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Chemotaxis—the directed movement of cells in a gradient of chemoattractant—is essential
for neutrophils to crawl to sites of inflammation and infection and for Dictyostelium
discoideum (D. discoideum) to aggregate during morphogenesis. Chemoattractant-
induced activation of spatially localized cellular signals causes cells to polarize and move
toward the highest concentration of the chemoattractant. Extensive studies have been
devoted to achieving a better understanding of the mechanism(s) used by a neutrophil to
choose its direction of polarity and to crawl effectively in response to chemoattractant
gradients. Recent technological advances are beginning to reveal many fascinating
details of the intracellular signaling components that spatially direct the cytoskeleton of
neutrophils and D. discoideum and the complementary mechanisms that make the cell’s

front distinct from its back.

hemotaxis—the directed movement of cells
Cin a gradient of chemoattractant—allows
leukocytes to seek out sites of inflammation
and infection, amoebas of Dictyostelium dis-
coideum (D. discoideum) to aggregate, neurons
to send projections to specific regions of
the brain to find their synaptic partners,
yeast cells to mate, and fibroblasts to move
into the wound space (Fig. 1). In each case,
chemoattractant-induced activation of spa-
tially localized cellular signals causes cells to
polarize and move toward the highest con-
centration of the chemoattractant. During
chemotaxis, filamentous actin (F-actin) is poly-
merized asymmetrically at the upgradient
edge of the cell (leading edge), providing the

necessary force to thrust projections of the
plasma membrane in the proper direction (see
Mullins 2009). Neutrophilic leukocytes (neu-
trophils), for instance, can polarize and move
up very shallow gradients, with a chemoattrac-
tant concentration ~2% higher at the front
than the back (Fig. 2) (Devreotes and
Zigmond 1988). To restrict actin polymeriz-
ation to the leading edge in such a shallow gra-
dient, neutrophils must create a much steeper
internal gradient of regulatory signals. In
addition, distinctive actin—myosin contractile
complexes are also formed at the sides and
back of the cells (Fig. 2). The ability to create
such distinctive segregation of actin assemblies
enables neutrophils to move nearly 50 times
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Figure 1. Examples of chemotaxis. (A) A human neutrophil chasing a Staphylococcus aureus microorganism on a
blood film among red blood cells, notable for their dark color and principally spherical shape (imaged by David
Rogers, courtesy of Thomas P. Stossel). Bar, 10 um. Chemotaxis is also necessary for (B) D. discoideum to form
multicellular aggregates during development (courtesy of M.J. Grimson and R.L. Blanton, Texas Tech
University), and (C) for axons to find their way in the developing nervous system. Photo provided by
Kathryn Tosney, University of Miami.

C D

Figure 2. (A-D) Polarization of a neutrophil in response to gradient of chemoattractant. Nomarski images of
unpolarized neutrophil responding to a micropipette containing the chemoattractant fMLP (white circle) at
(A) 55, (B) 30 s, (C) 81 s, and (D) 129 s of stimulation. Bar = 5 um. (Figure is taken from Weiner et al.
1999, with permission.) Human neutrophils stimulated with fMLP show highly polarized morphology and
asymmetric cytoskeletal assemblies. (E—G) Human neutrophils were stimulated by a uniform concentration
of fMLP (100 nM) and fixed 2 min after stimulations. Fixed cells were stained for F-actin with
rhodamine-phalloidin (E, red) and an antibody raised against activated myosin II (phosphorylated
specifically at Ser19, p[19]-MLC) (E green). These fluorescent images are merged with Nomarski image in
(G). Bars, 10 pm.
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more quickly than fibroblasts. The polarization
response is self-organizing, which occurs even
when the attractant concentration is uniform
and apparently stimulating all portions of the
plasma membrane at the same intensity; in the
absence of a gradient, the direction of polarity
is random, but all cells can be induced to
polarize (Fig. 2). Thus, neutrophil polarization
to chemoattractant stimulation represents a
striking example of symmetry breaking from
an unpolarized state to a polarized one.

To enter an infected tissue, neutrophils
require chemoattractants produced by host cells
and microorganisms to migrate to the sites and
infection and inflammation. Neutrophil che-
motaxis also contributes to many inflamma-
tory and autoimmune diseases, including
rheumatoid arthritis, ischemia-reperfusion
syndrome, acute respiratory distress, and
systemic inflammatory response syndromes.
Although the critical physiological functions
of neutrophils have made their chemoattrac-
tants and chemoattractant receptors targets
of intense investigation, understanding of the
neutrophil polarity and directional migration
has until recently lagged behind that of other
cells. Over the past decade, experimentation
with knockout mice and human neutrophil
cell lines has begun to shed light on the
complex intracellular signals responsible for
neutrophil polarity. In this article, I summarize
recent advances in the study of chemotactic
signals in neutrophils, with some of the discus-
sion also devoted to a related model—chemo-
taxis of D. discoideum. These soil amoebas
grow as single cells, but on starvation chemotax
into multicellular aggregates in response to
secreted chemoattractants such as adenosine
3’,5’-monophosphate (cAMP).

FRONTNESS: SIGNAL PATHWAYS
THAT CONTROL THE PROTRUSIVE
LEADING EDGE

Neutrophils respond to stimulation of che-
moattractants by quickly establishing a lead-
ing edge (pseudopod), which protrudes
toward the source of the chemoattractant. This
chemoattractant-triggered symmetry breaking

first requires the receptors on the cell surface
to transmit a signal from the extracellular
ligand to the cell interior. The next step is
gradient interpretation, during which the cell
must identify the portion of its surface that
receives the greatest external signal. This
interpretation requires a mechanism of com-
paring signaling levels throughout the cell
surface and restricting leading-edge activity
to the most highly stimulated region. This
mechanism has been referred to as the
“compass” mechanism because of its ability to
spatially direct actin polymerization to the
pseudopod of protruding neutrophils (Rickert
et al. 2000; Bourne and Weiner 2002; Weiner
2002). The final component of chemotaxis
is the stimulation of the regulators of actin
polymerization, leading to the accumulation
of actin polymers at the leading edge.

