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Summary
There is biochemical, imaging and functional evidence that Rho GTPase signaling is a crucial regulator of actin-based structures such as
lamellipodia and filopodia. However, although Rho GTPases are believed to serve similar functions in growth cones, the spatiotemporal
dynamics of Rho GTPase signaling has not been examined in living growth cones in response to known axon guidance cues. Here we

provide the first measurements of Cdc42 activity in living growth cones acutely stimulated with both growth-promoting and growth-
inhibiting axon-guidance cues. Interestingly, we find that both permissive and repulsive factors can work by modulating Cdc42 activity,
but in opposite directions. We find that the growth-promoting factors laminin and BDNF activate Cdc42, whereas the inhibitor Slit2

reduces Cdc42 activity in growth cones. Remarkably, we find that regulation of focal adhesion kinase (FAK) activity is a common
upstream modulator of Cdc42 by BDNF, laminin and Slit. These findings suggest that rapid modulation of Cdc42 signaling through
FAK by receptor activation underlies changes in growth cone motility in response to permissive and repulsive guidance cues.
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Introduction
Neuronal growth cones must respond rapidly and accurately to

extracellular cues to navigate to their proper synaptic targets.

Changes in the dynamics of filopodia and lamellipodial

protrusions underlie many growth cone pathfinding behaviors

(reviewed by Kater and Rehder, 1995; Dent and Gertler, 2003;

Dent et al., 2011). Membrane protrusion is controlled by

regulated actin polymerization at the growth cone leading edge,

suggesting that guidance cues act by modulating the activity of

cytoskeletal regulatory proteins (Gallo and Letourneau, 2004).

Cdc42 is a member of the Rho-family of GTPases that probably

serves this function through several effectors that regulate the

actin cytoskeleton (reviewed by Meyer and Feldman, 2002).

Consistent with this possibility, Cdc42 mediates BDNF-induced

growth cone chemoattraction (Yuan et al., 2003) and Slit-induced

repulsion of neuronal migration (Wong et al., 2001). Although

these studies have implicated Cdc42 as a signaling component

downstream of TrkB and Robo receptors, the upstream

modulators of Cdc42 are largely unknown. Additionally, the

spatial and temporal dynamics of Cdc42 activity within growth

cones in response to these guidance cues has not been explored.

Fluorescent biosensors of active Rho GTPases have been used to

show that Rho GTPase activity is elevated in the peripheral

lamellipodia of motile non-neuronal cells (Kurokawa et al., 2004;

Nalbant et al., 2004; Machacek et al., 2009). Probes using

fluorescence resonance energy transfer (FRET) have demonstrated

that Cdc42 activity rapidly increases within the peripheral

lamellipodia of Cos1 cells following stimulation with epidermal

growth factor (Kurokawa et al., 2004). Similarly, Nalbant and

colleagues (Nalbant et al., 2004) have reported activation of

endogenous Cdc42 in the peripheral lamellipodia of fibroblasts

during cell adhesion and spreading. More recent work compared

the activity of Cdc42, Rac1 and RhoA in extending and retracting

lamellipodia of fibroblasts (Machacek et al., 2009). However, it

remains unclear whether local and dynamic modulation of Cdc42

activity correlates with growth cone protrusions in response to

naturally occurring axon guidance cues. Several studies have

suggested that the direction of growth cone motility can be

controlled by asymmetrical distribution of lamellipodia and

filopodia (Bentley and O’Connor, 1994; Fan and Raper, 1995;

Zheng et al., 1996), thus, this issue is of central importance to axon

pathfinding. Regulation of lamellipodial and filopodial dynamics

by local Cdc42 modulation could represent an important

mechanism linking guidance cue receptor activation to changes

in growth cone motility.

In this study we demonstrate that the guidance cues BDNF and

Slit, as well as the extracellular matrix molecule laminin, regulate

growth cone morphology and motility in a FAK- and Cdc42-

dependent manner. Live imaging of Cdc42 activity using a

fluorescent biosensor revealed that increased Cdc42 activity at

the growth cone periphery correlates with the protrusion of

both lamellipodia and filopodia. Furthermore, acute stimulation

with BDNF or laminin strongly increased protrusion and Cdc42

activity in lamellipodia and filopodia. Conversely, Slit

application rapidly reduced protrusion and Cdc42 activity at the

growth cone periphery. Interestingly, we found that regulation of
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FAK activity corresponded closely with Cdc42 in response to

BDNF, laminin and Slit, and that disrupting FAK function
interfered with Cdc42 modulation downstream of these guidance
cues. These findings demonstrate that axon guidance cues

regulate neuronal morphology and motility by controlling
Cdc42-dependent actin dynamics downstream of FAK at the
leading edge of the growth cone.

Results
BDNF potentiates lamellipodial dynamics in a Cdc42-
dependent manner

Cdc42 activity assays from cell extracts suggest that BDNF and

laminin increase active Cdc42 in developing neurons, whereas
Slit decreases the level of active Cdc42 (Weston et al., 2000;
Wong et al., 2001; Yuan et al., 2003), but nothing is known about

the spatial or temporal dynamics of Cdc42 signals within living
growth cones. To first test whether Cdc42 is required
downstream of BDNF to promote changes in growth cone
motility, we examined Xenopus spinal neuron growth cones

expressing either GFP or GFP–DN-Cdc42 cultured on poly-D-
lysine (PDL) (supplementary material Fig. S1A–L). PDL
provides basal conditions where many neurons extend short

axons with small and unstable protrusions for comparison with
stimulated conditions. Addition of control medium to GFP–
expressing neurons resulted in only a small change in growth

cone area after 10 minutes. However, after 10 minutes of BDNF
stimulation, GFP-expressing neurons underwent a significant
increase in growth cone area that was largely due to the

generation of new peripheral lamellipodia (supplementary
material Fig. S1D,E). By contrast, DN-Cdc42-expressing
growth cones, which typically had few lamellipodia before
stimulation, did not exhibit a significant change in growth cone

area after BDNF treatment (supplementary material Fig. S1J,K).

