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Summary
Cell polarity is crucial for directed migration. Here we show that phosphoinositide 3-kinase (PI(3)
K) mediates neutrophil migration in vivo by differentially regulating cell protrusion and polarity.
The dynamics of PI(3)K products PI(3,4,5)P3-PI(3,4)P2 during neutrophil migration were visualized
in living zebrafish, revealing that PI(3)K activation at the leading edge is critical for neutrophil
motility in intact tissues. A genetically encoded photoactivatable Rac was used to demonstrate that
localized activation of Rac is sufficient to direct migration with precise temporal and spatial control
in vivo. Similar stimulation of PI(3)K-inhibited cells did not direct migration. Localized Rac
activation rescued membrane protrusion but not anteroposterior polarization of F-actin dynamics of
PI(3)K-inhibited cells. Uncoupling Rac-mediated protrusion and polarization suggests a paradigm
of two-tiered PI(3)K-mediated regulation of cell motility. This work provides new insight into how
cell signaling at the front and back of the cell is coordinated during polarized cell migration in intact
tissues within a multicellular organism.

Introduction
Cell polarization is necessary for the migration of cells in diverse processes including
embryogenesis, inflammation and tumor metastasis. Our current understanding of morphologic
polarity during cell migration is derived primarily from chemotaxis studies using Dictyostelium
discoideum and isolated mammalian cells such as neutrophils in vitro (Devreotes and
Janetopoulos, 2003; Insall and Machesky, 2009; Janetopoulos and Firtel, 2008; Kay et al.,
2008; Rericha and Parent, 2008; Stephens et al., 2008; Van Haastert and Veltman, 2007). While
the molecular events that regulate the dynamics of the cell’s leading edge or rear have been
the focus of numerous studies, the principle that defines cell polarity between the front and the
back is poorly understood. In addition, little is known about how polarized cell migration is
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regulated in three-dimensional (3D) tissue environments in vivo because few systems are
amenable to high resolution imaging of the spatio-temporal dynamics of signaling in live cells
within multicellular organisms. Experiments performed in vivo and using 3D conditions have
sometimes yielded results that are contradictory to those observed using two-dimensional (2D)
surfaces (Cukierman et al., 2001; Lammermann et al., 2008). For example, migration of
dendritic cells in the interstitial tissues does not require integrins, which are indispensable
adhesion proteins for motility over 2D surfaces (Lammermann et al., 2008). Thus, development
of a system to study cell signaling and polarity during cell migration in physiological settings
is critical for increasing our understanding of what is occurring in vivo.

Type I phosphoinositide 3-kinases (PI(3)Ks) generate the intracellular second messengers
phosphatidylinositol (3,4,5)P3-phosphatidylinositol(3,4)P2 (PI(3,4,5)P3-PI(3,4)P2) which are
critical regulators of a wide variety of cellular processes, including cell migration (Barberis
and Hirsch, 2008; Hawkins and Stephens, 2007; Vanhaesebroeck et al., 2005). PI(3)K regulates
forward protrusion of the leading edge by activating Rac through a Rac GEF, such as DOCK
(Nishikimi et al., 2009). PI(3)K was originally considered a central regulator of gradient
sensing during chemotaxis of D. discoideum and isolated neutrophils (Hirsch et al., 2000; Li
et al., 2000; Niggli and Keller, 1997; Parent et al., 1998; Sasaki et al., 2000; Servant et al.,
2000), but a series of recent in vitro studies have eroded this view (Andrew and Insall, 2007;
Chen et al., 2007; Ferguson et al., 2007; Heit et al., 2008; Hoeller and Kay, 2007; Nishio et
al., 2007). These recent studies have suggested that PI(3)K is dispensable for eukaryotic
chemotaxis and has only context-dependent roles in 2D environments. For example, in the
presence of specific chemoattractants and/or in shallow gradients of chemoattractants
chemotaxis does not require PI(3)K activity (Andrew and Insall, 2007; Ferguson et al., 2007;
Heit et al., 2008; Hoeller and Kay, 2007; Nishio et al., 2007). Therefore, the models that place
PI(3)K as an indispensable compass that regulates gradient sensing during chemotaxis are no
longer widely accepted (Insall and Machesky, 2009; Janetopoulos and Firtel, 2008; Kay et al.,
2008; Rericha and Parent, 2008; Stephens et al., 2008; Van Haastert and Veltman, 2007).
Although there are several recent studies that suggest that PI(3)K regulates interstitial migration
of leukocytes in vivo (Hirsch et al., 2000; Li et al., 2000; Nombela-Arrieta et al., 2004; Sasaki
et al., 2000), this view also needs to be re-evaluated based on the recent in vivo findings that
suggest that PI(3)K regulates leukocyte emigration from the blood vessel rather than interstitial
migration (Liu et al., 2007; Stephens et al., 2008). In addition, live imaging-based studies have
shown that PI(3)K products PI(3,4,5)P3-PI(3,4)P2 are not polarized during directional
migration of primordial germ cells and endodermal cells in zebrafish (Dumstrei et al., 2004;
Mizoguchi et al., 2008), raising further questions about the importance of polarized PI(3)K
signaling during chemotaxis in vivo.

To study how PI(3)K activity regulates neutrophil motility in vivo, we used zebrafish embryos,
which have been an emerging tool for the study of immune responses (Mathias et al., 2006;
Niethammer et al., 2009; Trede et al., 2004). Here we demonstrate a novel two-tiered PI(3)K-
mediated regulation of cell motility through both the modulation of Rac-mediated protrusion
at the leading edge and anteroposterior polarity of F-actin dynamics.