Asymmetric Accumulation of Spatial
Signals at the Leading Edge

In neutrophils and D. discoideum, chemoattrac-
tants stimulate G protein-coupled receptors
(GPCRs), which in turn activate a trimeric G
protein, releasing the Gy heterodimer from
inhibition by Gai (in neutrophils) (Gerard
and Gerard 1994) or Ga2 (in D. discoideum,
when stimulated by chemoattractant cAMP)
(Kumagai et al. 1991). Gi trimeric protein is
essential for neutrophil chemotaxis: Treatment
of cells with pertussis toxin, which catalyses
the ADP-ribosylation of Gai and thereby
uncouples Gi from GPCR stimulation, com-
pletely abolishes pseudopod formation and
other leading-edge activities (see next section
for more detail). However, active Gai subunit
is probably not involved in chemotaxis, but
instead is necessary to terminate the action of
GBy (Neptune et al. 1999); GBv appears to
regulate most of the known pathways activated
by chemoattractants in leukocytes (Rickert
et al. 2000; Weiner 2002; Suire et al. 2006).
Experimental manipulations that inactivate
GPy or inhibit activities of their down-
stream effectors impair leukocyte motility
in response to chemoattractants. These effec-
tors include: phosphatidylinositol 3-kinases
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(PI3Ks), guanosine triphosphatases of the
Rho family (Rho GTPases), protein kinase C {
(PKCE), cytosolic tyrosine kinases, and cytosolic
phospholipase A2 (cPLA2) (Rickert et al. 2000;
Weiner et al. 2000). The important role of GBy
protein in regulating chemotaxis was also shown
by genetic deletion of the only GB subunit in
D. discoideum, which renders the cells nonche-
motactic (Wu et al. 1995; Jin et al. 1998).
Fluorescent proteins (FPs) and Fluores-
cence Resonance Energy Transfer (FRET)-
based biosensors have provided powerful tools
for analyzing spatial signals in living cells.
Delivery and expression of these probes were
made possible with development of genetically
manipulatable human neutrophil cell lines.
One such model is the human leukemia cell
line HL-60. After dimethylsulfoxide (DMSO)-
induced differentiation, HL-60 cells look like
neutrophils, polarize in response to attractant,
and migrate in gradients (or in uniform attrac-
tant) at rates comparable to those of neutrophils
from peripheral blood (Servant et al. 2000;
Wang et al. 2002). Unlike human blood neutro-
phils, which cannot be cultured for long-term
and are refractory to genetic manipulations,
these cell line models have enabled researchers
to express dominant proteins, fluorescent
probes, small interfering (si)RNAs, and small
hairpin (sh)RNAs to probe the molecular
mechanisms underlying polarity and chemo-
taxis (Servant et al. 2000; Wang et al. 2002;
Srinivasan et al. 2003; Gomez-Mouton et al.
2004; Lacalle et al. 2004; Schymeinsky et al.
2006; Weiner et al. 2006; Wong et al. 2007).
Use of fluorescent probes in neutrophil lines
has greatly improved the understanding of
spatiotemporal dynamics of proteins and lipid
messengers during chemotaxis of living cells.
At the top of the signal transduction cascade,
some chemoattractant receptors (e.g., com-
plement factor 5a [C5a]) are distributed uni-
formly (Servant et al. 1999), a strategy for cells
to interpret accurately changing external gra-
dients. These cells sense gradients by detecting
the number of ligand-bound receptors on their
surface and then migrate in the direction
where their number is greatest (Herzmark et al.
2007). Uniform distribution of chemoattractant

receptor (e.g., CAMP receptor) was also observed
in D. discoideum undergoing chemotaxis (Xiao
et al. 1997). However, other chemoattractant
receptors (e.g., CCR5) are asymmetrically
localized to the leading edge of neutrophils
(Gomez-Mouton et al. 2004). At the bottom
of the cascade, actin accumulation and regula-
tors of actin polymerization such as the Arp2/
3 complex are strongly polarized in response
to the external gradient (Weiner et al. 1999).
If spatial asymmetry does not occur at the
level of localization for some chemoattractant
receptors, where in the chemotactic cascade
do chemotaxing cells convert relatively shallow
gradients of chemoattractant to strongly polar-
ized internal responses? In the middle of the
chemotactic signaling cascade, several signaling
molecules show strong asymmetries aligned
with the chemotactic gradient. Those include
the lipid product of PI3Ks phosphatidylino-
sitol  3,4,5-trisphosphate (PI[3,4,5]P3) and
active (i.e., GTP-bound) Rac (one of the Rho
GTPases) (see Fig. 4). Green fluorescence
protein (GFP)-tagged PH domain of the
protein kinase Akt/protein kinase B (PKB)
(GFP-PH-AKT) and vyellow fluorescence
protein (YFP)-tagged p2l-binding domain
(PBD) of p2l-activated kinase (PAK)
(YFP-PAK-PBD), which probe for PI(3,4,5)P3
and active Rac, respectively, are recruited to the
leading edge of differentiated HL-60 cells
(dHL-60) on stimulation of chemoattractant
(Fig. 3) (Servant et al. 2000; Srinivasan et al.
2003). The asymmetric distribution of
PI(3,4,5)P3 is (at least) partially attributed to
the spatial asymmetry of PI3K, a class IB PI3K
that binds and can be directly activated by GBv,
and GFP-tagged pl10 subunit of PI3Ky was
shown to be enriched at the leading edge of
dHL-60 cells (Gomez-Mouton et al. 2004). In
agreement with the findings in neutrophil cell
lines, mouse primary neutrophils expressing
GFP-PH-AKT and human blood neutrophils
expressing a FRET-based biosensor for active
Rac also revealed leading-edge recruitment
of these probes when the cells were exposed
to chemoattractants (Gardiner et al. 2002;
Ferguson et al. 2007; Nishio et al. 2007). In
addition, the asymmetric lipid distribution has