To confirm that changes in growth cone morphology were due to
altered lamellipodial protrusion, we quantified membrane protrusion

by kymography over a 10 minute interval before stimulation and 5–
15 minutes following application of either BDNF or laminin. We
used laminin as an alternative stimulant because it has previously
been shown to signal through Cdc42 (Brown et al., 2000). Single-

line kymographs were constructed over active lamellipodial regions
to measure the size of individual protrusion events during each time
interval (before and after application of laminin or BDNF; see the

Materials and Methods for details) (supplementary material Fig.
S1C,F–I). The sum of these events yielded the total membrane
protrusion, which we expressed as a function of time. Using this

method, we found that wild-type neurons exhibited a robust increase
in membrane protrusion within 5 minutes of bath application of
laminin, and often resulted in accelerated outgrowth (supplementary
material Fig. S1A–C,L). Stimulation with BDNF also produced a

strong increase in protrusion (supplementary material Fig. S1D–
G,L). Examination of DN-Cdc42-expressing growth cones revealed
a significant reduction in baseline lamellipodial protrusion

compared with control growth cones (supplementary material Fig.
S1L), confirming that endogenous Cdc42 activity promotes
lamellipodial protrusion on PDL. Furthermore, DN-Cdc42-

expressing growth cones did not exhibit a significant change in
membrane protrusion following BDNF stimulation (supplementary
material Fig. S1H–L). Together, these findings suggest that the

growth-promoting effects of BDNF and probably laminin are
due to Cdc42-dependent potentiation of lamellipodial protrusion
dynamics.

Slit inhibition of lamellipodial protrusion requires
downregulation of Cdc42 activity

Slit has been shown to repel migrating neurons in a Cdc42-

dependent manner (Wong et al., 2001); however, it is unknown
whether this effect is due to altered leading edge protrusion. To
test this possibility, we examined the effects of Xenopus

Slit stimulation on lamellipodial dynamics in growth cones
expressing either GFP or GFP–CA-Cdc42. In these experiments,
spinal neurons were cultured from stage 28 Xenopus embryos,

because older neurons were found to be more sensitive to Slit2
(Stein and Tessier-Lavigne, 2001). In our initial studies, we used
Xenopus Slit (xSlit), the Xenopus homologue of murine Slit2,

purified from HEK cell-conditioned medium. We quantified
membrane protrusion by kymography over 10 minute intervals
before and following application of xSlit. Membrane protrusions
from wild-type neurons were completely suppressed immediately

following xSlit stimulation (supplementary material Fig.
S1M,N,Q,S). By contrast, CA-Cdc42-expressing growth cones
did not exhibit a statistically significant change in membrane

protrusion following xSlit application (supplementary material Fig.
S1O,P,R,S). Together, these findings suggest that the repulsive
effects of Slit are due to reduced Cdc42 activity in growth cones

causing the acute inhibition of lamellipodial protrusion.

Slit2 inhibition of outgrowth requires inactivation of FAK

We have previously shown that activation of Src and focal

adhesion kinase (FAK) are necessary for the growth-promoting
effects of BDNF on Xenopus spinal neuron growth cones (Robles
et al., 2005; Myers and Gomez, 2011). Because Slit has the

opposite effect on growth cone behavior compared with BDNF,
we reasoned that it might be due to inactivation of FAK. To test
whether the effects of Slit require modulation of FAK activity,

we examined neurons expressing constitutively active SuperFAK
(Gabarra-Niecko et al., 2002). Owing to the uncertainty of the
Xenopus Slit concentration in our HEK-conditioned medium, we

switched to a commercial source of murine Slit2 with a defined
concentration (see the Materials and Methods) and examined the
dose-dependent effects of Slit2 on axon extension. Murine Slit2
has previously been shown to be an effective inhibitor of

Xenopus spinal neurons (Stein and Tessier-Lavigne, 2001). For
some experiments, neurons were cultured on laminin to promote
rapid axon extension and provide a sensitive assay to test the

dose-dependent effects of Slit2. We found that bath application of
Slit2 caused a dose-dependent inhibition of axon outgrowth by
spinal neurons cultured at stage 28, with higher doses of Slit2

causing many neurons to retract (Fig. 1A–D). Similar to previous
results, we found that spinal neurons cultured from young
embryos were less sensitive to Slit2 (Stein and Tessier-Lavigne,
2001), which is consistent with commissural interneurons gaining

sensitivity to Slit2 after midline crossing. Interestingly,
expression of a constitutively active mutant of FAK, termed
SuperFAK (Gabarra-Niecko et al., 2002) reduced the inhibitory

effects of Slit2. To test whether changes in growth cone area
induced by Slit2 were also attenuated by SuperFAK, we
examined neurons fixed after a 5 minute treatment with 50 ng/

ml Slit2 (Fig. 1E–H). Quantification of growth cone area from
thresholded phalloidin fluorescence, which labels F-actin,
showed decreased growth cone area after Slit2 treatment in

wild-type neurons (8968.9 mm2 to 4364.7 mm2), but little
change in growth cone area by SuperFAK expressing neurons
(109615 mm2 to 102613 mm2). Similar results were also found

Guidance cues regulate Cdc42 through FAK 2919
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by protrusion analysis of neurons cultured on PDL. Bath

application of 250 ng/ml Slit2 resulted in a sharp drop in

growth cone protrusion, which was suppressed in SuperFAK-

expressing neurons exposed to Slit2 (Fig. 1I). Together these

findings suggest that Slit2 inhibits lamellipodial protrusion and

axon outgrowth, in part through inactivation of FAK.

Slit2 inactivates FAK and Src

To directly assess how Slit2 influences FAK and Src signaling,

we examined neurons treated with 50 ng/ml Slit2 by quantitative

immunocytochemistry (ICC) using phospho-specific antibodies

against FAK and Src. Activation of FAK and Src is associated

with autophosphorylation at Y397 and Y418, respectively

(Schaller et al., 1994; Thomas and Brugge, 1997), which

occurs downstream of numerous axon guidance cues (Li et al.,

2004; Liu et al., 2004; Ren et al., 2004; Bechara et al., 2008; Woo

et al., 2009). By contrast, here we found that treatment of neurons

on laminin for 5 minutes with Slit2 leads to a strong inactivation

of FAK, as indicated by reduced tyrosine phosphorylation at both

Y397 and Y861 (Fig. 2A,B,E). The Y861 site on FAK provides a

binding site for several downstream proteins, including p130Cas

(Mitra et al., 2005), which has been shown to modulate Rac1 and

Cdc42 signaling downstream of FAK (Liu et al., 2007). Slit2

also inactivated Src, as indicated by a decrease in Y418

phosphorylation (Fig. 2C–E). As a negative regulator of Src,

Csk phosphorylates the C-terminal Y529 of Src, which promotes

an auto-inhibited confirmation (Okada and Nakagawa, 1989;

Thomas and Brugge, 1997). Consistent with the inactivation

of Src, we found that tyrosine phosphorylation at Y529 of Src

was increased in growth cones treated with Slit2 (Fig. 2E;

supplementary material Fig. S2).

