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C

ell polarity is essential for cell division, cell differentiation, and most differentiated cell functions
including cell migration. The small G protein
Cdc42 controls cell polarity in a wide variety of cellular
contexts. Although restricted localization of active Cdc42
seems to be important for its distinct functions, mechanisms responsible for the concentration of active Cdc42 at
precise cortical sites are not fully understood. In this study,
we show that during directed cell migration, Cdc42 accumulation at the cell leading edge relies on membrane
traffic. Cdc42 and its exchange factor PIX localize to
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intracytosplasmic vesicles. Inhibition of Arf6-dependent
membrane trafficking alters the dynamics of Cdc42positive vesicles and abolishes the polarized recruitment
of Cdc42 and PIX to the leading edge. Furthermore,
we show that Arf6-dependent membrane dynamics is
also required for polarized recruitment of Rac and the
Par6–aPKC polarity complex and for cell polarization.
Our results demonstrate influence of membrane dynamics
on the localization and activation of Cdc42 and consequently on directed cell migration.

Introduction
Cell polarity is crucial both during development and in the
adult, where it participates in polarized cell functions such as
neuronal synaptic transmission, epithelial barriers, or cell migration. Cdc42 is a major regulator of cell polarity from yeast to
mammalian cells (Etienne-Manneville, 2004) and controls the
direction of cell migration in chemotaxis and wound-induced
migration (Allen et al., 1998; Etienne-Manneville and Hall,
2001; Li et al., 2003). Cdc42 activity can be regulated either
positively by guanine nucleotide exchange factors (GEFs) or
negatively by GTPase-activating proteins (GAPs; EtienneManneville and Hall, 2002). Inhibition but also constitutive
activation of Cdc42 or its GEF perturbs cell orientation (Adams
et al., 1990; Etienne-Manneville and Hall, 2001; Caviston et al.,
2002; Etienne-Manneville, 2004), indicating that Cdc42 activation must be temporally and spatially restricted to successfully
promote cell polarization (Park and Bi, 2007). In Saccharomyces cerevisiae, Cdc42 accumulates at the presumptive growth
site, where it promotes polarized cell growth (Nern and Arkowitz,
2000) or the formation of mating projection in response to
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pheromone (Johnson, 1999). During wound-induced directed
cell migration, Cdc42 is recruited to the wound edge to induce
the polarization of the cell toward the wound (Nobes and Marsh,
2000; Etienne-Manneville and Hall, 2001; Palazzo et al., 2001;
Nalbant et al., 2004).
The mechanisms that control Cdc42 localization are likely
to be crucial for cell polarity but are still poorly understood.
In budding yeast, Cdc42p-restricted localization requires the
polarized recruitment of the Cdc42p GEF Cdc24p, which is
regulated by various polarity cues (Nern and Arkowitz, 2000;
Shimada et al., 2000). It also involves actin-driven membrane
delivery (Wedlich-Soldner et al., 2003; Slaughter et al., 2009).
In migrating astrocytes, Cdc42 recruitment and activation to the
leading edge depend on its GEF PIX (Osmani et al., 2006), but
the involvement of membrane trafficking in Cdc42 localization
and cell polarity remains unknown. Thus, we investigated the
dynamics of Cdc42 and its regulation in polarizing astrocytes.
The colocalization of Cdc42 with Arf6, a key regulator of membrane endocytosis and recycling, prompted us to study the role
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Results and discussion
We used a wound-induced astrocyte migration assay to monitor
the dynamics of GFP-Cdc42 during cell polarization (Fig. 1 and
Videos 1 and 2). Although expression of GFP alone induced a
diffuse fluorescence that concentrated in the nucleus, GFPCdc42 accumulated at the leading edge of wound-edge cells
(Fig. 1 A). We have previously demonstrated that the increased
GFP-Cdc42 fluorescence at the leading edge was not caused
by membrane ruffling but reflected the local accumulation of
Cdc42 at the leading edge (Etienne-Manneville and Hall, 2001;
Osmani et al., 2006). Cdc42-GFP was also visible in limited regions of cell–cell contact, as reported previously (Michaelson
et al., 2001). In addition, Cdc42 was visible on a perinuclear
compartment, where it colocalized with the cis-Golgi marker
GM130 (Fig. 1 E), which is in agreement with the previously
reported interaction of Cdc42 with the COP subunit of coato
mer (Erickson et al., 1996; Wu et al., 2000; Nalbant et al., 2004).