4 Cite this article as Cold Spring Harb Perspect Biol 2009;1:a002980


http://cshperspectives.cshlp.org/
http://www.cshlpress.com

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

Downloaded from cshperspectives.cshlp.org on November 10, 2010 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

The Signaling Mechanisms Underlying Cell Polarity and Chemotaxis

Figure 3. PI1(3,4,5)P3 shows a polarized distribution during chemotaxis. GFP-PH-AKT was used as a probe for
the PI3K lipid product P1(3,4,5)P3. (A) The probe is uniformly distributed inside the cytosol of unstimulated
dHL-60 cells, but accumulates on the up-gradient face of cells exposed to a chemoattractant gradient, delivered
by a micropipette containing fMLP (B). The white circle denotes the position of the micropipette. Bar, 10 pm.
(C) 3T3 fibroblasts exposed to a gradient of PDGF (white circle). Bar, 20 wm. (D) D. discoideum exposed to
gradient of cCAMP (white circle). The arrow heads point to the site of GFP-PH-AKT accumulation. Bar,
10 wm. (A) and (B) are taken from Servant et al. (2000), and (C) and (D) are modified from Haugh et al.

(2000) and Meili et al. (1999), respectively.

been reported for chemotaxing D. discoideum
(Meili et al. 1999; Jin et al. 2000) and fibroblasts
(Fig. 3) (Haugh et al. 2000), suggesting conserva-
tion of the spatial dynamics of this lipid mes-
senger during chemotaxis. Thus, PI(3,4,5)P3
appears to be one of the most upstream
molecules that show spatial asymmetry in the
chemotactic signaling pathway.

The Role of PI(3,4,5)P3 in Neutrophil
Chemotaxis

Localized accumulation of phospholipid
PI(3,4,5)P3 appears to be a key event directing

the recruitment and activation of signaling
components required for cell polarity and che-
motaxis (see McCaffrey and Macara 2009;
Orlando and Guo 2009). Evidence supporting
this hypothesis has come from studies of neu-
trophils and D. discoideum. First, three labora-
tories reported that genetic disruption of the
PI3K<y isozyme produces mice with neutrophils
that show defective migration responses to che-
moattractants in vitro and impaired accumu-
lation at sites of inflammation in vivo (Hirsch
et al. 2000; Li et al. 2000; Sasaki et al. 2000).
PI3K+y-deficient mouse neutrophils produced
little or no PI(3,4,5)P3 after stimulation with
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chemoattractants such as the tripeptide
formyl-Met-Leu-Phe (fMLP), interleukin 8, or
C5a, suggesting that PI3K'y is a major generator
of the lipid products in these cells. These neu-
trophils showed 50%—70% reductions in their
capacity for migration in models of inflam-
mation, in vitro or in vivo (Hirsch et al. 2000;
Li et al. 2000; Sasaki et al. 2000). Second,
pharmacological inhibition of PI3K activities
with global PI3K inhibitors such as wortmannin
and LY294002 impairs leading-edge formation
and suppresses chemotaxis in both primary
human neutrophils and neutrophil cell lines
(Knall et al. 1997; Wang et al. 2002). Interest-
ingly, use of PI3Ky-selective inhibitors,
which has little effect on migration of PI3Kvy-
deficient neutrophils through transwell filters,
showed that this isoform has a critical role in
both human and mouse neutrophil directional
migration (Van Keymeulen et al. 2006; Ferguson
et al. 2007). Other PI3K-selective inhibi-
tors showed that PI3KP has a smaller, but sig-
nificant role in both human and mouse
neutrophil migration toward fMLP, but PI3Kd
only has a significant role in human neutrophil
migration (Sadhu et al. 2003; Ferguson et al.
2007). In keeping with the critical role of
PI3Ks in regulating neutrophil migration,
pi3k1/2-null D. discoideum show a marked
reduction in PI(3,4,5)P3 translocation to the
membrane and have an aberrant morphologi-
cal polarity and chemotaxis (Funamoto et al.
2001).

The requirement of appropriate spatial
asymmetry of PI(3,4,5)P3 accumulation for
chemotaxis was also shown by deletion (or
depletion) of PI(3,4,5)P3-degrading enzyme(s).
Genetic deletion of the PI 3-phosphatase,
PTEN, in D. discoideum, dramatically prolongs
and broadens the PH domain relocation
and actin polymerization responses, causing
the cells lacking PTEN to show multiple
and broad protrusions that fail to direct
to the source of chemoattractants. As a result,
the cells follow a circuitous route toward
the attractant (Funamoto et al. 2002; Iijima
and Devreotes 2002). Exogenously expressed
PTEN-GFP localizes to the surface membrane
at the rear of the cell (Funamoto et al. 2002;

lijima and Devreotes 2002). Thus, in D. discoi-
deum, PI3Ks and PTEN cooperate to regulate
spatial accumulation of PI(3,4,5)P3 and
control cell polarity and chemotaxis.