Results
PI(3)Kγ is necessary for directed migration of neutrophils in vivo

To determine how PI(3)K regulates directed migration in vivo independent of its effects on
extravasation, we developed a novel wound-induced chemotaxis system based on live imaging
using the transgenic line Tg(MPO:GFP)uw, in which neutrophils stably express GFP (Mathias
et al., 2006). Autofluorescent pigment cells were laser-wounded in the caudal hematopoietic
tissue (CHT), where neutrophils accumulate in zebrafish larvae at 2-3 days post fertilization
(dpf) (Murayama et al., 2006). The position of CHT was selected to exclude effects of PI(3)K
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inhibition on extravasation (Liu et al., 2007). Neutrophils in the CHT are relatively immotile
at rest compared to neutrophils in the mesenchymal tissues of the head (movie S1). The laser
wounding induced rapid recruitment of neutrophils in controls (average 7 neutrophils in 30
minutes, n=7). However, neutrophil recruitment to the wound was dramatically inhibited (n=7)
with the standard PI(3)K inhibitor LY294002 applied at 65μM, a concentration comparable to
what has been used both in vitro and in vivo in previous studies (Andrew and Insall, 2007;
Grabher et al., 2007; Sasaki et al., 2000; Servant et al., 2000) (Figures 1A and 1B, and movie
S1). We also confirmed that LY294002 inhibits neutrophil recruitment to the wound in a dose-
dependent manner by performing Sudan Black staining of embryos whose tail fins were
mechanically wounded by a needle (Figure S1A). PI(3)Kγ, class 1B p110γ, is the isoform
which is considered to be involved in chemotaxis of mammalian neutrophils (Barberis and
Hirsch, 2008; Hawkins and Stephens, 2007; Vanhaesebroeck et al., 2005). Consistent with this,
the PI(3)Kγ-specific inhibitor AS-605240 (Camps et al., 2005) inhibited neutrophil attraction
to wounds (Figure S1B). Further, we employed a genetic approach to knockdown PI(3)Kγ
(zgc:77033) using two different morpholino antisense oligos which disturb splicing and
translation separately (Figure 1C). These morpholinos did not have any obvious effects on the
location or number of neutrophils (Figure S1C). However, depletion of PI(3)Kγ in zebrafish
larvae significantly impaired neutrophil attraction to wounds (Figure 1D), indicating that PI
(3)Kγ is required for directional migration of neutrophils in vivo.

Live imaging of PI(3,4,5)P3-PI(3,4)P2 during neutrophil directed migration in vivo
Numerous studies using in vitro systems have reported that PI(3,4,5)P3-PI(3,4)P2 is localized
to the leading edge of D. discoideum and neutrophils in vitro (Parent et al., 1998; Servant et
al., 2000), however it has not been possible to investigate spatio-temporal dynamics of PI(3)
K activity in neutrophils migrating rapidly in vivo. In addition, zebrafish primordial germ cells
or endodermal cells perform chemotaxis to SDF1 without asymmetric polarization of PI(3,4,5)
P3-PI(3,4)P2 (Dumstrei et al., 2004; Mizoguchi et al., 2008). Therefore we established in vivo
high-resolution ratiometric imaging analysis in zebrafish to detect PI(3)K products PI(3,4,5)
P3-PI(3,4)P2 using modifications of previously reported methods for fibroblasts and dendritic
cells in vitro (Arrieumerlou and Meyer, 2005). In vivo ratiometric imaging excludes the pseudo
signals caused by volume effects of the cytoplasm or the cell membrane, which can be
especially problematic in 3D environments. To visualize dynamics of PI(3,4,5)P3-PI(3,4)P2 in
vivo, we expressed a probe for PI(3,4,5)P3-PI(3,4)P2 (PH domain of AKT fused to EGFP) and
mCherry (a cytoplasmic volume marker) specifically in neutrophils by using the MPO
promoter. Ratiometric imaging revealed that neutrophils generate PI(3,4,5)P3-PI(3,4)P2 at the
leading edge pseudopods when neutrophils migrate to a laser-induced wound (Figure 2A and
movie S2A). We found that the leading edge pseudopod bifurcates after formation and that
one of the bifurcated pseudopods becomes dominant in the direction of motility while PI(3,4,5)
P3-PI(3,4)P2 remains at dominant pseudopods and is lost from retracted pseudopods (Figure
2A and movie S2A). This migration mode is consistent with the motility model suggested
recently based on the analysis of D. discoideum in shallow gradients and also reported in
zebrafish leukocytes (Andrew and Insall, 2007; Cvejic et al., 2008). In control studies, we
confirmed that ratiometric imaging of EGFP/mCherry does not show any polarized signal
(Figure S2A).