We have previously reported that BDNF and EphrinA1

activate FAK and Src in growth cones cultured on laminin

(Woo et al., 2009; Myers and Gomez, 2011), but EphrinA1

cannot activate FAK in growth cones cultured on PDL (Woo

et al., 2009). To test the necessity for integrin engagement for

this aspect of the response to BDNF, we cultured neurons on

PDL, stimulated with BDNF for 10 minutes, and performed

immunocytochemistry as described previously. Unlike EphrinA1,

BDNF was able to further stimulate FAK and Src activities

without integrin engagement (Fig. 2F). Laminin provides a

strong stimulus to FAK and Src activation in many cell types

(Hynes, 2002), but the exact phosphorylation state in growth

cones acutely stimulated with laminin has not been tested.

Neurons cultured on PDL showed a high degree of FAK and Src

activation after treatment with laminin for 10 minutes (Fig. 2G).

Importantly, the pattern of phosphorylation closely mimicked

that seen with BDNF stimulation, and both showed opposite

Fig. 1. Slit2 induces collapse and deceleration through FAK. (A–C) Time-lapse DIC images of Xenopus spinal neuron growth cones showing the response to 100

ng/ml Slit2 at the times indicated. Note that some neurons retract in response to Slit2 (white arrowhead), whereas others appear insensitive (black arrowhead), which

is probably due to multiple classes of neurons in spinal cord explant cultures. Scale bar: 20 mm. (D) Categorical bar graph showing the effects of increasing doses of

Slit2 on axon behavior of wild-type stage 28 neurons, as well as neurons cultured from stage 24 embryos and SuperFAK expressing neurons cultured at stage

28. Note the shift from deceleration to retraction at increasing doses of Slit2, and the reduced response in young and SuperFAK expressing neurons. n$59 for each

condition. (E–H) Wild-type and SuperFAK-expressing growth cones labeled with fluorescent phalloidin to show F-actin in control and treated neurons (50 ng/ml

Slit2). (I) Quantification of changes in protrusion 10 minutes before and 10 minutes after Slit2 application in control and SuperFAK-expressing growth cones. Note

reduced basal protrusive activity in SuperFAK neurons, but also muted effects of Slit2 stimulation. **P,0.0001 by Student’s t-test. n520 growth cones measured

before and after stimulation for each condition. Scale bar: 5 mm.
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changes compared with Slit2 stimulation. These data suggest that

laminin, BDNF and Slit2 regulate growth cone motility and

signaling through FAK and Src in a reciprocal fashion to guide

axon outgrowth. Importantly, the changes in FAK pY861 mirror

the changes seen in growth cone protrusion, indicating that these

cues signal through FAK to modulate p130Cas, which can

activate Cdc42 and Rac1.

Live imaging of Cdc42 activity in neuronal growth cones

Our findings suggest that guidance cues control protrusion by

modulating Cdc42 activity at the growth cone periphery. To

determine the spatial distribution of active Cdc42 in live cells, we

used a biosensor containing GFP fused to the GTPase-binding-

domain from WASP (wGBD), which specifically binds to active

Cdc42 (Sokac et al., 2003). In our initial examination, we

cultured GFP–wGBD-expressing neurons on laminin, which

strongly promotes growth cone motility through activation of

Cdc42 (Weston et al., 2000). It is important to note that the

expression of GFP–wGBD in neurons was carefully titrated to

levels that did not alter normal neurite outgrowth. Regions of

elevated Cdc42 activity were identified by collecting ratio images

of GFP–wGBD fluorescence relative to tetramethylrhodamine–

dextran (TMR-D), which is used to normalize for cell volume.

Most images were collected by total internal reflection

fluorescence (TIRF) microscopy, which is optimal since Rho

GTPases translocate to the membrane upon activation (Bokoch

et al., 1994), but similar patterns were also observed using

confocal microscopy (Fig. 3; supplementary material Movie 1).

Note that although regions of high ratio values indicate areas of
enhanced GFP–wGBD binding to membrane-associated active

Cdc42, GFP–wGBD fluorescence measurements also include the
unbound diffusible pool of the fluorescent biosensor, which is
most abundant in the axon and growth cone central domain. If
GFP–wGBD localization was determined solely by diffusion, the

GFP fluorescence signal should decrease toward the periphery of
the growth cone, in a similar manner to TMR-D fluorescence,
which represents a reduced volume. However, we found that

GFP–wGBD fluorescence was often elevated in the peripheral
domain of growth cones on laminin relative to the central domain
(Fig. 3A), which is opposite to the pattern observed with TMR-D

(Fig. 3B). An image ratio confirms peripheral enrichment of
GFP–wGBD relative to TMR-D (Fig. 3C), indicating that active
Cdc42 is enriched within lamellipodia and filopodia where it
might function to promote actin polymerization at the growth

cone leading edge. By contrast, control growth cones expressing
unconjugated GFP and TMR-D did not exhibit significant
enrichment of GFP at their periphery (data not shown).

To confirm the specificity of our Cdc42 biosensor, we imaged
growth cones during acute application of a cell-permeable
Cdc42-specific inhibitory peptide containing the Cdc42- and

Rac1-binding (CRIB) domain of N-WASP fused to the
antennepedia internalization sequence and biotinylated at the
N-terminus (Västrik et al., 1999). The CRIB peptide competes
with GFP–wGBD for binding of active Cdc42, such that excess

peptide should displace GFP–wGBD and disrupt its peripheral
enrichment. Using TMR–steptavidin labeling, we found that the
CRIB peptide was internalized within growth cones after a 1

minute treatment (supplementary material Fig. S3). Addition of
the CRIB peptide rapidly homogenized GFP–wGBD distribution
relative to TMR-D and led to lamellar retraction (Fig. 3D–F;

supplementary material Movie 1), whereas addition of control
medium had no effect (data not shown). Quantification of wGBD
to TMR ratio values within the growth cone central and

peripheral domains, as well as in the axon, confirmed that
GFP–wGBD was specifically enriched at the peripheral domain
and that this enrichment was significantly reduced by application
of the CRIB peptide (Fig. 3E). A single-line kymograph

constructed from the leading edge of a GFP–wGBD- and
TMR-D-labeled growth cone before Cdc42 inhibition
confirmed that extending lamellipodia contained enriched

levels of GFP–wGBD (Fig. 3F). However, within 3 minutes of
CRIB peptide addition, the peripheral GFP–wGBD enrichment
was completely abolished and lamellipodial motility ceased. We

also tested the effects of SecramineA (SecA), a small molecule
Cdc42 inhibitor that functions in a RhoGDI-dependent manner
(Pelish et al., 2006). This inhibitor functions differently to the

CRIB peptide, disrupting Cdc42 activation rather than binding of
active Cdc42 by the GFP–wGBD biosensor. Application of 1 mM
SecA resulted in an immediate drop in peripheral Cdc42 activity
and strongly reduced protrusive activity (Fig. 3G,H). These

findings validate the specificity and sensitivity of the GFP–
wGBD biosensor to detect Cdc42 activity and indicate that
Cdc42 activity at the growth cone leading edge regulates

lamellipodial dynamics.