The localization and function of PTEN in
chemotaxing neutrophils are more ambiguous.
Although some researchers found PTEN to be
distributed in the cytoplasm of dHL-60 cells
(Xu et al. 2003; Lacalle et al. 2004 ), others local-
ized this phosphatase to the posterior of mouse
neutrophils (Li et al. 2003). Furthermore, an
earlier study reported that PTEN deletion in
mouse neutrophils impairs their directionality
(Hannigan et al. 2002), but observations docu-
mented in a more recent study suggested that
PTEN is dispensable for motility, directionality,
and chemotaxis of mouse neutrophils res-
ponding to chemoattractants (Nishio et al.
2007). This inconsistency prompted researchers
(Nishio et al. 2007) to investigate another
regulator of PI(3,4,5)P3 degradation, the PI
5-phosphatase SH2 domain containing inositol
5-phosphatase 1 (SHIP1). Strikingly, loss of
this gene led to the type of defects observed
in the D. discoideum PTEN knockouts—the
shipl— /- neutrophils show a flat, unpolarized
profile because of an increase in the number
of membrane extensions labeled by GFP-
PH-AKT. In a chemoattractant gradient, these
cells are unable to acquire the characteristic
polarized morphology and show severely
impaired speed of migration. Despite the incon-
sistencies with respect to the PI(3,4,5)P3 phos-
phatases, these studies nevertheless suggest that
appropriate spatial accumulation of P1(3,4,5)P3
is essential for neutrophil polarity and direc-
tional migration.

Although its distribution and regulation
strongly suggest that PI(3,4,5)P3 is part of
the cell’s compass, it is also clear that cells can
still move toward chemoattractants regardless
of whether this second messenger is depleted
or in excess (Hirsch et al. 2000; Li et al. 2000;
Sasaki et al. 2000; Andrew and Insall 2007;
Franca-Koh et al. 2007; Hoeller and Kay
2007; Nishio et al. 2007). To integrate these find-
ings, Franca-Koh et al. proposed a scheme, in
which the “compass” is upstream of P1(3,4,5)P3
synthesis and would also signal through a
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parallel pathway to direct chemotaxis
(Franca-Koh et al. 2007). In this model, pertur-
bations that lower PI(3,4,5)P3 production
would only have partial effects on chemotaxis
because of the compensatory pathway. Mis-
localized or increased levels of phosphoinosi-
tides, however, would have severe effects as
excess amounts of PI(3,4,5)P3 would disrupt
polarity and directed migration by promoting
the extension of lateral pseudopodium, as has
been observed. An alternative but conceptually
similar model is that neutrophils and
D. discoideumn may contain two redundant
“compasses”: one relies on PI(3,4,5)P3 whereas
the other does not.

To identify pathways that work in parallel
with PI(3,4,5)P3, a genetic screen was designed
in D. discoideum to search for mutants where
chemotaxis is selectively impaired when PI3K
is inhibited (Chen et al. 2007). This procedure
uncovered a gene with homology to a patatin-
like phospholipase A2 (PLA2). Deletion of
the PLA(2) homolog and two PI3Ks causes
a strong defect in chemotaxis and a reduction
in receptor-mediated actin polymerization,
suggesting that PLA(2) enzyme acts in parallel
with PI3K pathways to mediate chemotaxis
(Chen et al. 2007). In a separate report,
Tor complex 2 (TorC2) was shown in
D. discoideum to link temporal and spatial
activation of PKBs to the chemotactic re-
sponse in a PI(3,4,5)P3-independent manner
(Kamimura et al. 2008). On stimulation of cells
with chemoattractant, two PKB homologs,
PKBA and PKBR1, mediate transient phospho-
rylation of at least eight proteins. Surprisingly,
all of the substrates are phosphorylated with
normal kinetics in cells lacking PI3K activity.
Cells deficient in TorC2 or PKB activity show
reduced phosphorylation of the endogenous
substrates and are impaired in chemotaxis.
The PKBs are activated through phosphoryl-
ation of their hydrophobic motifs via TorC2
and subsequent phosphorylation of their acti-
vation loops. These chemoattractant-inducible
events are restricted to the cell’s leading edge
even in the absence of PI(3,4,5)P3. Although
these studies are reported for D. discoideum,
they nevertheless suggest that neutrophils may

exploit similar PI3K-independent pathway(s)
to control polarity and directional migration.
The key mediators of these pathway(s) in neu-
trophils, however, are not unknown. More-
over, the role of PKB in neutrophil chemotaxis
remains undefined.

Positive Feedbacks: From Theory to Reality

How do neutrophils respond to a shallow
chemoattractant gradient and translate it into
a much steeper internal signal gradient? Over
50 vyears ago, Alan Turing proposed the
concept of a diffusion-induced instability
(Turing 1952), which was later refined in the
context of cell polarization by Gierer and
Meinhardt (Gierer and Meinhardt 1972;
Meinhardt and Gierer 1974; Meinhardt 1999).
The essence of the model is that polarization
results from two competing processes with
different spatial characteristics, one local and
one global. This model suggests that polariz-
ation is induced by a small fluctuation or
some external cue that is then amplified by a
self-reinforcing mechanism (i.e., positive feed-
back) (Fig. 4A). For example, a protein may ran-
domly associate to the membrane, and once
membrane bound, it recruits additional mol-
ecules of the same proteins to the membrane
in a cooperative manner. Left unchecked, this
process would continue until the entire mem-
brane is bound with protein, if there are suffi-
cient supplies of cytosolic protein. A second
process is necessary to restrict protein accumu-
lation to a single cluster and prevent it from
binding the entire surface of the membrane.
To accomplish this, the local activating process
is proposed to induce a long-range global
inhibitory process (i.e., a global inhibitor) that
prevents these clusters from spreading or occur-
ring in multiple places (Fig. 4A).