Cdc42 also labeled vesicles of various sizes. In nonmigrating
confluent cells, Cdc42-positive vesicles were mainly immobile
(Fig. 1 B and Video 3). In migrating astrocytes, large Cdc42positive structures were visible and resembled macropinosomes,
which form during astrocyte migration (Video 4). These large
vesicles tended to accumulate when Cdc42 was largely over
expressed (Video 2), possibly as a consequence of Cdc42 function in endocytosis (Georgiou et al., 2008; Rodal et al., 2008;
Hehnly et al., 2009). In migrating cells, we also observed small
and very dynamic Cdc42-positive vesicles, moving in a directed
manner toward the leading edge and also from the leading edge
toward the cell center (Fig. 1 C and Videos 1 and 2). To determine the nature of the Cdc42-positive membrane structures,
we stained cells with the early endosome marker EEA1. Large
and some of the small Cdc42-positive vesicles were EEA1 positive, showing the localization of Cdc42 on the endosomal compartment (Fig. 1 F).
The presence of EEA1 on Cdc42-positive vesicles led
us to compare the localization of Cdc42 with that of Arf6, a
well-established component of endocytic and recycling pathways (D’Souza-Schorey and Chavrier, 2006). Arf6 has been
shown to control the vesicular traffic of the Rho GTPase Rac1
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(Albertinazzi et al., 2003; Balasubramanian et al., 2007; Cotton
et al., 2007), but its relationship with Cdc42 has not been investi
gated so far. In the absence of antibody suitable for immuno
fluorescence, we used a CFP-tagged Arf6 construct. CFP-Arf6
localized at the plasma membrane and decorated intracellular
vesicles in cell periphery and in a pericentriolar region (Peters
et al., 1995; Radhakrishna and Donaldson, 1997; D’SouzaSchorey et al., 1998). CFP-Arf6 colocalized with Cdc42 on
patches at the plasma membrane and on intracytoplasmic vesicles (Fig. 2, A and B). We depleted Arf6 using two different
siRNA (Fig. S1) and analyzed the dynamics of GFP-Cdc42–
positive structures (Video 5). In Arf6-depleted cells, the Golgi
localization of Cdc42 was perturbed, although the Golgi structure, as seen with GM130 staining, remained intact (Fig. S1 B).
Cdc42 localization on vesicles was only slightly decreased, and
Cdc42-GFP was still present on EEA1-positive vesicles, which
often accumulated in a perinuclear area (Fig. 2 C and Fig. S1 C).
Rab5 inhibition was more potent than Arf6 in perturbing Cdc42
localization on vesicles (Fig. 2 C), suggesting that Cdc42 localization on vesicles requires endocytosis and that Arf6 does not
play a major role in this process. Nevertheless, depletion of
Arf6 dramatically reduced the dynamics of the Cdc42-positive
vesicles (Fig. 2 D and Video 2). These results indicate that endo
cytosis and Arf6-dependent membrane traffic are key regulators
of membrane-bound Cdc42 dynamics in migrating cells.
We then tested whether Cdc42-polarized recruitment
required membrane traffic. Inhibition of Arf6 by siRNA or
by a dominant-negative construct dramatically perturbed Cdc42
recruitment at the leading edge (Fig. 2, E and F). Similarly,
dominant-negative Rab5 prevented Cdc42 accumulation at
the leading edge (Fig. 2 E). In contrast, control siRNA (Fig. 2,
E and F, siCTL) and siRNA-mediated depletion of Rac, which
prevents astrocyte migration but not centrosome reorientation
(Etienne-Manneville and Hall, 2001), had no effect (Fig. S2).
These observations show that Cdc42 accumulation at the leading edge plasma membrane involves Arf6-dependent vesicular
traffic independently of the role of Arf6 in the regulation of Rac activity and cell motility. They suggest that recycling of membranebound Cdc42 is involved in Cdc42 recruitment to sites of cell
polarization. A similar role of membrane recycling has been
suggested for polarized recruitment of Cdc42 to the bud site in
S. cerevisiae (Wedlich-Soldner et al., 2003; Slaughter et al.,
2009), suggesting that membrane traffic may be a very general
mechanism to direct the delivery of Cdc42 to polarizing sites.