To examine the role of FAK in the regulation of Cdc42 activity
in growth cones on laminin, we tested the effects of a novel and

specific FAK inhibitor, PF-573,228 (PF-228) (Slack-Davis et al.,
2007). PF-228 is an ATP analogue that specifically interacts with
FAK (IC50 of 4 nM), with a 250-times lower affinity to the

Fig. 2. Slit2 inactivates FAK and Src in neurons cultured on laminin.

(A–D) Control and Slit2-treated neurons on laminin, fixed and stained with

phospho-specific antibodies against Y397 FAK and Y418 Src.

(A9–D9) Merged images of immunolabeled growth cones in A–D (green) merged

with F-actin (red). (E–G) Quantification of fluorescence intensity in neurons on

laminin stimulated for 5 minutes with 50 ng/ml Slit2 or BDNF, and neurons on

PDL stimulated for 10 minutes with laminin, normalized to unstimulated growth

cones. Note the opposing effects of Slit2 compared with BDNF and laminin.

n$40 growth cones per condition. ***P,0.0001, **P,0.001 compared with

unstimulated control by Student’s t-test. Scale bar: 5 mm.

Guidance cues regulate Cdc42 through FAK 2921
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closely related FAK homologue, Pyk2 (IC50 of 1000 nM). PF-228

was used at 100 nM, which dephosphorylates FAK at Y397, but

does not cause collapse or retraction of axons (data not shown).

Acute inhibition of FAK with PF-228 resulted in a delayed

decrease in Cdc42 activity, which began around 6 minutes after

treatment and was comparable to levels obtained with SecA by

12 minutes. Additionally, PF-228 resulted in a very similar

decrease in membrane protrusion (Fig. 3G). The slower kinetics

of FAK inhibition versus direct inhibition in reducing Cdc42

levels might be due to activated intermediate FAK effectors,

such as p130Cas and DOCK180, which eventually cannot be

maintained without active FAK. This result provides evidence

that FAK is essential to the maintenance of Cdc42 activity in

growth cones.

Cdc42 activity correlates with lamellipodial and

filopodial protrusion

Studies examining fibroblast motility have demonstrated that

active Cdc42 is enriched within protrusive lamellipodia at the cell

periphery (Nalbant et al., 2004). To confirm these findings in

neuronal growth cones, we compared GFP–wGBD to TMR-D

ratio levels in lamellipodia during periods of extension and

retraction. We found that elevated Cdc42 activity correlated with

periods of lamellipodial extension, whereas reduced Cdc42

activity correlated with periods of retraction (Fig. 4A–C). To

analyze Cdc42 activity in relation to lamellipodial extension,

we constructed single-line kymographs from active regions

of growth cones expressing GFP–wGBD and TMR-D.

Kymographs were then used to measure the GFP–wGBD to

TMR-D ratio at the distal 3 mm of the leading edge during both

extension and retraction events. This analysis confirmed that

lamellipodial retraction events coincided with a significant

reduction in Cdc42 activity compared with extension events

(Fig. 4C).

Cdc42 has also been implicated in the regulation of filopodial

extension in many cell types (Nobes and Hall, 1995; Krugmann

et al., 2001; Peng et al., 2003). For example, our previous studies

implicated Cdc42 and its effector p21-activated kinase (PAK) in

the regulation of filopodial motility in growth cones (Robles et al.,

2005). To determine whether active Cdc42 also coincides with

extending filopodia, we measured Cdc42 activity at the tips of

filopodia (distal 1 mm region of filopodia). This analysis revealed

that Cdc42 activity was highest at the tips of filopodia during

extension compared with levels during retraction (Fig. 4F). In

Fig. 3. Live imaging of Cdc42 activity in growth cones. (A,B) GFP–

wGBD and TMR-D fluorescence images of a growth cone on LN. Note

brighter leading edge fluorescence intensity of GFP–wGDB signal

relative to TMR-D. (C) A pseudocolored ratio image of the growth cone

in A and B shows the GFP–wGBD:TMR-D ratio is elevated throughout

peripheral lamellipodia and filopodia. (D) Ratio images of the growth

cone in C at the indicated times during exposure to 40 mg/ml N-WASP

CRIB-peptide (at 450 seconds). Note reduced ratio at the periphery prior

to lamellipodial retraction (arrows). (E) Quantification of GFP–

wGBD:TMR-D fluorescence ratio measurements in the regions

indicated in the schematic drawing (axon, C-domain and P-domain)

before and 3 minutes after inhibition of Cdc42 with the CRIB peptide.

High Cdc42 activity in the P-domain is significantly reduced compared

with that for the C-domain and axon, where baseline Cdc42 activity is

low. (F) Single line kymographs constructed from two protrusive

regions of growth cone (C). Note an elevated wGBD:TMR-D ratio

during lamellipodial protrusion before CRIB peptide addition, followed

by a reduced ratio and cessation of lamellipodial dynamics after CRIB

peptide addition. (G) Timecourse of peripheral domain Cdc42 activity

during application of the Cdc42 inhibitor SecA, or the FAK inhibitor PF-

228. Both treatments give significantly different results from those with

control media (as determined by 2-way ANOVA; n514 growth cones

for media and PF-228, n518 for SecA). (H) The effects of SecA and PF-

228 on total membrane protrusion in wild-type TMR-D-loaded growth

cones. The extent of protrusion was analyzed for 10 minutes before and

10 minutes following inhibitor addition. **P,0.001, n510 for growth

cones in E, n$14 growth cones for G,H (as determined by Student’s

t-test). Scale bar: 10 mm or as indicated in kymographs.

Journal of Cell Science 125 (12)2922
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some instances, GFP–wGBD puncta were clearly visible at the

tips of filopodia (Fig. 4E). However, it should be noted that these

robust GFP–wGBD enrichments at the tips of filopodia were

transient and not clearly detectable in all extending filopodia.

Although these findings indicate that Cdc42 activity correlates

with the generation of growth cone protrusions, it is likely that

additional mechanisms also regulate the activity of Cdc42

effectors. For example, N-WASP activity can be modulated by

PIP2 binding (Rohatgi et al., 2000) as well as phosphorylation by

Src family kinases (Torres and Rosen, 2003).