Previously, we reported that neutrophils migrate away from a wound after reaching the wound
in zebrafish using highly directional migration, and suggested that reverse migration may
contribute to resolution of inflammation (Mathias et al., 2006). To determine if polarized
dynamics of PI(3,4,5)P3-PI(3,4)P2 are also observed in neutrophils during reverse migration,
we performed ratiometric imaging of PHAKT-EGFP/mCherry during neutrophil bidirectional
trafficking induced by wounding. Ratiometric imaging revealed that neutrophils lose polarity
of PI(3,4,5)P3-PI(3,4)P2 at the laser-induced wound, and during reverse migration from the
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wound repolarize PI(3,4,5)P3-PI(3,4)P2 to the opposite pole away from the wound (Figure 2B
and movie S2B). We also observed dynamic reversal of PI(3,4,5)P3-PI(3,4)P2 at a
mechanically-induced wound in the tail fin when neutrophils leave the wound (Figure S2B and
movie S2C). Thus, although the regulatory mechanisms that mediate reverse migration remain
elusive, polarity of PI(3,4,5)P3-PI(3,4)P2 is reversed when neutrophils leave the wound after
attraction, suggesting that PI(3)K signaling is likely involved in both forward and reverse
migration.

PI(3)K is necessary for random neutrophil motility in vivo
The findings that PI(3,4,5)P3-PI(3,4)P2 is polarized to the leading edge during both forward
and reverse migration prompted us to determine if PI(3)K is generally necessary for interstitial
migration of neutrophils in vivo. Neutrophils migrate spontaneously and display apparent
random motility in the mesenchymal tissues of the head at 2-3 dpf (Figure 3A and movies S1
and S3A); this system was utilized to study random neutrophil motility within intact tissues.
LY294002 treatment inhibited neutrophil random motility almost completely and induced
morphological changes including thin pseudopods and rounded tails (Figures 3A and 3F, and
movie S3A). The impaired random motility and morphology defects were restored after
washout of the drug (Figure 3A and movie S3A). To exclude the possibility that the drug may
alter neutrophil motility by affecting tissues surrounding the neutrophils, we expressed a
dominant negative construct of PI(3)K specifically in neutrophils. Although expression of
Δp85α, a deletion mutant of the adaptor subunit of class 1A PI(3)Ks, did not have apparent
effects on neutrophil migration (data not shown), expression of K799R, a kinase-dead mutant
of class 1B p110γ (Takeda et al., 1999) induced morphology defects with thin pseudopods and
rounded tails and impaired neutrophil migration, suggesting that neutrophil PI(3)Kγ is
necessary for the interstitial migration of neutrophils in zebrafish (Figure 3B and movie S3B).
Consistent with this, the PI(3)Kγ-specific inhibitor AS-605240 also impaired neutrophil
motility (movie S3C), and induced morphology defects similar to those observed with
LY294002 and PI(3)Kγ K799R.

We also imaged dynamics of PHAKT-EGFP/mCherry in the context of random migration, and
found that PI(3,4,5)P3-PI(3,4)P2 is concentrated at bifurcated pseudopods of the leading edge,
with the activity concentrated at dominant pseudopods and lost from retracted pseudopods
(Figures 3C-3E, and movies S4A and S4B). We also noted occasional pulse signals of PI(3,4,5)
P3-PI(3,4)P2 at the tail during random motility, that was not apparent during directional
migration (Figure 3D, and movies S4A and S4B). LY294002 treatment or PI(3)Kγ K799R
expression blocked signals of PI(3,4,5)P3-PI(3,4)P2 at the leading edge, indicating specificity
of the probe to report PI(3)K activity (Figures 3F, S3A and S3B, and movie S4C). Although
PTEN phosphatase, which dephosphorylates PI(3,4,5)P3-PI(3,4)P2 at the 3 position, may
modify the gradient of PI(3,4,5)P3-PI(3,4)P2, our results indicate that the polarized gradient of
PI(3,4,5)P3-PI(3,4)P2 cannot be formed without PI(3)K activity. As a further control for the
ratiometric analysis, we expressed farnesylated DsRed (DsRed-F) containing the farnesylation
sequence of H-Ras, to provide a suitable membrane marker that cannot bind to negatively
charged PI(3,4,5)P3-PI(3,4)P2 (Heo et al., 2006). Ratiometric imaging of this membrane-
targeted DsRed-F and PHAKT-EGFP also yielded high signals at the leading edge (Figure 3G
and movie S4D). It is interesting to note that we did not observe the periodic high signals at
the tail in the ratiometric imaging of PHAKT-EGFP/DsRed-F as seen with the combination of
PHAKT-EGFP/mCherry during random motility. In fact, we found that the farnesylated
membrane probe EGFP-F periodically accumulated at the tail (Figure 3H and movie S4E).
These findings indicate that PI(3,4,5)P3-PI(3,4)P2 is primarily localized to the leading edge,
but can also accumulate less frequently at the tail as a membrane component. We found that
this pulse of PI(3,4,5)P3-PI(3,4)P2 at the tail generally appears immediately after cell turning,
presumably due to changes in membrane bulk at the uropod (Figure S3C and movie S4B).
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Collectively, our results suggest that PI(3)K, specifically PI(3)Kγ, is critical for neutrophil
polarization and motility in intact tissues in vivo.