Experimental evidence for local positive
feedback in neutrophils began to emerge nearly
a decade ago. Experiments with dHL-60 cells
suggested that PI(3,4.5)P3 and Rac serve as
signals in a positive feedback loop (Fig. 4B)
that amplifies responsiveness to the external
signal and organizes the leading edge of neu-
trophils. Pharmacologic inhibition of PI3Ks
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Figure 4. Mechanisms for neutrophil polarization. (A) A model for cell polarization during chemotaxis. In this
model, polarization is assumed to arise from the interplay between a local activator, capable of catalyzing its own
production, and a global inhibitor. In the case of the formation of polarized clusters on the cell surface, a
membrane-bound activator (green circles) recruits other activator molecules to proximal regions of the
membrane via a positive feedback mechanism (red arrows). In addition, membrane-bound activator is
assumed to trigger inhibitor molecules (red lines). The inhibitor molecules act in a long-range inhibitory
fashion and inhibit activation elsewhere (blue lines). Yellow dots denote chemoattractants. Competition
between the activator and inhibitor limits the size and number of the clusters. (B) Overview of the feedback
mechanism during neutrophil polarization. Chemoattractants, such as fMLP, trigger signaling by activating
their specific GPCRs (denoted as R) and Gi proteins at the surface of neutrophils, leading to release of the
GBv subunit, which in turn activates PI3Ky, resulting in P1(3,4,5)P3 accumulation. PI(3,4,5)P3 triggers the
translocation of DOCK2, a specific GDP to GTP exchange factor for Rac and increases its activity. Activated
DOCK?2 in turn activates the Rac and Cdc42 that ultimately transmit signals to the actin polymerization
machinery. PI(3,4.5)P3, Rac, and polymerized actin serve as signals in a positive feedback loop that
consolidates the leading edge of the neutrophils, although how actin polymers (or Rac) promotes
PI(3,4,5)P3 is still unclear. In addition, there are signals that can activate Rac independently of PI(3,4,5)P3
(Inoue and Meyer 2008). The biochemical nature of these signals remains to be defined (dotted lines).

prevented chemoattractant-triggered activa-
tion of Rac and Cdc42 (Benard et al. 1999;
Wang et al. 2002), suggesting that P1(3,4,5)P3
acts upstream of these Rho GTPases. Intrigu-
ingly, the reverse is also true: PI(3,4,5)P3
accumulation was blocked not only by PI3K
inhibitors but also by a toxin (Clostridium
difficile toxin B) that inhibits all three Rho
GTPases (Servant et al. 2000). Subsequent
studies attributed to Rac a dominant role in
regulating PI(3.4.5)P3 accumulation: Inacti-
vation of Rac, but not Cdc42 or Rho, preven-
ted GFP-PH-AKT membrane translocation
(Srinivasan et al. 2003; Xu et al. 2003)
(Fig. 4B). Similar results were also observed
in experiments with Racl/Rac2 null mouse
neutrophils: Chemoattractants fail to cause

these cells to properly accumulate PI(3,4,5)P
or activate PKB/Akt, a downstream protein
kinase of PI(3,4,5)P3 (Sun et al. 2004). More-
over, addition of exogenous P1(3,4,5)P3 to neu-
trophils can trigger the positive feedback
loop directly, initiating accumulation of endo-
genous P1(3,4,5)P3 (Weiner et al. 2002), mor-
phologic polarity, and motility in the absence
of added chemoattractant (Niggli 2000;
Weiner et al. 2002). These effects are completely
blocked by PI3K inhibitors and toxins that
inhibit activation of Rho GTPases, indicating
that they depend on activation of both endo-
genous PI(3,4,5)P3 synthesis and Rac by the
exogenous lipid. Rac stimulates PI(3,4,5)P3
accumulation, at least in part, via actin fila-
ments that are generated in response to
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activated Rac and PI(3,4,5)P3: Either attractant
or expression of constitutively active Rac can
trigger persistent PI(3,4,5)P3 accumulation,
but both effects are prevented when actin
polymerization is blocked by latrunculin B,
which blocks actin polymerization (Fig. 4B)
(Wang et al. 2002; Srinivasan et al. 2003). In
keeping with these observations, latrunculin
treatment impairs the ability of D. discoideum
to amplify PI(3,4,5)P3 gradient, suggesting
that polymerized actin exerts a gradient-
amplifying effect, presumably via positive feed-
back similar to that described in neutrophils
(Devreotes and Janetopoulos 2003).

In a recent study, Inoue and Meyer argued
that the most direct method to distinguish
whether a signaling component is only neces-
sary for a signaling pathway or whether it
functions as part of a positive feedback loop
is to perform rapid chemical perturbations
faster than the feedback time constants (Inoue
and Meyer 2008). Using this approach, they
showed that acute uniform activation of
endogenous PI3K is sufficient to polarize neu-
trophils and trigger effective cell migration
(Inoue et al. 2005; Heo et al. 2006; Suh et al.
2006). A polarized distribution of PI(3,4,5)P3
following symmetrical PI(3,4,5)P3 production
is induced by positive feedback requiring actin
polymerization. Experiments with pertussis
toxin suggest that this process does not require
receptor-coupled Gi protein. Rapid activation
of endogenous Rac proteins in this experiment
triggers effective actin polymerization but fails
to feed back to PI3K to generate P1(3,4,5)P3
or induce cell polarization, suggesting that
Rac activation alone is insufficient to trigger
this feedback loop. Based on the findings that
the positive feedback for polarized P1(3,4,5)P3
production depends on occurrence of both
PI3K activation and Rac-mediated actin poly-
merization, the authors concluded that the
increase in PI(3,4,5)P3 concentration at the
leading edge is generated by positive feedback
with an AND gate logic. In this scenario, a
PI3K-Rac-actin polymerization pathway serves
as a first input, and a PI3K initiated non-Rac
pathway serves as a second input (Inoue and
Meyer 2008). Given that PI3Ks are only partially

responsible for polarization and migration of
neutrophils, this AND gate control begins to
explain how Rac can be used for both PI3K-
dependent and -independent signaling path-
ways coexisting in neutrophils (Fig. 4B).