Axon guidance cues rapidly modulate Cdc42 activity at the

growth cone periphery

To determine the spatial and temporal dynamics of active Cdc42 in

growth cones in response to positive and negative guidance cues,

we examined the acute effects of BDNF, laminin and Xenopus Slit

on GFP–wGBD- and TMR-D-labeled growth cones. BDNF and

laminin stimulation typically led to a rapid and robust increase in

the wGBD to TMR ratio at the growth cone periphery and

subsequent lamellipodial ruffling and filopodial extension (Fig. 5,

Fig. 6H; supplementary material Movies 2, 3). On average, Cdc42

activity within the growth cone peripheral domain peaked 360

seconds after BDNF or laminin addition (Fig. 6H), which

correlates closely to the time course of activation reported in

cerebellar granule cell neurons using a Cdc42 pull-down assay

(Yuan et al., 2003). Importantly, activation of Cdc42 preceded

BDNF and laminin-induced morphological changes, indicating

that GFP–wGBD enrichment was not an artifact of movement or

volume changes. The fact that BDNF and laminin stimulated

motility in both GFP–wGBD-expressing and wild-type growth

cones suggests that Cdc42 is interacting with endogenous

functional targets in addition to the introduced Cdc42 biosensor.

To control for possible non-specific effects, we confirmed that

BDNF stimulation had no effect on the distribution of

unconjugated GFP in growth cones co-loaded with TMR-D (data

not shown). In addition, we also showed similar changes in

neurons co-expressing GFP–wGBD and mCherry–CAAX

(supplementary material Fig. S4). Because mCherry–CAAX also

targets the membrane, this result shows the GFP–wGBD is

selectively enriched at the growth cone periphery in response to

BDNF.

In contrast to BDNF and laminin stimulation, application of

Xenopus Slit resulted in a complete loss of GFP–wGBD

enrichment within the lamellipodia and filopodia of growth

cones (Fig. 6A–F; supplementary material Movie 4). Reduced

Cdc42 activity across the growth cone was similar to the effects

of the CRIB peptide, SecA and PF-228 (Fig. 3H). Interestingly,

the loss of GFP–wGBD enrichment at the periphery after addition

of murine Slit2 was slow on average, reaching a minimum ratio

of 0.6560.02 after 16 minutes (n512 growth cones; Fig. 6H),

which most closely resembled inhibition of FAK with PF-228.

This reduction in Cdc42 activity coincided with a complete

cessation of lamellipodial and filopodial motility. These findings

confirm that positive and negative guidance cues rapidly

modulate Cdc42 activity at the growth cone periphery.

FAK is necessary for laminin- and BDNF-driven increases

in Cdc42 activity

Previous work from our lab showed that FAK functions

downstream of BDNF and laminin (Robles and Gomez, 2006;

Myers and Gomez, 2011). To test the possibility that regulation

of Cdc42 activity by BDNF and laminin requires FAK function,

we expressed FRNK (FAK-related non-kinase) (Schaller et al.,

1993), a dominant-negative FAK isoform, along with GFP–

wGBD and TMR-D labeling. Strikingly, FRNK-expressing

neurons showed no increase in peripheral Cdc42 activity on

stimulation with BDNF (Fig. 7A,B,I). Moreover, application of

laminin to FRNK-expressing neurons resulted in a modest

decrease in Cdc42 activity (Fig. 7C,D,I; supplementary

material Movie 4). This decrease in the ratio was maintained,

Fig. 4. Cdc42 activity is elevated at sites of filopodial

and lamellipodial protrusion. (A) GFP–wGBD to TMR-D

ratio image of a growth cone on laminin. (B) Time-lapse

images at 5 second intervals of boxed region in A during

extension (top row) and retraction (bottom row) of

lamellipodia. Note elevated ratio during extension and

subsequent decrease during lamellipodial retraction

(arrowheads). (C) Quantification of GFP–wGBD to TMR-D

ratio at the leading edge (3–4 mm region) of extending and

retracting lamellipodia. Correlations were made using

single-line kymographs of ratio image sequence. n540

lamellipodia. (D) GFP–wGBD to TMR-D ratio image of a

growth cone on laminin. (E) Time-lapse images at

2.5 second intervals of GFP–wGBD (top), TMR-D

fluorescence (middle) and ratio images (bottom) of boxed

region in D during extension of two filopodia. Note brief

enrichment of GFP–wGBD at the tips of filopodia during

extension (arrowheads). (F) Quantification of GFP–wGBD

to TMR-D ratio at the distal tip (1 mm region) of filopodia

during extension, stabilization and retraction. Only

filopodia that exhibited periods of extension and retraction

during the image sequence were analyzed. n540 filopodia.

**P,0.05, *P,0.01 using Student’s t-test. Scale bars:

10 mm (A), 3 mm (D).
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indicating that this is a sustained loss of Cdc42 activity. This

suggests that laminin, unlike BDNF, promotes FAK-independent

inhibition of Cdc42, as well as a FAK-dependent activation

of Cdc42. FRNK-expressing neurons showed lower basal

protrusions relative to wild-type, which did not increase with

application of BDNF (Fig. 7J). Laminin application resulted in a

modest, but significant decrease in protrusion by FRNK neurons,

again indicating that Cdc42 activity is inhibited on laminin

stimulation.

To support the role for FAK upstream of Cdc42, we tested the

effects of treatment with the small molecule FAK inhibitor PF-

228. Unlike control neurons, simultaneous application of PF-228

with BDNF or laminin on wild-type neurons expressing GFP–

wGBD did not result in a significant increase in Cdc42 activity

(Fig. 7E–H,K). Interestingly, PF-228 and laminin together

resulted in a modest decrease in Cdc42 activity, which is

consistent with observations made with FRNK-expressing

neurons (Fig. 7I). Protrusive activity showed a similarly sharp

decrease with PF-228 and BDNF or laminin application

(Fig. 7L).

Constitutively active FAK prevents Slit2 inhibition of Cdc42

To determine whether inactivation of FAK is necessary for Slit2-

mediated inhibition of Cdc42 activity and membrane protrusion,

we expressed SuperFAK along with GFP–wGBD and TMR-D

labeling. Unlike control neurons, SuperFAK-expressing neurons

exhibited little change in Cdc42 activity after stimulation with

250 ng/ml Slit2 (Fig. 8A–C; supplementary material Movie 5).