Photoactivation of Rac is sufficient to direct neutrophil migration in vivo, but not the
migration of PI(3)K-inhibited cells

To elucidate how PI(3)K regulates neutrophil morphology and motility, we developed the tools
to photoactivate a protein in specific cells of live zebrafish using a genetically-encoded Rac1
GTPase which can be photoactivated reversibly and repeatedly by 458nm light in tissue culture
systems (Wu et al., 2009). The current dominant model proposes that PI(3)K regulates forward
protrusion of the leading edge by activating Rac through a Rac GEF, such as DOCK (Nishikimi
et al., 2009). We therefore examined whether localized activation of Rac at the cell front could
rescue the morphology and migration defects induced by PI(3)K inhibition. First we established
a system to induce protrusion of the leading edge of neutrophils in live zebrafish by expressing
the photoactivatable Rac specifically in neutrophils (Figure 4A). Single photoactivation of Rac
at a given cell edge generated protrusion from the stimulated edge quickly after stimulation,
with protrusion lasting 2-3 minutes (Figure 4B and movie S5), and induced directed migration
(Figure 4C and movie S5). Directed migration induced by photoactivation of Rac lasted only
2-3 minutes, presumably due to diffusion or dark recovery of photoactivated Rac (half-life of
dark recovery is 43 seconds in vitro (Wu et al., 2009)). Stimulation with 458nm light did not
induce any obvious effects on morphology or migration of neutrophils expressing only
mCherry (Figure S4A). Strikingly, repeated photoactivation of Rac at the leading edge was
sufficient to direct neutrophil migration within tissues of zebrafish and to spell letters by
guiding the trajectories of individual neutrophils (Figure 4D and movie S6). This was
performed by repeating photoactivation on a small circular area (diameter 2-5μm) in the
pseudopods at the leading edge. Interestingly, it was difficult to reverse neutrophil polarity and
induce protrusion by performing photoactivation of Rac at the uropod in neutrophils migrating
rapidly (data not shown), suggesting that the tail of polarized neutrophils are resistant to focal
Rac-induced protrusion. This is consistent with previous reports suggesting that the uropod of
polarized cells are resistant to becoming a new front (Devreotes and Janetopoulos, 2003; Xu
et al., 2003). Guiding by photoactivation of Rac was also sufficient to impair neutrophil
attraction to a wound, and was used to alter the direction of migration and to guide a neutrophil
between the wound and the blood vessel (Figures S4B-4D, and movies S7A and S7B),
suggesting that localized Rac activation can overcome endogenous chemotaxis signaling.
Accordingly, photoactivation of Rac could also induce directed migration of relatively
immotile neutrophils in the CHT (Figure S4E).

To determine if Rac activation was sufficient to rescue the migration defect of PI(3)K-inhibited
cells, we induced polarized Rac activation at the leading edge in larvae exposed to PI(3)K
inhibitors. Intriguingly, photoactivation of Rac at the leading edge of PI(3)K-inhibited
neutrophils did not induce migration (Figure 4E). This was unexpected and contrary to the
current dominant model that PI(3)K regulates migration through Rac activation at the leading
edge. Further morphometric analysis revealed photoactivation of Rac at the leading edge can
induce protrusion of the leading edge but cannot induce migration or a normal contracted tail
(Figure 4F and movie S8). We also confirmed similar results by using the PI(3)Kγ-specific
inhibitor AS-605240 (data not shown). These findings suggest that the tail and migration defect
induced by PI(3)K inhibition is not just secondary to the protrusion defects.

Differential regulation of protrusion and polarity by PI(3)K
The observation that protrusion of the leading edge can be rescued by photoactivation of Rac
in PI(3)K-inhibited cells, but defects in tail morphology and migration cannot, raised the
question of how PI(3)K regulates the neutrophil uropod. We focused on the analysis of the
cytoskeleton at the tail to elucidate how PI(3)K regulates the uropod. In typical cells over 2D
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surfaces, both dynamic (rapidly assembling and disassembling) and stable (slowly assembling
and disassembling) populations of F-actin exist (Burkel et al., 2007). The dynamic F-actin is
associated with transient force production and protrusion at the leading edge, while the more
stable population is associated with more sustained, myosin-dependent tail contraction. We
used recently developed bioprobes for F-actin: calponin homology domain of utrophin fused
to GFP, which detects a population of stable F-actin (Burkel et al., 2007) and Lifeact (17 amino
acids of yeast Abp140) fused to Ruby, which detects all F-actin (Riedl et al., 2008). The
biosensor for stable F-actin labels the tail of neutrophil-like cells in vitro under normal
conditions (Cooper et al., 2008). By expressing the biosensors for stable F-actin and all F-actin,
we revealed that neutrophils migrating in vivo have dynamic F-actin at the leading edge and
stable F-actin predominantly at the tail (Figure 5A, and movies S9 and S10) and the lateral
sides (Figure S5A). This is different from the blebbing-based motility employed by various
types of cells in 3D environments, but is consistent with the migration mode of dendritic cells
in 3D (Insall and Machesky, 2009; Lammermann et al., 2008). Stable F-actin was also localized
at the tail during migration towards or away from a wound and during photoactivation of Rac
(Figure S5B and movies S7B and S10), suggesting that the polarity of F-actin dynamics persists
in all types of migration we examined. Interestingly, PI(3)K inhibition by LY294002 (Figures
5B and 5C, and movie S11A) or AS-605240 (movie S11B) disturbed localization of stable F-
actin at the tail and induced a more diffuse localization around the plasma membrane,
suggesting that PI(3)K regulates the anteroposterior polarity of stable F-actin. Inhibition of
Rho kinase or Myosin ATPase also inhibited normal accumulation of stable F-actin at the tail
(Figure 5D and movie S11C) while constitutively active Rho Q63L expression induced cell
rounding and localization of stable F-actin all over the membrane (Figure 5E and movie S12A).
This strongly suggests that stable F-actin at the tail corresponds to the Rho-regulated
actomyosin population in neutrophils in vivo. Rho inhibition by expression of a dominant
negative EGFP-RhoA T19N or EGFP-rGBD (RhoA binding domain of rhotekin fused to EGFP
(Benink and Bement, 2005; Worthylake et al., 2001)) induced rounding of the tail (Figure S5C,
and movies S12B and S12C). The similar phenotypes of stable F-actin mislocalization (Figures
5B-D, and movies S11A, S11B and S11C) and tail rounding (Figures 3F and S5C, and movies
S4C, S12B and S12C) induced by both inhibition of PI(3)K and Rho-Myosin signaling suggests
that PI(3)K and Rho may function in a similar pathway to regulate the dynamics of F-actin and
tail morphology. We also found that PI(3)K inhibition cannot relieve constitutively active Rho
Q63L-mediated effects on cell rounding or localization of stable F-actin (Figure 5E and movie
S12A), suggesting that PI(3)K is not functioning downstream of Rho.

