chemoattractant;
Fig. 4b, top left cell), or in the pseudopod of polarized cells that are
starting to migrate towards the chemotactic micropipette (Fig. 4b,
lower right cell; the two cells shown in the centre were unresponsive
during this experiment). Arp3–GFP remains strongly concentrated
in the pseudopod as the cells migrate towards the chemotactic
micropipette (Fig. 4c–e; see Supplementary Information). In con-
trast, GFP is present throughout the cytosol of cells expressing GFP
alone (data not shown). When the chemotactic micropipette (Fig.
4f–j) moves, Arp3–GFP dynamically redistributes with the moving
pseudopod to concentrate on the surface of the cell nearest the che-
moattractant (see Supplementary Information). To our knowledge,
this is the first analysis of the dynamics of the Arp2/3 complex in a
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Figure 2 Spatial distribution of incorporation of TMR–actin in a 
chemoattractant-stimulated permeabilized neutrophil. a–c, Neutrophil exposed 
to a uniform concentration (20 nM) of FMLP for 60 s. Scale bar represents 5 µm. a, 
Phalloidin stain, representing pre-existing filaments and those that incorporated actin 
during the assay. Note that because phalloidin is excluded by some actin-binding 
proteins, such as cofilin, phalloidin staining does not necessarily represent all actin 
filaments. b, TMR–actin stain, representing newly incorporated TMR–actin only. c, 
Colour overlay, showing phalloidin stain in red and TMR–actin stain in green. Arrows in 
c indicate sites of new actin incorporation at the tips of finger-like actin bundles. d, A 
neutrophil stimulated and permeabilized as in a–c but in the presence of 0.2  µm 
cytochalasin D. Colour scheme is as in c. Arrowheads indicate the absence of TMR–

actin incorporation at the tips of finger-like actin bundles. Perinuclear actin 
incorporation parallels the subcellular distribution of granules (data not shown). 
Because bright perinuclear but not pseudopodial TMR–actin incorporation is observed
when cytochalasin D is present during the permeabilization reaction, we conclude that
incorporation at the pseudopodial surface represents new actin polymerization and 
that perinuclear incorporation results from G-actin-binding proteins or structures, as 
has been reported for permeabilized fibroblasts12. e, f, Three-dimensional 
reconstruction of the boxed region of the pseudopodium shown in c. The bottom two
panels indicate the relative orientation of the region of the pseudopodium from c as it
is rotated along its x-axis. The scale bar in e represents 2 µm. Scale bar in d 
represents 5 µm.

Figure 3 Spatial distribution of TMR–actin incorporation in a neutrophil with 
two pseudopodia. Images represent maximum-intensity projections of three-
dimensional immunofluorescence data. a, Phalloidin staining, representing total actin. 
b, TMR–actin staining, representing newly incorporated actin. c, Colour overlay, with 
phalloidin staining in red and newly incorporated actin in green. Arrow indicates a 

pseudopodium with minimal new actin incorporation. Arrowhead indicates a 
pseudopodium that is predominant in terms of new actin incorporation. The intense 
perinuclear TMR–actin stain does not represent new actin polymerization (Fig. 2). 
Scale bar represents 5 µm.

© 1999 Macmillan Magazines Ltd



articles

78 NATURE CELL BIOLOGY | VOL 1 | JUNE 1999 | cellbio.nature.com

Figure 4 Response of neutrophils expressing Arp3–GFP to a stationary or 
moving chemotactic micropipette. a–e, Response to a stationary micropipette. 
f–j, Response to a motile micropipette. Images are single optical sections from near 
the bottom of a cell. a, Image taken immediately after exposing neutrophils to a 
chemotactic micropipette (white circle). b–e, Same group of neutrophils at b, 72 s, 

c, 166 s, d, 196 s, and e, 240 s of exposure to the chemotactic micropipette. f, A 
polarized neutrophil responding to a moving chemotactic micropipette (white circle). 
The white asterisk represents a fixed reference point. g–h, Same cell as that shown 
in f at g, 78 s, h, 109 s, l, 193 s, and j, 305 s of exposure to the micropipette. Scale 
bar represents 5 µm.