Protrusion analysis by kymograph revealed that SuperFAK

neurons are less protrusive than wild-type neurons at baseline

(Fig. 1I), but that Slit2 stimulation does not further decrease

protrusion by these growth cones. The reduced number of basal

protrusions in SuperFAK neurons suggests that balanced FAK

activity is necessary for optimal cell motility. Indeed, we found

that the rate of axon outgrowth by SuperFAK-expressing neurons

is slower than wild-type neurons [SuperFAK 34.762.4 (n556)

Fig. 5. BDNF and laminin activate Cdc42 at the growth cone periphery. (A,B) GFP–wGBD and TMR-D single-channel fluorescence confocal images of a

growth cone on PDL before BDNF stimulation. (C) GFP–wGBD to TMR-D ratio image of growth cone in A and B. (D–F) Single-channel and fluorescence ratio

images 320 seconds following BDNF application. Note a robust increase in the wGBD to TMR-D ratio is apparent at the growth cone periphery by 320 seconds

following stimulation. Increased peripheral wGBD to TMR-D ratio is due to apparent movement of GFP–wGBD from central domain to the periphery (compare A

and D). Inset in F shows a single-line kymograph constructed from region indicated by the white line in F. Note an elevated wGBD to TMR-D ratio during

lamellipodial protrusion. (G) Fluorescence intensity measurements (12-bit scale) over time within regions indicated in C. Top and middle traces: GFP–wGBD and

TMR-D fluorescence intensities within the peripheral (P) and central (C) regions, respectively. Lower trace: GFP–wGBD to TMR-D ratio measurements in the P

and C domains. Increased ratio at the growth cone periphery suggests that BDNF locally activates Cdc42. Slight drop in C-domain ratio following BDNF

stimulation is probably due to reduced cytosolic pool of GFP–wGBD upon recruitment to membrane-associated active Cdc42 (see A and D). (H–M) As in A–F,

single channel and ratio images of a growth immediately before (H–J) and 600 seconds after laminin application (K–M). Note the increased ratio in the peripheral

domain and the higher ratio at the base of filopodia. Inset in M shows a single-line kymograph constructed from region indicated by the white line in M. Note the

elevated wGBD to TMR-D ratio during lamellipodial protrusion. (N) Similar fluorescent intensity analysis as described in G for neuron in H–M. Pseudocolor scale

in C applies to C,F, that in J to J,M. Scale bar: 5 mm or as indicated for the kymographs.
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and WT was 43.261.3 (n560) and similar to FRNK-expressing

neurons (Myers and Gomez, 2011)]. Together, these data support
a model of common regulation of Cdc42 by BDNF, laminin and
Slit2 through modulation of FAK activity, potentially through an

effector such as p130Cas.

Discussion
In this study we quantify for the first time the spatial and
temporal dynamics of Cdc42 activity in spinal neuron growth

cones in response to physiologically relevant axon guidance
factors. We show that changes in Cdc42 activity are required for
the growth-promoting effects of laminin and BDNF and the

inhibitory actions of Slit on Xenopus spinal neuron growth cone
motility. In addition, we identify FAK as a necessary upstream
modulator of Cdc42 in response to BDNF, laminin and Slit.

Using a fluorescent Cdc42 biosensor, we show that local
elevations in Cdc42 activity correlate with protrusive behaviors
of both lamellipodia and filopodia. This biosensor permitted

direct visualization of rapid laminin-, BDNF- and Slit-induced
modulation of Cdc42 activity at the growth cone periphery.

Molecular and pharmacological inhibition of FAK prevented
Cdc42 activation by BDNF and laminin, whereas constitutively
active FAK blocked the Slit-mediated decrease in Cdc42 activity.
Together, these findings suggest that rapid modulation of Cdc42

signaling at the growth cone leading edge controls lamellipodial
and filopodial dynamics downstream of guidance cue receptors
through corresponding changes in FAK activity.

Cdc42 has been implicated as a necessary signaling component
for normal brain development (Garvalov et al., 2007)
downstream of growth factors and guidance cues. For example,

biochemical pull-down assays revealed that the chemoattractants
Netrin and BDNF elevate levels of active Cdc42 in developing
neurons (Jin et al., 2005; Shekarabi et al., 2005). Activation
of Cdc42 in these studies correlated with altered growth

cone morphologies and increased motility. Conversely, the
chemorepellant Slit reduces Cdc42 activity (Wong et al., 2001),
which leads to growth cone collapse in vitro (Nguyen Ba-Charvet

et al., 1999). Our findings show that the acute effects of laminin,
BDNF and Slit on growth cone motility result from rapid
modulation of Cdc42 activity at the growth cone periphery

through FAK. This is the first demonstration of the spatial and
temporal dynamics of Cdc42 activation in growth cones
stimulated by established axon guidance cues. Our findings are
consistent with a model where rapid and local modulation of

GTPase activity underlies growth cone pathfinding behaviors
made in response to guidance cues within decision regions.
Numerous upstream GEFs and GAPs for Cdc42 are enriched in

growth cones (Pertz et. al., 2008), which probably controls the
diverse combinatorial effects growth factors and ECM molecules
have on axon pathfinding.

Imaging Cdc42 activity in live neurons also allowed us to
directly compare growth cone motility with levels of active
Cdc42. We found that the protrusion of both filopodia and

lamellipodia correlated with increased levels of active Cdc42
within these subcellular domains. This result suggests that Cdc42
activation at the growth cone periphery activates domain-specific
effector molecules to control distinct cellular behaviors. For

example, our previous work demonstrated that the Cdc42 effector
PAK is specifically recruited to the tips of filopodia and functions
to regulate filopodial motility (Robles et al., 2005). Our current

findings suggest that specific Cdc42 effectors also regulate
lamellipodial motility. One potential candidate is N-WASP,
which activates Arp2/3-dependent actin polymerization to form

branched arrays of filamentous actin (reviewed by Welch, 1999).
Consistent with this possibility, studies using fluorescence
resonance energy transfer (FRET) probes have detected
enriched levels of active Cdc42 and N-WASP in motile

lamellipodia at the periphery of migratory non-neuronal cells
(Kurokawa et al., 2004; Lorenz et al., 2004; Nalbant et al., 2004;
Ward et al., 2004). However, more recent work in fibroblasts

suggests that active Cdc42 is not precisely associated in space
and time with the distal edge of protrusions (Machacek et al.,
2009). This might reflect the difference between non-neuronal

cells and growth cones because previous studies of growth cones
using FRET-based biosensors (Nakamura et al., 2005) reported
similar distributions to those described here. It is also noteworthy

that growth cone protrusions not only had elevated levels of
active Cdc42 relative to non-protrusive regions (Figs 3, 4), but
that levels often fluctuated dramatically as individual protrusions

Fig. 6. Slit disrupts enrichment of Cdc42 at the growth cone periphery.