To address how PI(3)K regulates the polarization of stable F-actin, we determined whether
localized Rac activation at the leading edge was sufficient to rescue targeting of the utrophin
probe to the uropod in PI(3)K-inhibited cells. In controls, repetitive photoactivation of Rac
induced protrusion of the leading edge with localization of stable F-actin at the tail (Figure 6A
and movies S7B and S13A). Unexpectedly, and in contrast to control cells, stable F-actin
concentrated more at the leading edge than the tail after repetitive photoactivation of Rac at
the leading edge of PI(3)K-inhibited cells (Figure 6B and movie S13B). We observed similar
results using AS-605240 (Figure S6 and movie S13C). These findings indicate that PI(3)K is
necessary for regulating anteroposterior polarity of F-actin dynamics in parallel with Rac
activation at the leading edge. Accordingly, we found that, in the presence of PI(3)K inhibitor,
after stopping photoactivation of Rac at the leading edge, protrusions induced by Rac activation
often subsequently contracted and pushed the cell body to the opposite direction, becoming
the tail (5 out of 7 movies, Figure S6 and movie S13C). Taken together, the results indicate
that PI(3)K activity at the leading edge is necessary to promote both “frontness” and “backness”
signaling, and prevents the leading edge from becoming the tail by regulating the polarity of
F-actin dynamics. Further, we examined whether positive feedback exists from Rac to PI(3)
K, which has been suggested by previous studies in vitro (Srinivasan et al., 2003; Sun et al.,
2004; Weiner et al., 2002). Photoactivation of Rac at the edge of an unpolarized neutrophil
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induced protrusion with polarized accumulation of PI(3,4,5)P3-PI(3,4)P2 (Figure 6C and movie
S14), suggesting that there is a positive feedback loop from Rac to PI(3,4,5)P3-PI(3,4)P2
production in neutrophils in vivo.

Discussion
We uncoupled two roles for PI(3)K in regulating neutrophil motility: Rac-mediated protrusion
of the leading edge, and polarization of F-actin dynamics that is separable from Rac activation.
This two-tiered regulation of motility by PI(3)K can explain why PI(3)K is critical for
neutrophil motility within complex tissues in vivo compared to its context-dependent roles in
vitro (Andrew and Insall, 2007; Chen et al., 2007; Ferguson et al., 2007; Heit et al., 2008;
Hoeller and Kay, 2007; Nishio et al., 2007). A previous report suggests that tail contraction is
critical for migration in 3D environments by pushing the nucleus through narrow and
constricted spaces (Lammermann et al., 2008). As another example to support the importance
of tail contraction for 3D migration, actomyosin-mediated tail contraction is not essential for
motility of D. discoideum over 2D surfaces (De Lozanne and Spudich, 1987), but is
indispensable for locomotion through 3D matrices that offer resistance (Laevsky and Knecht,
2003). The idea that PI(3)K is important for actomyosin-mediated tail contraction is consistent
with the previous report that PI(3)K regulates extravasation from the blood vessel (Liu et al.,
2007) because neutrophils need to be contracted to go through a narrow space between
endothelial cells. Although we suggest that PI(3)K-mediated anteroposterior polarity of F-actin
dynamics is not through Rac activation at the leading edge, several lines of evidence from in
vitro studies suggest that Rac regulates Rho activity or actomyosin contraction (Pestonjamasp
et al., 2006; Wu et al., 2009). It is intriguing to speculate that Rac may regulate uropod events
via PI(3)K activation, through the feedback loop from Rac to PI(3,4,5)P3-PI(3,4)P2 polarity
that has been reported in vitro (Srinivasan et al., 2003; Sun et al., 2004; Weiner et al., 2002)
and was demonstrated in vivo in this study.