More complete understanding of the de-
tailed molecular mechanisms underlying the
feedback loops awaits future experiments. One
arc of the loop, in which PI(3,4,5)P3 activates
Rac, involves PI(3,4,5)P3-dependent GEF(s)
found in leukocytes, one of which is DOCK2
(Fig. 4B). DOCK2 associates with PI(3,4,5)P3
and translocates to the leading edge of
chemotaxing neutrophils in a PI3K-dependent
manner. In DOCK2-deficient mouse neutro-
phils, chemoattractant-induced activation of
both Racl and Rac2 are severely impaired,
resulting in the loss of polarized accumulation
of F-actin and PI(3,4,5)P3 at the leading edge
(Kunisaki et al. 2006).

Molecular mechanisms mediating the re-
ciprocal arc in which Rac-GTP promotes
accumulation of PI(3,4,5)P3 are even less
defined. In this arc of the loop, F-actin can act
downstream of Rac-GTP and upstream of
PI(3,4,5)P3 accumulation. How polymerized
actin (or Rac) promotes PI(3,4,5)P3 accu-
mulation, however, is not so clear: It may
promote formation of scaffolds that increase
PI(3,4,5)P3 synthesis or decrease its degrada-
tion, for instance, by recruiting or facilitating
activation of one or more PI3Ks (e.g., PI3Kd)
(Schymeinsky et al. 2007) or other PI3Ks via
their p85 adaptor subunit (Chan et al. 2002),
by preventing access to PI(3,4,5)P3 of an inacti-
vating phosphatase, or as in platelet (Tolias et al.
2000), by promoting activation of PI-4P-5-
kinase, thereby increasing the concentration of
the PI3K substrate, PI 4,5-bisphosphate.

The global inhibitor that counteracts the
self-reinforcing mechanism is still elusive. As
an alternative to the global inhibitor-based
mechanism, a number of researchers have pro-
posed that the limitation of substrate supply,
alternatively known as wave pinning, may
limit the size of the cluster (Meinhardt 1999;
Altschuler et al. 2008; Mori et al. 2008). For
example, in the case of proteins localizing to
the membrane via an autocatalytic process,
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this process will continue until all of the
available binding sites on the membrane are
occupied or the cytosolic supply of protein is
depleted. However, if protein supply is limiting,
then membrane-associating proteins cannot
saturate all of the binding sites. Moreover, as
the local activation process is autocatalytic, the
proteins will tend to associate in a few clusters.

A BACKNESS SIGNALING PATHWAY
SUGGESTS A MODEL FOR
SELF-ORGANIZING POLARITY

To maintain persistent polarity and motility,
neutrophils, after protruding their leading
edges, need to pull their trailing edges
(uropods) over the surface of the substrate
and at the same time prevent pseudopods
from forming laterally during polarization
and migration. The frontness pathway per se
cannot account for these responses. Neither
can it explain the ability of neutrophils to polar-
ize and migrate when they are exposed to a
uniform concentration of attractants. Recent
studies show a signaling pathway in neutrophils
that controls contraction and de-adhesion of
the cells’ trailing edges (thus termed as the
“backness” pathway [Xu et al. 2003]).

The Backness Signaling Pathway

Suggestive evidence for the backness pathway
came from experiments with pertussis toxin,
which completely blocks frontness responses
to chemoattractant, including actin poly-
merization, pseudopod formation, PI(3,4,5)P3
accumulation, and Rac activation in neutro-
phils (Servant et al. 2000; Xu et al. 2003). None-
theless, pertussis toxin-treated dHL-60 cells
show a distinctive response to a point source
of the chemoattractant supplied by micro-
pipette: Instead of protruding a pseudopod
toward the micropipette like normal cells,
pertussis toxin-treated cells developed at their
up-gradient edges a well-defined uropod-like
structure, suggesting that the chemoattractant
induces morphological backness by a separate
pathway independent of Gi (Xu et al. 2003;
Wong et al. 2006). This backness pathway is

initiated by the trimeric G proteins G12 and
G13 with its downstream signaling elements
spatially organized to the back and sides
of polarized neutrophils. The downstream
elements include PRG (PDZRhoGEE a
Rho-specific GEF), Rho, p160-ROCK (a Rho-
dependent kinase), phosphorylated myosin
light chain (p-MLC), and consequent acti-
vation of myosin II (Xu et al. 2003; Wong
et al. 2007), which results in contraction of
actin—myosin complexes parallel to the cell
membranes.

At each step of the backness pathway, the
corresponding constitutively activating mutant
induced a global backness response, which
results in round cells that fail to form actin poly-
mers, translocate GFP-PH-AKT, or protrude
a leading edge in response to chemoattractant,
but instead accumulate myosin II-GFP and
p-MLC around the entire cell periphery (Xu
et al. 2003). Conversely, inhibition of each of
the steps by drugs, dominant—negative mutants,
or RNAI caused cells to respond to uniform
chemoattractant by forming multiple pseudo-
pods containing F-actin and GFP-PH-AKT,
whereas myosin II-GFP and p-MLC were not
detected in the plasma membranes of such
cells, and point source of fMLP immediately
elicited formation of a pseudopod anywhere
on the cell surface (Xu et al. 2003; Wong et al.
2007). Thus, a key feature of backness is
inhibition of frontness promoting effects of
chemoattractant; conversely, abrogating the
backness pathway renders the entire cell
sensitive (including the back and sides) to
chemoattractant (see the next section for
more details).