We then determined whether vesicular traffic was involved in wound-induced Cdc42 activation. In response to the
scratch, Cdc42 is activated by the exchange factor PIX downstream of an integrin-induced Src-dependent signaling cascade, which is activated at the cell wound edge (see Fig. 5;
Osmani et al., 2006). Depletion of Arf6 abolished woundinduced Cdc42 activation (Fig. 3 A), demonstrating the role
Arf6-dependent membrane dynamics in Cdc42 regulation.
In agreement with the role of Arf6 in focal adhesion turnover
(Daher et al., 2008; Torii et al., 2010), focal adhesions appeared longer in Arf6-depleted than control cells. However,
the distribution of focal adhesions remained polarized (Fig. S1 D),
indicating that in Arf6-depleted and control cells, integrin
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of Arf6-dependent membrane traffic in Cdc42 localization and
cell polarity.
Arf6 is a member of the ARF (ADP ribosylation factor)
family of small GTPases. Arf6 localizes at the plasma membrane and the endocytic system, where it acts in a wide range of
processes, including endocytosis, recycling, and organization of
the actin cytoskeleton (D’Souza-Schorey and Chavrier, 2006).
Arf6 is overexpressed in invasive tumors like gliomas and is essential for tumor cell invasion (Sabe, 2003; Li et al., 2006; Hu
et al., 2009). Arf6 function in cell migration (Santy and Casanova,
2001; Svensson et al., 2008) is thought to be mediated by its
role in the regulation of the Rho GTPase Rac and actin remodeling (Di Cesare et al., 2000; Matafora et al., 2001; Palacios and
D’Souza-Schorey, 2003; Cotton et al., 2007). In this study, we
show that Arf6 also plays a key role in the regulation of Cdc42
and cell polarity.
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Figure 1. GFP-Cdc42 localizes to plasma membrane and intracellular vesicles of migrating cells. (A) GFP-Cdc42 (top left) and GFP (top right) fluorescence
in migrating primary astrocytes. (bottom left) Higher magnification view of the boxed region shows accumulation of GFP-Cdc42 at the leading edge.
(bottom right) Fluorescence intensity of GFP-Cdc42 (blue) measured along three lines (as indicated) drawn across the leading edge (blue) or side edge (green)
is shown. Fluorescence intensity of GFP measured along three lines drawn across the leading edge of the GFP-expressing cell is shown in red. Cell–cell
contact areas with increased Cdc42 intensity have been disregarded. (B) GFP-Cdc42 fluorescence in a nonmigrating confluent astrocyte (left) and image
showing the maximum projection of Video 3 (right). (C) Images showing the maximum projection of Video 2. A higher magnification of the boxed area is
shown on the right. Directed movement of small Cdc42-positive vesicles appears as white lines along the length of the protrusion. Large immobile Cdc42positive vesicles are indicated with asterisks. (D) Still images from Video 2 showing the retrograde (black arrow) and anterograde movement (white arrows)
of Cdc42-positive vesicles in the cell protrusion. (E) GM130 staining (red) in GFP-Cdc42 (green)–expressing cells. (F) EEA1 staining (red) in GFP-Cdc42
(green)–expressing cells showing the endosomal EEA1 marker on Cdc42-positive vesicles (arrowheads). Images are representative of at least 100 cells
from three independent experiments. The dashed line indicates the direction of the wound. Bars, 10 µm.

signaling was restricted to the wound edge. In migrating cells,
PIX colocalized with Cdc42 at the leading edge (Fig. 3,
B and C) and on small intracytoplasmic vesicles (Fig. 3 C,

arrowheads), but it was absent from larger cytoplasmic structures
(Fig. 3 C, asterisk). PIX recruitment to the leading edge was
strongly reduced in Arf6-depleted cells (Fig. 3 D), suggesting
Membrane traffic and cell polarity • Osmani et al.
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constructs or nucleofected with the indicated siRNA. (right) Higher magnification images of the leading edges (boxed areas) are shown. Dotted lines
indicate the direction of the wound. Data are shown as mean ± SEM of
three to six independent experiments totalizing >200 cells. Bars, 10 µm.