It remains elusive how the PI(3,4,5)P3-PI(3,4)P2 gradient regulates polarity of F-actin
dynamics, but our data suggest that inhibition of PI(3)K and Rho-ROCK-Myosin pathway
leads to similar phenotypes: a rounded tail and loss of stable F-actin polarity. Although
spatiotemporal regulation is not clear, PI(3)K was previously demonstrated to suppress basal
activity of Rho (Papakonstanti et al., 2007; Van Keymeulen et al., 2006) or to regulate ROCK
in vitro (Niggli, 2000). Together with our data, this raises the possibility that PI(3)K, which is
mainly active at the leading edge, regulates Rho-ROCK-Myosin-mediated uropod contraction.
A possible hypothesis is that PI(3)K might inhibit Rho activity at the leading edge through
regulating, for example a Rho GAP and creating gradients of Rho activity from the front to the
back. Among Rho GAPs, Arap3, which was screened out as a binding protein to PI(3,4,5)P3,
is a candidate to mediate PI(3)K-dependent Rho regulation from the front to the back
(Krugmann et al., 2002). As another possibility, PI(3,4,5)P3-PI(3,4)P2 pulse which
occasionally appears at the tail as a membrane component (Figure 3D) might regulate uropod
events directly. Although we cannot rule out this possibility, a role of PI(3,4,5)P3-PI(3,4)P2 as
an instructive cue at the tail is unlikely because the pulse of PI(3,4,5)P3-PI(3,4)P2 at the tail is
much less frequent than PI(3,4,5)P3-PI(3,4)P2 at the front or stable F-actin at the tail. Thus, we
speculate that PI(3,4,5)P3-PI(3,4)P2 at the tail would have a permissive role together with other
instructive cues at the tail if there is a specific function. Alternatively PI(3)K might regulate
polarity of F-actin dynamics through Hem-1 (Weiner et al., 2006) or Pak (Chung et al.,
2001) which were suggested to regulate Rho and/or myosin-mediated tail contraction. It is also
possible that PI(3)K might induce a gradient of F-actin dynamics through cofilin activator
slingshot, which is activated downstream of PI(3)K in tissue culture systems (Nishita et al.,
2004). Finally, the defects in uropod morphology and F-actin dynamics in PI(3)K-inhibited
cells might also be due to altered adhesion at the leading edge. Although we cannot rule out
this hypothesis, the scenario of adhesion-mediated consolidation at the front needs to be
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reconciled with the recent report that leukocytes migrate in the absence of specific adhesive
interactions within 3D environments (Lammermann et al., 2008).

Here, for the first time, we have visualized the dynamics of PI(3)K products PI(3,4,5)P3-PI
(3,4)P2 during neutrophil migration in intact tissues in vivo. We have shown that PI(3)K is
critical for neutrophil polarity and motility in vivo. Cell migration could be directed in vivo
with precise spatio-temporal control using light-mediated activation of a novel genetically
encoded photoactivatable Rac. This enabled us to demonstrate that Rac activation at the leading
edge was sufficient to rescue membrane protrusion but not directed cell migration or polarity
of F-actin dynamics in PI(3)K-inhibited cells. With the majority of current data supporting a
model that PI(3)K regulates migration by promoting Rac-mediated leading edge formation,
our findings that PI(3)K regulates gradients of F-actin dynamics in a pathway that is separable
from Rac-mediated protrusion suggest a new paradigm of two-tiered regulation of cell motility
by PI(3)K: PI(3)K promotes Rac-mediated actin polymerization at the leading edge while
generating anteroposterior polarity of F-actin dynamics (Figure 6D).

Experimental Procedures (more details are included in supplemental data)
DNA expression vectors, RNA synthesis and Injection

All DNA expression vectors use the zMPO promoter for neutrophil expression (Mathias et al.,
2006), minimal Tol2 elements for efficient integration (Urasaki et al., 2006) and a SV40
polyadenylation sequence (Clontech Laboratories, Inc). A construct containing full-length
Tol2 transposon arms was kindly provided by M. Nonet and was used to create the minimal
Tol2 elements as described previously (Urasaki et al., 2006). Constructs which have each of
the following sequences in this backbone vector were constructed: PHAKT-EGFP (PH domain
of AKT fused to EGFP, the original plasmid is a generous gift from T. Balla), mCherry (the
original plasmid is a generous gift from R. Tsien), DsRed-F (DsRed with the farnesylation
sequence of H-Ras at the C-terminus, Clontech Laboratories, INC), EGFP-F (EGFP with the
farnesylation sequence of H-Ras at the C-terminus), EGFP-UtrCH (calponin homology domain
of utrophin fused to EGFP, the original plasmid is a generous gift from W. Bement) (Burkel
et al., 2007), EGFP-rGBD (RhoA binding domain of rhotekin fused to EGFP, the original
plasmid is a generous gift from W. Bement) (Benink and Bement, 2005), mCherry-PA-Rac1
(Wu et al., 2009), mCherry-RhoA Q63L or EGFP-RhoA T19N (the original plasmids are
generous gifts from G. Bokoch), Lifeact-Ruby (the original plasmid is a generous gift from M.
Sixt). We also made constructs in which bovine Δp85α (a generous gift from M. Vicente-
Manzanares) and human K799R p110 (generated by PCR mutagenesis of the IMAGE clone
5749986 (ATCC)) were fused to mCherry respectively by 2A-peptide (the original plasmid is
a generous gift from E. Provost), which drives separate expression of 2 proteins (Provost et
al., 2007). Transposase mRNA was synthesized from pCS-TP by in vitro transcription
(Invitrogen). For injection of a single construct, 0.5 nL of solution containing 25 ng/μL DNA
plasmid and 35 ng/μL Transposase mRNA was injected into the cytoplasm of one-cell stage
embryos, as described previously (Fisher et al., 2006). For injection of 2 constructs, 0.5 nL of
solution containing 12.5 ng/μL of each construct and 35 ng/μL Transposase mRNA was
injected into the cytoplasm of one-cell stage embryos. DNA plasmids with the Tol2-zMPO
backbone were injected and expressed transiently as described in Supplemental Information.