(A–F) Single channel (GFP–wGBD and TMR-D) and fluorescence ratio

images before (A–C) and 120 seconds following Xenopus Slit application

(D–E). Note decreased GFP–wGBD to TMR-D ratio at the growth cone

periphery is due to rearward movement of GFP–wGBD from peripheral

domain to the central region (compare A and D). (G) Fluorescence intensity

measurements (12-bit scale) over time within regions indicated in F. Top and

middle traces: GFP–wGBD and TMR-D fluorescence intensities within the

peripheral (P) and central (C) regions, respectively. Bottom trace: GFP–

wGBD to TMR-D ratio measurements in P and C domains. Pseudocolor scale

in C applies to C and F. Scale bar: 5 mm. (H) Time course of peripheral

Cdc42 activity in growth cones in response to control medium or medium

containing 100 ng/ml BDNF, 25 mg/ml laminin or 250 ng/ml Slit2. Cdc42 is

significantly elevated at all time points after laminin and BDNF addition and

significantly reduced after 4 minutes of Slit2 addition compared with control

medium by two-way ANOVA. n$14 growth cones for each condition. (I) A

single line kymograph constructed from the region indicated by the white line

in C. Note that both the wGBD/TMR-D ratio and lamellipodial protrusions

are reduced after xSlit application.
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underwent cycles of extension and retraction. Although there was

no apparent link between fluctuations in Cdc42 activity and

membrane protrusion, it is possible that our temporal and spatial

resolution is not high enough to make this correlation.

Focal adhesion kinase is known to regulate several Rho

GTPases and function downstream of a number of axon guidance

cues, making it a compelling signal integrator within growth

cones. One of the first identified effectors of FAK is GTPase

regulator associated with FAK (GRAF), which is a RhoA/Cdc42

GTPase activating protein (GAP) (Hildebrand et al., 1996).

Additionally, FAK is known to bind and activate both

p190RhoGEF and p190RhoGAP, which have opposite effects

on RhoA activity. FAK-null fibroblasts display an elevated level

of RhoA activity (Ren et al., 2000) that might be due to reduced

p190RhoGAP activation, which is activated on integrin

engagement (Arthur et al., 2000). By contrast, FAK can

activate RhoA in some contexts through p190RhoGEF, which

regulates axon branching and synapse formation (Rico et al.,

2004). In addition to Cdc42 inactivation through GRAF, FAK

might also activate Cdc42 signaling. FAK is phosphorylated at

Y861 by Src, and this creates a binding site for the scaffolding

protein p130Cas (Cho and Klemke, 2002). Subsequently,

p130Cas associates with the Rac GEF DOCK180, which leads

to Rac activation downstream of integrin engagement (Brugnera

et al., 2002; Côté and Vuori, 2002). Interestingly, p130Cas

was found to activate both Rac1 and Cdc42 downstream of

Netrin signaling, which is necessary for midline crossing by

commissural interneurons (Liu et al., 2007). Therefore, it appears

that FAK is capable of activating or inactivating both RhoA and

Cdc42, depending on the particular GEF or GAP protein

involved. In support of this notion is the identification of

DOCK180 homologues that interact with p130Cas and activate

both Rac1 and Cdc42 (Côté and Vuori, 2002). The data we

present here suggest that changes in FAK activity modulate a

Cdc42 GEF, such as DOCK180, to control Cdc42 function.

Although repulsive guidance cues such as Slit2 might also inhibit

Cdc42 by activating the Cdc42 GAP srGAP1 (Wong et al., 2001),

our results suggest this does not occur in the presence of

constitutively active SuperFAK.

This study demonstrated rapid and local activation and

inactivation of Cdc42 through corresponding modulation of

FAK in growth cones acutely stimulated with positive and

negative guidance cues, respectively. FAK activation has been

linked to a variety of guidance cues, including Netrin (Li et al.,

2004; Liu et al., 2004; Ren et al., 2004), BDNF (Fig. 2) (Myers

and Gomez, 2011), Sema3A (Bechara et al., 2008), Ephs and

Ephrins (Woo et al., 2009), and MAG (myelin-associated

glycoprotein) (Goh et al., 2008). FAK dephosphorylation at

Y397 has been linked to RGM (repulsive guidance molecule)

(Endo and Yamashita, 2009) and the work presented here links

Slit2 repulsion to FAK inactivation by dephosphorylation at both

Y397 and Y861. These results place FAK as a general signal

Fig. 7. BDNF and laminin require FAK to modulate Cdc42 activity

and protrusion. (A–D) Fluorescence ratio images of GFP–wGBD and

TMR-D before (A,C) and 600 seconds after BDNF or laminin application

(B,D) in FRNK-expressing growth cones. Note that Cdc42 activity does not

change at the growth periphery following BDNF and is slightly reduced

following laminin application. Single-channel (GFP–wGBD and TMR-D)

fluorescence images are shown in supplementary material Fig. S5.

(E–H) Fluorescence ratio images of GFP–wGBD and TMR-D before

(E,G) and 480 or 600 seconds following simultaneous addition of 100 nM

PF-228 and BDNF or laminin (F,H). Note that Cdc42 activity does not

change at the growth periphery in the presence of PF-228 and BDNF or

laminin application. Single-channel (GFP–wGBD and TMR-D)

fluorescence images are shown in supplementary material Fig. S6. (I) Time

course of peripheral Cdc42 activity in growth cones in response to BDNF

or laminin in control or FRNK-expressing growth cones. Note the sustained

decrease in Cdc42 activity on laminin application in FRNK-expressing

neurons. n$14 growth cones for each condition. (J) Changes in leading

edge protrusion 10 minutes before and 10 minutes after BDNF or laminin

application in control or FRNK-expressing growth cones. Note reduced

basal protrusive activity in FRNK neurons and further decrease on laminin

application. n$20 growth cones for each condition. (K) Time course of

peripheral Cdc42 activity in growth cones in response to BDNF or laminin

with or without simultaneous application of PF-228. Note decreased Cdc42

activity on laminin application. n$14 growth cones for each condition.

(L) Changes in leading edge protrusion 10 minutes before and 10 minutes

after BDNF or laminin application with or without simultaneous

application of PF-228. Note that data from both P-domain Cdc42 activity

(I,K) and protrusion (J,L) of wild-type BDNF and laminin responses were

replicated for comparison from supplementary material Figs S1, S6.

FRNK+LN is significantly less than control medium after 4 minutes by

two-way ANOVA (I). Cdc42 is significantly reduced at 6 and 18 minutes

after PF-228+BDNF addition and at all time points after 2 minutes PF-

228+LN addition compared with control medium by two-way ANOVA.

n$20 growth cones for each condition. **P,0.01, *P,0.05. Scale bar:

5 mm.
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integrator downstream of diverse axon guidance cues and

indicate that FAK control of growth cone motility proceeds

through Rho family GTPases. Because FAK can be activated by

both positive and negative cues, it will be interesting to test how

Cdc42 activity is modulated in response to inhibitory cues known

to activate FAK. Under such conditions, FAK signaling might be

directed toward GEFs that preferentially activate RhoA over

Cdc42. Alternatively, Cdc42 might also be activated by

inhibitory cues, but these signals could be overridden by

stronger inhibitory signals in parallel. Fluorescent reporters of

RhoA, Rac1 and Cdc42 activity make it possible to test the

activation of each of these GTPases during stimulation with

positive and negative guidance cues. Future work using these

biosensors, together with pharmacological agents and axon

guidance cues, should provide additional molecular insights

into cellular mechanisms controlling the formation of neural

circuits in the developing nervous system.