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Figure 2. Arf6 colocalizes with Cdc42 and regulates Cdc42 dynamics and
localization. (A) Colocalization of GFP-Cdc42 (green) and CFP-Arf6 (red) in
a migrating astrocyte. Higher magnification images of boxed areas 1 and
2 are shown on the left and right, respectively. CFP-Arf6 and GFP-Cdc42
colocalized (arrowheads) in discrete areas at the leading edge plasma
membrane (box 1) and on intracellular vesicles (box 2). (B) Fluorescence
intensities of GFP-Cdc42 (green) and CFP-Arf6 (red) measured along the
line shown in A (box 1). (C) GFP-Cdc42 recruitment to intracytoplasmic
vesicles in astrocytes microinjected with the indicated constructs or nucleofected with the indicated siRNA. (D) Maximum projection of Video 4. (bottom)
A higher magnification of the boxed area is shown. (E) Recruitment of
GFP-Cdc42 to the leading edge of migrating astrocytes after microinjection
with the indicated constructs or nucleofection with the indicated siRNA.
(F) GFP-Cdc42 fluorescence images in cells microinjected with the indicated

that vesicular traffic controls the delivery of Cdc42 together with
its GEF PIX to the wound-edge plasma membrane (see Fig. 5).
It is tempting to speculate that wound-induced Src activation
downstream of integrins and interaction with Scrib promotes
PIX activation and consequently Cdc42 activation (see Fig. 5;
Feng et al., 2006; Osmani et al., 2006). Active Cdc42 together
with PIX may inhibit Arf6 activity at the leading edge via
GIT, a PIX-associated Arf6 GAP (Hoefen and Berk, 2006),
to maintain a stable accumulation of Cdc42 at the leading edge
of migrating cells. Alternatively, Cdc42 may also modulate
Arf6 activity through aPKC and GSK3 as shown in epithelial
cells (Farooqui et al., 2006).
In migrating astrocytes, Cdc42 controls centrosome positioning in front of the nucleus and cell orientation toward the
wound (Etienne-Manneville and Hall, 2001). Wound-induced
Cdc42 activation induces the recruitment and activation of the
polarity protein complex Par6–aPKC, which in turn phosphorylates GSK3 to locally promote adenomatous polyposis coli
(APC) clustering at microtubule plus ends, microtubule anchoring, and centrosome reorientation (Etienne-Manneville and
Hall, 2003; Etienne-Manneville et al., 2005; Manneville et al.,
2010). Depletion of Arf6 strongly affected the Cdc42-dependent
recruitment of Par6 and aPKC to the wound edge of the cells
(Fig. 4 A). Immunolocalization of the Thr410-phosphorylated
aPKC indicated that the leading edge recruitment of the activated aPKC also depended on Arf6 (Fig. 4 B). APC accumulation
at microtubule plus ends was strongly reduced in Arf6-depleted
cells (Fig. 4 C). These results confirm the role of Arf6-dependent
membrane traffic in the wound-induced activation of Cdc42and Cdc42-dependent polarity pathway. Consistently, inhibition
of Arf6 by siRNA or a dominant-negative construct inhibited
centrosome and Golgi reorientation in wounded astrocytes
(Fig. 4, D and E). Expression of an siRNA-insensitive Arf6 construct restored a correct cell orientation (Fig. 4 E). Expression
of a GFP protein or transfection with control siRNA had no
effect on cell polarization. Thus, we conclude that the regulation of Cdc42 localization by Arf6 contributes to the activation
of the Par6–aPKC polarity pathway and to the polarized reorganization of the microtubule network (Fig. 5). Dominant-negative
Rab5 and Eps15, which interfere with endocytosis, also prevented Cdc42 recruitment to the leading edge and inhibited cell
orientation (Fig. 2 E and not depicted). Collectively, these observations indicate that membrane traffic is involved in the regulation of cell polarity by controlling Cdc42-polarized delivery
to cortical sites and consequently by promoting the integrinmediated activation of Cdc42 and the Cdc42-mediated polarity
pathway (Fig. 5).