A Model that Explains Self-organizing
Polarity in Neutrophils

Based on the ability of chemotactic signals to
trigger distinct actin assemblies, a model
(Fig. 5) was proposed to explain self-organizing
polarity and asymmetric attractant sensitivity in
neutrophils. Chemoattractant binds to a G
protein-coupled receptor (R), which in turn
activates different trimeric G proteins to gener-
ate two divergent, opposing signaling pathways,
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Figure 5. Distinct actin assemblies modulate sensitivity to attractant and self-organizing polarity of neutrophils.
Chemoattractant binds to a GPCR (R), which in turn activates different trimeric G proteins to generate two
divergent, opposing signaling pathways, which promote actin polymerization (frontness) and actin—myosin
contraction (backness), respectively. Localized mechanochemical incompatibility of the two cytoskeletal
responses, combined with the ability of each to damp signals that promote the other (dashed inhibitor
lines), then gradually drive them to separate into distinct domains of the membrane. As a result, a
morphologically distinct pseudopod, which is highly sensitive to attractant, demarcates itself from relatively
insensitive membrane, enriched with myosin, at the back and sides.

that promote polarized frontness and backness,
respectively (Fig. 5). In the frontness pathway,
Gi, PI(3,4,5)P3, and Rac promote formation
of protrusive actin structures (Fig. 5; shown in
red color). One or more positive feedback
loops in this first pathway mediate local-
zed increases in sensitivity to attractant: One
of these requires polymerized actin. Backness
signals, generated by G12 and G13, depend
on activation (by PRG) of a Rho-dependent
pathway that stimulates activation of myosin
II, formation of contractile actin—myosin
complexes (Fig. 5; shown in green color),
and myosin-dependent inhibition of Rac- and
PI(3,4,5)P3-dependent responses (Xu et al.
2003).

This model incorporates a self-organizing
property of the actin cytoskeleton in which
opposing roles of actin polymers and actin—
myosin assemblies induce spatial separation of
the assemblies themselves to opposite edges
of the cell. In this scenario, distinct actin
assemblies—protrusive polymers at the front
and contractile actin—myosin complexes at the

back—do not serve simply as read-outs of
intracellular signals but, instead, play essential
roles in transmitting and modulating those
signals. The model explains how neutrophils
polarize in uniform attractant. The symmetri-
cally distributed actin ruffles and PI(3,4,5)P3
accumulation seen at early times (e.g., 30 s)
after application of a uniform stimulus (Wang
et al. 2002) presumably mask a fine-textured
mosaic of interspersed backness and frontness
signals, some triggering activation of PI3Ks,
Rac, and actin polymerization, others promot-
ing activation of Rho and myosin. Localized
mechanochemical incompatibility of the two
cytoskeletal responses, combined with the
ability of each to damp signals that promote
the other (dashed inhibitor lines in Fig. 5),
then gradually drive them to separate into dis-
tinct domains of the membrane. As a result,
within 2 minutes, a morphologically distinct
pseudopod, which is highly sensitive to attrac-
tant, demarcates itself from relatively insensitive
membrane, enriched with myosin, at the back
and sides (Fig. 5) (Zigmond et al. 1981;
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Servant et al. 2000; Wang et al. 2002; Weiner
et al. 2002; Srinivasan et al. 2003).

This model also explains why neutrophils
respond to changes in direction of a gradient
by performing U-turns rather than simply
reversing polarity (Zigmond et al. 1981; Xu
et al. 2003). According to the model, this
is because the positive-feedback loop at the
front and inhibitory backness signals at the
back and sides combine to render the pseudo-
pod much more sensitive to PI1(3,4,5)P3- and
Rac-activating actions of the attractant, more
or less forcing the cell to follow its nose.

Mechanisms Underlying Mutual
Incompatibility of Actin Assemblies

How do actin—myosin complexes inhibit the
frontness signals at the back and sides of neutro-
phils? First, several laboratories have identified
lipid domains, or “rafts,” distinctly different
in their composition, in plasma membrane
at leading and trailing edges of neutrophils.
Rich in cholesterol and sphingolipids and
potentially regulated in their composition and
distribution by actin assemblies, such rafts
could sequester or exclude specific signaling
proteins or lipids, including PI3Ky and
P1(3,4,5)P3 (Seveau et al. 2001; Gomez-
Mouton et al. 2004). Second, changes in
tension of membranes or the cytoskeleton
itself clearly modulate signaling proteins and
cytoskeletal assemblies. Stretching a fibroblast
along one axis inhibits Rac activity in plasma
membrane parallel to the direction of stretch,
thereby confining formation of new actin
polymers to unstretched membrane domains
(Katsumi et al. 2002). Thus, it seems possible
that localized stretching, applied by the cyto-
skeleton to nearby regions of the membrane,
may regulate signal transmission and the
cytoskeleton itself. Conversely, suppression
of backness activity by Racl in neutrophils
(Pestonjamasp et al. 2006) may depend on a
family of complexes recently characterized at
the leading edge (thus termed as leading
edge complexes) (Weiner et al. 2006). These
complexes are scaffolded by hematopoietic
protein 1 (Hem-1) and contain a diverse set of

potential polarity-regulating proteins such as
the regulatory subunit of myosin light chain
phosphatase. Depletion of Hem1 dramatically
impairs the frontness response and prevents
exclusion of activated myosin from the lead-
ing edge, perhaps because of misregulating
leading edge complexes that contain inhibi-
tors of the Rho-actomyosin pathway (Weiner
et al. 2006).

Long-distance Stimulation of Backness
by PI(3,4,5)P3 and Cdc42

During chemotaxis, neutrophils need to main-
tain a fine balance between the frontness and
the backness so that neither of the two responses
will win out and take over the entire cell.
How do cells control the relative strengths of
these two responses? Van Keymeulen et al.
(Van Keymeulen et al. 2006) presented evidence
that PI(3,4,5)P3 and Cdc42 act “at a distance”
to stimulate backness. The result of the long-
distance stimulation is that neither backness
nor frontness wins, because whenever front-
ness gets stronger it stimulates backness at a
distance, although inhibiting it locally. Thus,
PI(3,4,5)P3 and Cdc42 in neutrophils stabi-
lize polarity in two ways: by making pseudo-
pods more robust and also by augmenting
Rho-dependent actomyosin contraction at the
trailing edge.