Figure 5 Immunofluorescence localization of endogenous Arp2/3 complex 
and actin in human neutrophils and the relationship of Arp2/3 localization to 
sites of actin polymerization. Images are single optical sections from near the 
midsection of cell. a, Actin immunostaining. Scale bar represents 5 µm. b, p21–Arc 
immunostaining. c, Colour overlay, showing actin in red and p21–Arc in green. 
Arrowheads indicate the localization of p21–Arc at the tips of actin fingers. d–g, 
Detail of an actin finger, from a cell permeabilized in the presence of TMR–actin to 

detect sites of actin polymerization and then processed for p21–Arc and actin 
immunostaining. d, Anti-actin staining, showing pre-existing and newly incorporated 
actin filaments. Scale bar represents 0.5 µm. e, TMR–actin staining, showing newly 
incorporated actin. f, p21–Arc staining. g, Triple overlay of d–f, showing total actin 
shown in light blue, newly incorporated actin in red, and p21–Arc in green. The green 
staining co-localizes with red and appears yellow.
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living cell in response to a directional chemoattractant.
To determine the subcellular distribution of the endogenous

Arp2/3 complex in human neutrophils, we tested several affinity-
purified rabbit polyclonal antibodies, raised against the p21–Arc,
p34–Arc (for Arp complex) and Arp3 components of the human
Arp2/3 complex15, on chemoattractant-stimulated human neu-
trophils. Because all these antibodies showed similar distributions,
we describe only the results obtained with the anti-p21–Arc anti-
body, which consistently produced the brightest staining. In neu-
trophils stimulated with uniform FMLP for 90 s, fixed with
formaldehyde, extracted with methanol, and processed for immu-
nocytochemistry with antibodies to actin (Fig. 5a) and p21–Arc
(Fig. 5b), p21–Arc (green) is enriched at the tips of radially project-
ing actin fingers (red) (Fig. 5c). To determine the relationship
between sites of actin polymerization and the Arp2/3 complex, we
processed neutrophils permeabilized in the presence of tetrameth-
ylrhodamine–actin (TMR–actin) for p21–Arc immunocytochemis-
try. p21–Arc immunostaining co-localizes with sites of actin
polymerization at the tip of actin fingers (Fig. 5d–g). This actin fin-
ger extends into the cell periphery, a region in which all exogenous
actin incorporation is prevented by cytochalasin D (Fig. 2d).

Discussion
In our experiments with permeabilized neutrophils, chemoattract-
ant-induced actin polymerization is restricted to the pseudopodial
surface of stimulated cells and is concentrated at the tips of actin
bundles that project into the plasma membrane. This pattern of
actin incorporation resembles that seen in in vivo studies of the
intracellular bacterium Listeria monocytogenes, a situation in
which new actin polymerization occurs only at the most proximal
portion of the actin tail, immediately adjacent to the posterior sur-
face of the bacterium16,17. This pattern of actin polymerization dif-
fers from that seen previously in neutrophils14, where
incorporation of exogenous (fluorescently labelled) actin paral-
leled the distribution of endogenous F-actin. We attribute this dis-
crepancy to the fact that here we protected the endogenous actin
cytoskeleton from proteolysis. If neutrophils are not pretreated
with DFP before permeabilization, extensive proteolysis of actin
and actin-associated proteins is observed18, possibly generating,
through the severing and uncapping of pre-existing actin fila-
ments, barbed actin ends, which can be elongated. When we omit
DFP treatment before permeabilizing neutrophils, we typically
observe incorporation of exogenous actin throughout the distri-
bution of endogenous F-actin (data not shown).

Our results show that, in living neutrophils, a GFP-tagged Arp3
component of the Arp2/3 complex is uniformly distributed in unpo-
larized cells before stimulation, rapidly accumulates in pseudopodia
following exposure of the neutrophils to chemoattractant, and
dynamically redistributes in response to a moving source of chem-
oattractant. These data indicate that external spatial signals may
modulate the behaviour of the Arp2/3 complex. The localization of
Arp3–GFP throughout the newly polymerized pseudopod supports
the hypothesis that the Arp2/3 complex acts as a nucleus for actin
polymerization and is incorporated into growing actin filaments as
a pointed-end cap. These data are consistent with the localization of
Arp2/3 to the lamellipodia of fixed fibroblasts15,19 and the pseudopo-
dia of fixed Acanthamoeba castellanii20–22. In living, unstimulated
neutrophils, the localization of GFP–Arp3 resembles that in living
unstimulated fibroblasts23, with diffuse cytoplasmic staining and a
weak signal in the lamellipodia, although we do not observe dynamic
Arp2/3 dots under any conditions. Upon chemotactic stimulation,
neutrophils exhibit massive recruitment of the Arp2/3 complex to
the pseudopodia; thus protrusive structures of resting cells contain a
small amount of Arp2/3 complex and chemoattractant induces a
marked recruitment of this complex to the growing pseudopod.