In addition to its role in cell orientation, Arf6-dependent
membrane traffic also controlled the formation of protrusion
(Fig. 4 F). We have shown previously that protrusion length
depends essentially on Rac activity (Etienne-Manneville and

Hall, 2001). However, although Rac depletion totally abolished astrocyte protrusion and migration, Arf6 depletion only
had a moderate effect. Protrusions in Arf6-depleted cells were
shorter (Figs. 2 F and 4 F), and cell migration was 20–25%
slower than in control cells (Fig. S1 E and Videos 6 and 7).
We found that Arf6 and PIX were required for Rac accumulation at the leading edge of migrating astrocytes (Fig. S3).
However, in contrast with Cdc42 (Osmani et al., 2006), Rac
recruitment did not involve PIX catalytic activity but required the SH3 domain of PIX (Fig. S3; Cau and Hall, 2005;
Mott et al., 2005; ten Klooster et al., 2006). We could not detect any change in Rac activity levels after Arf6 depletion.
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Figure 3. Arf6 controls the localization of
the Cdc42-GEF PIX and Cdc42 activation
upon wounding. (A) Wound-induced Cdc42
activation in cells nucleofected with the indicated siRNA. (left) Western blots showing a
representative experiment. (right) Histogram
showing the quantitative measurement of
Cdc42 activity. Values are normalized by the
Cdc42 activity observed in the control condition (siCTL, time 0). **, P = 0.01. (B) Colocal
ization of GFP-Cdc42 (green) and HA-PIX
(red) in a migrating astrocyte. (C) Magnified
view of the front edge area of the cell shown
in B. Arrowheads point to regions showing
colocalization of GFP-Cdc42 and HA-PIX.
Fluorescence intensities of GFP-Cdc42 (green)
and HA-PIX (red) along the line drawn in the
image show the colocalization of Cdc42 and
PIX at the leading edge and on some of the
Cdc42-positive vesicles. Large Cdc42-positive
vesicles (asterisks) are usually not stained with
the anti-PIX antibody. (D) PIX recruitment to
the leading edge of astrocytes nucleofected
with the indicated siRNA. (left) The percentage of cells with a leading edge accumulation
of PIX. (right) Representative images of PIX
immunofluorescence in cells nucleofected with
the indicated siRNA. Higher magnification
views of the boxed regions are shown. Dotted
lines indicate the direction of the wound. Data
are shown as mean ± SEM of three inde
pendent experiments totalizing >300 cells.
Bars, 10 µm.

These observations suggest that, in absence of polarized
recruitment to the leading edge, Rac activity, although not
sufficient to promote a fully developed protrusion, can sustain cell migration. These observations suggest that Arf6dependent vesicular traffic promotes PIX accumulation at
the leading edge, which is required for Cdc42 accumulation
and activation and for Rac accumulation, whereas Rac activity is regulated by another GEF. Several GEFs including
Tiam1 and Dock180 may be involved in Rac activation at
the leading edge (Santy et al., 2005; Pegtel et al., 2007). By
controlling both cell polarization via Cdc42 and cell protrusion via Rac and PAK, Arf6 emerges as a crucial regulator of
Membrane traffic and cell polarity • Osmani et al.
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directed cell migration, further emphasizing its critical role in
tumor invasion.
Collectively, our results show that membrane dynamics
plays a key role in cell polarization and migration by promoting Cdc42 delivery to the leading edge of cells. Evidence is
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Figure 4. Arf6 controls the Cdc42-mediated
polarity signaling pathway and cell orientation
during migration. Astrocytes were nucleofected
with the indicated siRNA or microinjected with
the indicated constructs. (A) Immunostaining
of Par6 and aPKC in migrating astrocytes 4 h
after wounding. (right) Higher magnification
views of the boxed regions are shown. Graphs
plotting the fluorescence intensity of Par6 and
aPKC measured along lines drawn perpendicularly to the leading edge of three different siCTL
(blue)- and siArf6-2 (red)–transfected cells are
shown below the corresponding images. Histogram showing the percentage of wound-edge
cells with a leading edge accumulation of Par6
(black bars) and aPKC (gray bars). (B) Immuno
staining of Thr410-phosphorylated aPKC in
control or Arf6-depleted astrocytes 4 h after
wounding. (right) Higher magnification views
of the boxed areas are shown. The histogram
shows the percentage of cells with an accumulation of phospho-aPKC at the leading edge.