FUTURE DIRECTIONS

Recent research efforts have begun to scratch
the surface of the complex signaling pathways
underlying the neutrophil’s ability to point in
any direction and allow it to navigate effectively.
However, there is still much to be learned about
how these amazing cells exploit chemotactic
signals spatially and temporally, and integrate
them to mediate directional migration. For
instance, we still do not know too much about
the molecular components within the positive
feedback loops and how the activity of the feed-
back loops can be attenuated. In addition, we do
not know the PI(3,4,5)P3-independent mech-
anisms that regulate neutrophil polarity and
directional migration, as noted earlier. Beyond
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these outstanding questions on mechanistic
details are larger unsolved questions, as high-
lighted in the following examples.

Mechanisms of Adaptation

Neutrophils and D. discoideum can be stimula-
ted by chemoattractant over several orders of
magnitude of ligand concentration. Exposure
to chemoattractant elicits a number of transient
responses, including actin polymerization,
PI(3,4.5)P3 production, Rho GTPase activa-
tion, and myosin phosphorylation (Devreotes
and Zigmond 1988; Weiner et al. 2000). The
cells become refractory to stimulation with a
given concentration of chemoattractant but
respond to stimuli of a greater intensity. This
phenomenon, referred to as adaptation, may
be critical for persistent directional migration
and perhaps interpretation of chemotactic
gradients. A common mechanism for adapta-
tion of G-protein-mediated signals is phospho-
rylation of the GPCR, which causes receptor
internalization and/or inhibition of its coup-
ling to G protein. Although phosphorylation
of GPCRs is observed during chemotaxis,
GPCR phosphorylation does not appear to be
necessary for adaptation or chemotaxis. Non-
phosphorylatable receptors in D. discoideum
(Kim et al. 1997) fail to internalize, yet
chemotaxis and adaptation of downstream
pathways remain unaltered, suggesting that
receptor phosphorylation is dispensable for
these processes. In addition, assessment of G
protein activation in migrating D. discoideum
(Janetopoulos et al. 2001) revealed that G pro-
teins remain dissociated during continuous
stimulation, suggesting that adaptation does
not involve turn off of the G protein (Ueda
et al. 2001). Thus, the mechanism of adapta-
tion during chemotaxis of D. discoideum and
neutrophils remains to be defined.

Polarity versus Direction Sensing

Devreotes and Janetopoulos (Devreotes and
Janetopoulos 2003) proposed a model that
draws a sharp distinction between polarity
(i.e., assumption of an asymmetric shape

with defined front and back) and directional
sensing, which they define as the ability to
detect an asymmetric extracellular cue and
generate an internal amplified response. In
their formulation, directional sensing is not
the same as polarity and indeed can function
in the absence of polarity. They explain direc-
tional sensing by a “local excitation-global
inhibition” model in which a rapid, local exci-
tation (reflected by PI[3,4,5]P3 accumulation)
is balanced by a slower “global inhibition”
process, which depends on average receptor
occupancy (Devreotes and Janetopoulos 2003;
Janetopoulos et al. 2004). In an attractant gra-
dient, local excitation at the leading edge will
exceed the steady-state level of inhibition,
whereas the opposite will be true at the back
of the cell; as a consequence, the gradient of
membrane PI(3,4,5)P3 is steeper than that of
the external attractant. The authors regarded
this amplification of signal asymmetry as fun-
damentally distinct from morphologic polar-
ity, because latrunculin-treated cells, which
are unable to polymerize actin (and thereby
polarize), can nonetheless show the ampli-
fied asymmetries of PI(3,4,5)P3 probes and
PTEN characteristic of directional sensing.
However, PI(3,4,5)P3 asymmetries in normal
D. discoideum cells (as in neutrophils) exposed
to an attractant gradient considerably exceed
those of latrunculin-treated cells (Devreotes
and Janetopoulos 2003), suggesting that poly-
merized actin exerts an additional gradient-
amplifying effect. How are spatial symmetries
of chemotactic signals developed in the
absence of polymerized actin? What are the
actin-dependent and -independent elements
of the chemotactic signals, and how do they
work together to achieve internal gradient
amplification? These are interesting questions
for future investigation.

Signal Integration and Prioritization in
Complex Arrays of Gradients

When migrating to a recruiting tissue, neutro-
phils encounter many different signals that
can potentially direct their path. For instance,
host endothelial, epithelial, and stromal cells
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surrounding sites of bacterial infection produce
an array of regulatory attractants. Other end-
target attractants such as bacterial peptides are
produced directly at the site of infection.
Therefore, once entering a tissue, a neutrophil
requires mechanisms to integrate and prioritize
the various signals it receives from the complex
environment such that it arrives at its correct
destination. Previous experiments (Foxman
et al. 1997) with the under-agarose chemotaxis
assay showed that neutrophils exposed to end-
target attractants appear to ignore the presence
of regulatory attractants, indicating the ability
of cells to prioritize signals from their end
targets over more general recruitment signals
from host cells. In contrast, in the presence of
only regulatory signals in the under-agarose
assay, neutrophils migrate as if responding to
the vector sum of these signals (Foxman et al.
1999). A recent study identified PTEN as a nece-
ssary component for neutrophils to prioritize
and integrate responses to multiple chemotac-
tic cues (Heit et al. 2008), but a more detailed
dissection of the molecular mechanisms is still
lacking. Molecular insights into this puzzle
should prove valuable in understanding
neutrophil navigation in complex environ-
ments and may yield important information
for inflammation and even cancer metastasis.
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