In unstimulated neutrophils expressing GFP–Arp3 that are fixed
with formaldehyde and then permeabilized, the Arp2/3 complex is
present throughout the actin cytoskeleton (data not shown). In con-
trast, after chemoattractant-stimulated neutrophils are permeabi-
lized and then fixed and extracted with methanol, the Arp2/3
complex is predominantly associated with the sites of active actin
polymerization. This enrichment of a ‘less-extractable pool’ of the
Arp2/3 complex at sites of actin polymerization is observed only for
stimulated neutrophils and is most dramatic for samples permeabi-
lized before fixation. We suspect that our fixation and permeabili-
zation conditions preferentially extract Arp2/3 complexes present
in actin tails but stabilize Arp2/3 complexes that are associated with
factors that induce its recruitment or activation. A reasonable can-
didate for recruitment of the Arp2/3 complex is the small GTPase
Cdc42. Activated Cdc42 can induce actin polymerization in neu-
trophil, Dictyostelium and Xenopus extracts24,25. The Arp2/3 complex
is biochemically downstream of Cdc42-mediated actin polymeriza-
tion in cell extracts7,26, and activated Cdc42 forms a stable complex
with the Arp2/3 complex and other associated proteins7, perhaps
accounting for the behaviour of the least-extractable pool of the
Arp2/3 complex in our permeabilized neutrophil system.

Chemoattractant-induced sites of actin polymerization in neu-
trophils are at the tips of actin fingers that extend into the plasma
membrane; these sites co-localize with the least-extractable pool of

Figure 6 Model of actin polymerization in response to a chemotactic signal. 
Top, Nomarski images of an unpolarized neutrophil exposed to a chemotactic 
micropipette (just to left of field) for a, 5 s, b, 30 s, c, 81 s, and d, 129 s. Bottom, the 
model. a, A neutrophil exposed to a gradient of chemoattractant (purple concentric 
circles) generates an asymmetric distribution of polymerization foci. b–d, The force 
generated by polymerization of actin (red lines) propels the polymerization focus 
forward and pushes the membrane outwards. The preferential activation of 

polymerization foci nearest to the chemoattractant could result in directional 
migration of neutrophils in response to chemotactic gradients and would be 
consistent with the behaviour of the pseudopod in response to a changing direction 
of chemoattractant. Note that this figure represents a single optical section of a 
neutrophil responding to a chemotactic gradient; the three-dimensional organization 
of the sites of actin polymerization and actin projections is shown in Fig. 2e, f.
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the Arp2/3 complex, and the fingers correspond to radially pro-
truding structures that extend from the neutrophil towards point
sources of chemoattractant. On the basis of these data, we present a
model for actin polymerization in response to chemotactic stimula-
tion; this model is analogous to models proposed for actin-based
motility of the intracellular bacterial pathogen Listeria monocy-
togenes.

Listeria monocytogenes can move rapidly in the cytoplasm of
infected host cells27,28. The bacterially expressed protein ActA stim-
ulates the ability of the host Arp2/3 complex to nucleate actin
filaments6 and this localized actin polymerization at the bacterial
surface is thought to drive bacterial motility. In well preserved Lis-
teria pseudopodial projections in macrophages, the actin tail con-
sists of long axial filaments and short randomly orientated
filaments29, supporting the suggestion29,30 that the actin filaments
nucleated at the surface of Listeria continue to polymerize only
while next to the bacterial surface; after the filaments have left the
zone of actin polymerization adjacent to the bacterial surface, they
are capped at their barbed ends and cease growing.

We propose that stimulation of neutrophil chemoattractant
receptors leads to the organization of foci of actin polymerization,
at or just under the plasma membrane, that are functionally equiv-
alent to the zone of actin polymerization generated by the ActA pro-
tein at the posterior surface of Listeria monocytogenes (Fig. 6). In
this model, each focus mediates actin polymerization at its surface
by activating the nucleating ability of the Arp2/3 complex. Actin fil-
aments continue to polymerize only while in the zone of actin
polymerization at the surface of the polymerization focus, and fila-
ments are capped at their barbed ends after they have left this zone.
Actin polymerization at the surface of the polymerization focus
propels it and the cell membrane forward, forming an actin finger
similar to that of a Listeria tail, with polymerization taking place at
the tip of the growing finger (Fig. 6).