(C) Immunostaining of APC (red) and tubulin
(green) in migrating astrocytes 8 h after wounding. (right) Histogram shows the percentage of
wound-edge cells with APC clusters at micro
tubule plus ends. (D) Fluorescence images of
the microtubules (green), centrosome (red),
and nucleus (blue) in nucleofected migrating
astrocytes 8 h after wounding. (E) Centrosome
and Golgi reorientation 8 h after wounding.
(F) Immunostaining of tubulin in migrating astrocytes 16 h after wounding. Data are shown as
mean ± SEM of three independent experiments
totalizing >300 cells. The dotted lines indicate
the direction of the wound. Bars, 10 µm.

accumulating for a role of Cdc42 in endocytosis and may support the hypothesis of a Cdc42-driven feedback loop enhancing
Cdc42 accumulation at the leading edge, similar to the role of
actin-based membrane delivery of Cdc42 in polarized yeast
cells (Wedlich-Soldner et al., 2004).

Figure 5. Arf6-dependent membrane traffic and wound-induced integrin engagement
control Cdc42 activation at the wound edge.
Cdc42 accumulation and activation at the
wound edge result from wound-induced integrin signaling (Etienne-Manneville and Hall,
2001) and Arf6-dependent vesicular delivery of Cdc42 and its GEF PIX. We propose
that PIX interaction with Scrib (Osmani et al.,
2006) and phosphorylation by Src (Feng
et al., 2006) at the wound edge promotes PIX
GEF activity toward Cdc42 and thus leads to
the generation of a Cdc42-mediated polarity
signal that involves Par6, aPKC, and APC
(Etienne-Manneville and Hall, 2003).

Materials
Anti–-tubulin was obtained from Sigma-Aldrich, phalloidin-rhodamine
from Invitrogen, anti-pericentrin from BabCO, anti-GM130, anti-EEA1,
and anti-Rac1 from BD, anti-Arf6 from AbCam, anti-Cdc42, anti-Par6,
and anti-PKC from Santa Cruz Biotechnology, Inc., anti-PKC pT410
from Cell Signaling Technology, and anti-PIX from Millipore. Anti-APC
was provided by I. Näthke (University of Dundee, Dundee, Scotland,
UK). Secondary antibodies were obtained from Jackson ImmunoResearch
Laboratories, Inc. pEGFP-Cdc42, PIX, and Arf6 constructs were previously described (Osmani et al., 2006). Two siRNA duplexes corresponding to rat Arf6 starting at nucleotides 76 (siArf6-2) and 143 (siArf6-1;
GenBank/EMBL/DDBJ accession no. NM_024152) were obtained from
Proligo. The sequence of the siArf6-2 did not match the corresponding
human sequence allowing expression of a human Arf6 construct. siRNAs
were introduced into cells by nucleofection according to the vendor’s instructions (Lonza).
Cell culture and scratch-induced migration
Primary rat astrocytes were prepared as described previously (EtienneManneville, 2006). For scratch-induced assays, cells were seeded on polyl-ornithine–precoated coverslips or 90-mm diameter dishes and grown to
confluence in MEM medium supplemented with 10% serum. Individual
wounds (suitable for microinjection and immunofluorescence; 300-µm
wide) were made with a microinjection needle. Wound closure occurred
16–24 h later. Multiple wounds (suitable for subsequent biochemical
analysis) were made with an eight-channel pipette (0.1–2-µl tips) that was
moved several times across the 90-mm dish. Nuclear microinjections in the
first row of wound-edge cells were performed immediately after scratching.
Expression vectors were used at 100–400 µg/ml.
Immunofluorescence and image quantification
Cells were stained as described previously (Etienne-Manneville, 2006).
Epifluorescence images of fixed cells mounted in Mowiol (Polysciences,
Inc.) were obtained on a microscope (DM6000; Leica) equipped with 40×
1.25 NA and 63× 1.4 NA objectives and were recorded on a chargecoupled device (CCD) camera (DFC350 FX; Leica) using Application Suite
AF software (Leica). Images were also obtained with the fast spinning-disk
confocal system (UltraView RS Nipkow-disk; PerkinElmer) equipped with
40× 1.4 NA and 63× 1.4 NA objectives and recorded on an electronmultiplying CCD camera (C-9100; Hamamatsu Photonics).