Live imaging and laser wounding
Embryos at 2-3 days post fertilization (dpf) were settled on a glass-bottom dish for live imaging.
For imaging longer than 1h, embryos were embedded in 1% low-melting point agarose. Time-
lapse fluorescence images were acquired with a confocal microscope (FluoView FV1000,
Olympus) using a NA 0.75/20x objective or a NA 1.10/60x water immersion objective lens.
Each fluorescence channel and DIC images were acquired by sequential line scanning. Z-series
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were acquired using 260-600 μm pinhole and 2-10 μm step sizes. Z-series images were stacked
or 3D-reconstruced by the FluoView FV1000 software (Olympus). To make overlay images
of DIC and fluorescence or ratiometric pictures, Z-stacked fluorescence or ratiometric images
were overlayed onto a single DIC plane. Laser wounding was performed by focusing the 405
nm diode laser with the maximal power into a small circular area (diameter 1 μm) for 30-60
seconds. An autofluorescent pigment was targeted by the laser for wounding in the caudal
hematopoietic tissue (CHT). Where indicated, embryos were pretreated with 65 μM LY294002
(Calbiochem), 100 μM Blebbistatin (Calbiochem), 10 μM AS-605240 (Sigma Aldrich) for 1
hour or 500 μM Y-27632 (Calbiochem) for 2-3 hours, then images were taken with drugs in
E3.

Photoactivation of mCherry-PA-Rac1
Embryos injected with Tol2-MPO-mCherry-PA-Rac1-polyA or Tg(MPO:mCherry-PA-
Rac1)uw were imaged at 2-3 dpf. Because high expression of this protein leads to leaky
activation of Rac without stimulation, we carefully selected cells which had a normal polarized
morphology with moderate expression of mCherry-PA-Rac1. For efficiency of activation by
light, we only targeted neutrophils on the surface of the head, yolk, midbody or fin. To induce
cell protrusion, 458nm laser was focused into a small circular area (diameter 2-5 μm) for 20-30
seconds with 3% power 10.0 μs/pixel (tornado function) with a confocal microscope (FluoView
FV1000, Olympus) using a NA 0.75/20x objective (Wu et al., 2009). To induce directional
migration or guide neutrophils, this procedure was repeated every 2-3 minutes at the leading
edge of neutrophils.