How might neutrophils regulate the behaviour of these polym-
erization foci to mediate cell migration up chemotactic gradients?
We have shown that neutrophils extend microspikes and radial
actin ruffles towards a point source of chemoattractant, that the tips
of these actin bundles represent the sites of maximum actin polym-
erization, and that the spatial distribution of actin polymerization
does not depend solely on the distribution of pre-existing actin and
can be biased by chemotactic gradients. On the basis of these data,
we propose that asymmetric establishment and/or maintenance of
sites of actin polymerization produce the cytoskeletal and morpho-
logical rearrangements that mediate cell migration up gradients of
chemoattractants. h

Methods
Neutrophil preparation and stimulation.
A drop of healthy human blood, acquired by pinprick, was collected on the centre of a sterile coverslip 

and neutrophils were isolated as described31. The cells were covered with mHBSS medium (150 mM 

NaCl, 4 mM KCl, 1.2 mM CaCl2, 1 mM MgCl2, 10 mg ml–1 glucose and 20 mM HEPES, pH 7.2) and 

incubated at 37 °C for 15 min before chemotactic stimulation. All subsequent steps were carried out at 

room temperature.

For uniform chemotactic stimulation, cells were incubated in mHBSS containing 20 nM FMLP 

(Sigma). For delivery of a point source of FMLP, we allowed a solution of 10 µM FMLP to diffuse 

passively out of the tip of a micropipette of diameter ~0.2 µm whose position relative the coverslip could 

be controlled with a Narishige micromanipulator (procedure modified from ref. 32).

Preparation of TMR–actin.
Actin was prepared33 from frozen rabbit muscle (Pel-Freez Biologicals, Rogers, AR), polymerized into 

filamentous form, and derivatized with N-hydroxysuccinimidyl-5-carboxytetramethylrhodamine 

(Molecular Probes) as described34. TMR–actin was stored at a concentration of 100 µM at –80 °C after 

freezing aliquots in liquid nitrogen. Before use, TMR–actin was rapidly thawed from –80 °C, diluted ten 

times in G-buffer, sonicated using a Vibracell sonicator (Sonics and Materials, Danbury, CT), and 

clarified in a microfuge for 20 min at 4 °C.

Permeabilized cells.
Before permeabilization, neutrophils were treated for 5 min in mHBSS containing 1 mM DFP (Sigma). 

Neutrophils were then permeabilized (using a modification of the procedure in refs 12,14). For 

experiments involving uniform chemoattractant stimulation, neutrophils were stimulated for 60 s in 

mHBSS containing 20 nM FMLP and then permeabilized for 3 min in cytoskeleton buffer with sucrose 

(CBS; containing 10 mM MES, pH 6.1, 138 mM KCl, 3mM MgCl2, 2 mM EGTA; refs 12,35) containing 

0.2 mg ml–1 saponin or 1% NP40, 1 mM ATP, 20 nM FMLP and 0.35 µM TMR–actin, added immediately 

before use. For some experiments, 1 µg ml–1 fluorescein isothiocyanate (FITC)–phalloidin was used to 

stabilize the F-actin cytoskeleton during permeabilization.

Immunocytochemistry.
To visualize the actin cytoskeleton, cells were fixed for 20 min in a solution of 3.7% paraformaldehyde in 

CBS and then incubated with 10 units ml–1 Texas-Red-labelled X-phalloidin (Molecular Probes) for 20 

min. For experiments involving affinity-purified rabbit anti-p21–Arc primary antibodies15, neutrophils 

were fixed for 40 min in 3.7% paraformaldehyde, briefly washed in PBS containing 0.5% Triton-X100, 

and then incubated in methanol at –20 °C for 3 min before incubation with a 1:50 dilution of anti-p21–

Arc antibody for 1 h. Mouse anti-actin antibodies (5 µg ml–1; Boehringer Mannheim) were used to label 

the actin cytoskeleton for methanol-fixed samples. All secondary antibodies were from Jackson 

ImmunoResearch Laboratories.

Amphotropic retrovirus generation and PLB985-cell transduction.
For experiments involving the GFP-tagged construct, we used the human promyelocytic cell line PLB-

985 (ref. 36). CDNAs encoding EGFP (Clontech) and Arp3–GFP15 were cloned into the pLNCX 

retroviral vector37 under the control of the CMV promoter. Retroviruses were produced and PLB-985 

cells were stably transduced as described38.

Microscopy and analysis.
All images were acquired with a scientific-grade, cooled, charge-coupled device on a multiwavelength 

wide-field three-dimensional microscopy system (ref. 39 and references therein) in which the shutters, 

filter wheels, focus movement, and data collection are all computer driven. Neutrophils were imaged 

using a ×60 1.4 NA lens (Olympus) and n=1.518 immersion oil (RP Cargille Laboratories, Cedar Grove, 

NJ). Immunofluorescent samples were imaged in successive 0.25-µm focal planes through the sample, 

and out-of-focus light was removed with a constrained iterative deconvolution algorithm40,41. Maximum-

intensity projections, side views and rotated reconstructions of the three-dimensional data stacks were 

generated using image-visualization environment software42. Unless otherwise indicated, all images rep-

resent single optical sections of immunofluorescence data.
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