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Materials and methods

Live cell imaging
Videos 1–7 were acquired at the Plateforme d’Imagerie Dynamique at the
Pasteur Institute. Cells or nucleofected cells were seeded on 35-mm glassbottom dishes (MaTek) and grown to confluence. The monolayer was
wounded, and cells were microinjected with pEGFP-Cdc42. 6 h later, cells
were imaged at 37°C in MEM culture medium supplemented with 20 mM
Hepes using either a fast spinning-disk confocal system (UltraView RS
Nipkow-disk) equipped with 40× 1.4 NA and 63× 1.4 NA objectives and
recorded on an electron-multiplying CCD camera (C-9100) or a CCD
camera (ORCA II ER; Hamamatsu Photonics) installed on a microscope
(Axiovert 200M; Carl Zeiss, Inc.) equipped with 10× 0.45 NA, 40× 1.4 NA,
and 63× 1.4 NA objectives.
Centrosome and Golgi apparatus reorientation and cell protrusion
Centrosome and Golgi apparatus reorientation was determined as previously described (Etienne-Manneville, 2006). In brief, 8 h after wounding,
astrocytes were fixed and stained with anti-pericentrin (centrosome), antiGM130 (Golgi apparatus), Hoechst (nucleus), and anti-Myc when necessary. Cells in which the centrosome was within the quadrant facing the
wound (±45° deviation from the direction perpendicular to the wound) or
cells in which the Golgi apparatus was within ±60° from the direction perpendicular to the wound were scored as positive. For each point, at least
300 cells from three independent experiments were examined. Because
random polarization is 25% for the centrosome and 33% for the Golgi apparatus in our assay, data were normalized to control conditions by subtracting random orientation (25% for centrosome reorientation or 33% for
Golgi apparatus reorientation) and by setting reorientation to 100% for
cells treated by a control siRNA against GFP (siGFP).
Protrusion formation was determined as described previously (EtienneManneville and Hall, 2001; Etienne-Manneville, 2006). In brief, 16 h after
wounding, astrocytes were fixed and stained with anti–-tubulin. Cells that
were at least four times longer than wide were scored as positive.
Protein localization
Cdc42 localization. Microinjection of GFP-tagged Cdc42 WT was used for
visualization of Cdc42 because of the lack of anti-Cdc42 antibodies that
work in immunofluorescence. The percentage of cells showing an increased
GFP fluorescence at the leading edge was determined 4 h after wounding
(unless otherwise stated).
PIX, Par6, or aPKC localization. 4 h after wounding, cells were fixed
and stained with the appropriate antibody. For the scoring of polarized
protein recruitment, cells in which the protein was specifically enriched at
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the leading edge were counted as positive. Relative fluorescence intensity
was measured at the leading edge using ImageJ software (National Institutes of Health) in three different cells from three independent experiments.
In the case of GFP-Cdc42, fluorescence intensity was measured in three
different areas of the same cell leading edge.
In general, only very few migrating astrocytes show membrane
ruffling at the leading edge. However, to avoid artifacts from increased
fluorescence caused by membrane ruffling, these cells were not included
in the analysis.
APC localization. 8 h after wounding, cells were fixed and stained
with APC and tubulin antibodies. The percentage of cells showing APC
clusters at microtubule tips of the leading edge was measured.

Online supplemental material
Fig. S1 shows the depletion of Arf6 by siRNA and its consequences on
Golgi structure, focal adhesion localization, and cell migration. Fig. S2
shows that Cdc42 localization at the leading edge is independent of Rac
activity. Fig. S3 shows that Arf6 and PIX are involved in Rac recruitment
to the leading edge. Videos 1–3 and 5 show spinning-disc imaging of
GFP-Cdc42 dynamics in migrating (Videos 1 and 2), nonmigrating (Video 3),
and Arf6-depleted astrocytes (Video 5). Video 4 shows phase-contrast
images of membrane dynamics at the leading edge of migrating astrocytes. Videos 6 and 7 show phase-contrast images of control and Arf6depleted astrocytes. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201003091/DC1.
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