Tail fin wounding and Sudan-black staining of neutrophils
Embryos pretreated with DMSO, LY294002 (32.5-65 μM) or AS-605240 (2.5-10 μM) for 1
hour at 3 dpf or morphants at 2 dpf were anesthetized by 0.2 mg/mL Tricaine, and wounded
at the tail fin with a needle. Sudan-black staining of neutrophils was performed as described
previously (Le Guyader et al., 2008; Levraud et al., 2008). Embryos were fixed 1 hour after
wounding in 4% formaldehyde in PBS for 1.5 hours at room temperature, rinsed in PBS,
incubated in 0.03% Sudan Black, followed by extensive washing in 70% ethanol. After
rehydration to PBST (0.1% Tween-20), pigments were removed by incubation in 1% H2O2,
1% KOH solution. Embryos were observed using a Nikon SMZ-1500 zoom microscope
(Nikon).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PI(3)Kγ is necessary for directed migration of neutrophils in vivo.
(A) 65 μM LY294002 treatment inhibits attraction of neutrophils to a laser wound in the caudal
hematopoietic tissue (CHT). The lines indicate tracking of individual neutrophils over 30
minutes and the yellow thunder shows the position of the laser wound. Note neutrophils migrate
rapidly toward the wound in control (DMSO), but not after LY294002 treatment (movie S1).
(B) The number of neutrophils that reach the laser wound in the CHT within 30 minutes is
quantified (7 movies for each condition, *, P<0.001, two-tailed unpaired t-test). Note
LY294002 treatment inhibits attraction of neutrophils to the wound. (C) Splice morpholino
disturbs splicing of PI(3)Kγ transcript. MPO transcript indicates integrity of neutrophils in
morphants. (D) Knockdown of PI(3)Kγ inhibits directional migration of neutrophils to wounds
(neutrophils are indicated with blue arrows in control, *, P<0.001, two-tailed unpaired t-test).
Data of (D) are representative of 3 separate experiments. Scale bar, 50 μm (A).
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Figure 2.
PHAKT-EGFP translocates to the leading edge when neutrophils come to and leave laser-
induced wounds.
(A) Time-lapse ratiometric imaging (PHAKT-EGFP/mCherry) reveals PI(3,4,5)P3-PI(3,4)P2
localization at the leading edge during attraction to a laser wound in the tail fin (movie S2A).
The white dots and arrows indicate the position of the wound and direction of migration
respectively. (B) Reversal of PI(3,4,5)P3-PI(3,4)P2 (ratiometric imaging of PHAKT-EGFP/
mCherry) when a neutrophil leaves the laser wound (movie S2B). Note loss of PI(3,4,5)P3-PI
(3,4)P2 polarity at the wound, followed by reversal of polarity to the opposite pole away from
the wound when the neutrophil leaves the wound (green line: tracking of a neutrophil, yellow
thunder: position of the laser wound, white arrows: direction of migration, illustration with
white line: morphology of a neutrophil). Data are representative of more than 5 time-lapse
movies from a minimum of 3 separate experiments. The numerical values of ratiometric
analysis are shown in the scales. Scale bars, 10 μm (A, B).
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Figure 3.
PI(3)K is critical for neutrophil motility and is active at the leading edge in the mesenchymal
tissues of the head.
(A) Random migration of neutrophils is arrested by 65 μM LY294002 and restored after
washout of the drug. The lines indicate tracking of neutrophil motility (12 cells per condition)
imaged for 30 minutes using Tg(MPO:GFP)uw (movie S3A). (B) PI(3)Kγ K799R disturbs
interstitial motility of neutrophils (movie S3B, *, P<0.001, two-tailed unpaired t-test, GFP:
128 neutrophils (40 movies), GFP, mCherry: 45 neutrophils (9 movies), GFP, K799R: 44
neutrophils (34 movies). (C) 3D reconstruction of ratiometric image (PHAKT-EGFP/
mCherry). (D) Time-lapse ratiometric imaging (PHAKT-EGFP/mCherry) of PI(3,4,5)P3-PI
(3,4)P2 dynamics during random migration (movie S4A). PI(3,4,5)P3-PI(3,4)P2 is mainly
localized at the leading edge (green arrowheads) and occasionally at the tail (magenta arrow
heads). White arrows indicate direction of migration. (E) PI(3,4,5)P3-PI(3,4)P2 at the
bifurcated pseudopod, indicated by arrowheads (movie S4A). (F) Treatment with 65 μM
LY294002 inhibits the leading edge signal of PI(3,4,5)P3-PI(3,4)P2 and induces high
ratiometric signals of PHAKT-EGFP/mCherry in the cell body of neutrophils (movie S4C).
Note the rounded tails and thin pseudopods induced by LY294002. (G) PI(3,4,5)P3-PI(3,4)
P2 signal at the leading edge by ratiometric imaging of PHAKT-EGFP/farnesylated DsRed
(DsRed-F) (movie S4D). The white arrow indicates direction of migration. (H) Ratiometric
imaging of EGFP-F/mCherry reveals periodic accumulation of membrane components at the
tail (movie S4E). The white arrow indicates direction of migration. Images are representative
of 3 (A) and more than 5 (C-H) time-lapse movies from a minimum of 3 separate experiments.
Scale bars, 50 μm (A), 10 μm (D-H).
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Figure 4.
Photoactivation of Rac at the leading edge can rescue the protrusion defects but not the rounded
tail or migration defects induced by PI(3)K inhibition.
(A) A schematic representation of photoactivation of Rac at the neutrophil leading edge in
zebrafish. (B) Photoactivation of Rac at the leading edge induces protrusion and migration of
a neutrophil in tissues (movie S5). The circle indicates the position of Rac photoactivation.
(C) Overlayed images of (B) show directional migration induced by photoactivated Rac. (D)
Spelling by neutrophil trajectories guided through repetitive photoactivation of Rac at the
leading edge (movie S6). (E) Overlayed images show that PI(3)K inhibition disturbs Rac
photoactivation-induced migration (The leading edge was activated for 20 seconds twice
during 5 minute imaging). (F) Photoactivation of Rac at the front (circles) can rescue the
protrusion defect induced by PI(3)K inhibition (arrows), but not the rounded tail defect
(arrowheads) (movie S8). Images are representative of more than 5 time-lapse movies from
experiments repeated on at least two separate dates. Scale bars, 20 μm (B, C), 10 μm (D-F).
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Figure 5.
PI(3)K regulates anteroposterior polarity of F-actin dynamics.
(A) Stable F-actin (GFP-UtrCH) is localized at the tail while dynamic F-actin (Lifeact-Ruby
subtracted by GFP-UtrCH) is localized at the front (movie S9). (B) In control, GFP-UtrCH
labels the tail. (C) PI(3)K inhibition by LY294002 disturbs tail localization of stable F-actin
(movie S11A). (D) Myosin ATPase and Rho kinase inhibition disturbs tail localization of stable
F-actin (movie S11C). (E) Constitutively active RhoQ63L induces cell rounding and
localization of stable F-actin all over the membrane (top panel). PI(3)K inhibition does not
relieve constitutively active Rho-mediated effects on cell rounding or localization of stable F-
actin (lower panel) (movie S12A). Images are representative of more than 5 time-lapse movies
from experiments repeated on at least two separate dates. Scale bars, 10 μm.
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Figure 6.
PI(3)K regulates anteroposterior polarity of F-actin dynamics in a pathway that is separable
from Rac-mediated protrusion.
(A) In control, photoactivation of Rac at the leading edge induces protrusion at the leading
edge with GFP-UtrCH (stable F-actin) localized at the tail (movie S13A). (B) Photoactivation
of Rac with PI(3)K inhibition induces protrusion with GFP-UtrCH (stable F-actin) localized
at the leading edge, indicating reverse polarity of F-actin dynamics (movie S13B). (C)
Protrusion induced by photoactivation of Rac induces PHAKT-EGFP accumulation at the
leading edge, suggesting a positive feedback from Rac to PI(3,4,5)P3-PI(3,4)P2 gradient
(movie S14). (D) A schematic representation of two-tiered PI(3)K-mediated regulation of cell
motility: PI(3)K promotes Rac-mediated actin polymerization at the leading edge while
generating anteroposterior polarity of F-actin dynamics. Images are representative of more
than 5 time-lapse movies from experiments repeated on at least two separate dates. Scale bars,
10 μm.
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