Materials and Methods
Embryo injection and cell culture

All expression constructs were subcloned into the pCS2+ vector for RNA synthesis

(Dave Turner, University of Michigan, Ann Arbor, MI), with either a GFP or Myc
tag. Human isoforms of mutant Cdc42 constructs (Q61L constitutively active and

T17N dominant negative) in pCS2+ were provided by Alan Hall (Sloan-Kettering

Institute, New York, NY). GFP–wGBD and mCherry-CAAX plasmids were
provided by Bill Bement (University of Wisconsin, Madison, WI). GFP–FRNK

was provided by Patti Keely (University of Wisconsin). SuperFAK was provided

by Michael Schaller (West Virginia University, Morgantown, WV). Two
blastomeres at the eight-cell-stage of Xenopus laevis embryos were injected with

capped mRNA transcribed in vitro (mMessage machine, Ambion, Foster City,

CA). For DNCdc42, GFP, GFP–wGBD, Myc–FRNK or Myc–SuperFAK 0.3 ng/
blastomere mRNA was injected. A maximum of 0.1 ng CA-Cdc42 mRNA was

injected to allow embryo survival and normal development. For dual-labeling
experiments, embryos were co-injected with 50–100 ng of tetramethylrhodamine–

dextran (TMR-D, 10,000 MW; Invitrogen, Carlsbad, CA) and mRNA. Neural

tubes were dissected from stage 24 or stage 28 Xenopus embryos and cultured as
previously described (Gómez et al., 2003). Neural tube explants were plated onto
acid-washed coverslips coated with 50 mg/ml PDL (Sigma, St Louis, MO) or
25 mg/ml laminin (Sigma) and imaged or fixed 16–24 hours following plating.

Reagents and immunostaining

BDNF (Promega, Madison, WI) was applied at 100 ng/ml. Xenopus Slit-
conditioned medium was obtained from stably transfected HEK cells generously
provided by Yi Rao (National Institute of Biological Sciences, Beijing, China).
This medium was concentrated using a Biomax-100 filtration device (Millipore,
Billerica, MA) and applied at a 1:100 dilution. Slit2 (R&D systems, Minneapolis,
MN) was applied at 250 ng/ml unless otherwise noted. Laminin (Sigma) was
applied at 25 mg/ml. PF-557,228 (Tocris, Ellisville, MO) was applied at 100 nM.
SecramineA was a gift from Tom Kirchhausen (Harvard Medical School,
Cambridge, MA). For immunocytochemistry, cultures were fixed in 4%
paraformaldehyde in Krebs + sucrose fixative (4% PKS) (Dent and Meiri, 1992)
and permeabilized with 0.1% Triton X-100 in CMF-PBS. Alexa Fluor 546
phalloidin (Invitrogen) was used to label filamentous actin (F-actin). Primary
antibodies against tyrosine-phosphorylated FAK and Src (Invitrogen) were used at
1:500 in blocking solution. Alexa-Fluor-conjugated secondary antibodies were
purchased from Invitrogen and used at 1:250 in blocking solution. The biotinylated
N-WASP CRIB peptide was synthesized by the University of Wisconsin Peptide
Synthesis Facility as described previously (Västrik et al., 1999) and internalization
was confirmed by FITC–streptavidin staining.

Image acquisition and analysis

For both live and fixed fluorescent microscopy, high-magnification images were
acquired using either a 606 /1.45 NA objective lens on an Olympus Fluoview 500
laser-scanning confocal system mounted on an AX-70 upright microscope or a
1006 /1.49 NA objective lens on a Nikon total internal reflection fluorescence
(TIRF) microscope using an EVOLVE 512 EMCCD camera (Photometrics,
Tucson, AZ). Growth cones were imaged at 2–2.56 zoom (pixel size, 165–
200 nm). GFP–wGBD and TMR-D was excited sequentially with 488 nm and 543
laser lines of the confocal and 488 nm and 563 nm laser lines of the TIRF
microscope. For bright-field time-lapse microscopy, low-magnification phase-
contrast images were acquired using a 206 objective on a Nikon microscope
equipped with an x–y motorized stage for multi-positional imaging. Live explant
cultures were sealed in enclosed perfusion chambers as described previously
(Gómez et al., 2003) to allow rapid exchange of solutions. Images were analyzed
using ImageJ software (National Institutes of Health, Bethesda, MD).
Measurements of tyrosine-phosphorylated FAK and Src immunolabeled images
were made by first selecting the perimeter of growth cones from thresholded F-
actin-labeled images based on intensity to exclude background as described (Woo
et al., 2009). These user-defined regions were then used to measure the average
pixel intensity of phosphorylated tyrosine labeling within non-thresholded growth
cones. Background labeling was subtracted from these measured values and
normalized to vehicle treated control growth cones. For display purposes,
fluorescent images were scaled and pseudocolored using ImageJ look-up tables.

Membrane protrusion analysis

For membrane protrusion analysis, 1- to 2-pixel-wide kymographs were
constructed using Metamorph software (Molecular Devices, Sunnyvale, CA) or
ImageJ from lines spanning 3–4 distinct lamellipodial regions (typically between
filopodial protrusions) at the periphery of each growth cone. For data analysis, the
single most active growth cone region from each observation interval (pre- and
post-treatment) was quantified to exclude the possibility that changes in protrusion
reflected a localized change in the dynamics of an individual growth cone region.
To reflect changes in both the size and frequency of protrusive events, the
cumulative extent of protrusion in each growth cone region was summed and
expressed as a function of interval duration. For BDNF or laminin treatments,
membrane protrusion was quantified during time intervals 0–10 minutes before
and 5–15 minutes following BDNF or laminin application. For Xenopus Slit and
Slit2 experiments, membrane protrusion was quantified for 0–10 minutes before
and 2–12 minutes following application of Xenopus Slit or Slit2. 100 nM PF-228
was applied simultaneously with BDNF or laminin. For growth cone area
measurements, the distal 10 mm segment of each axon was analyzed using
Metamorph software.

Cdc42 activity analysis

Ratiometric images were constructed from single-channel GFP–wGBD and TMR-
D image stacks using Metafluor software (Molecular Devices) or ImageJ. For
correlation analysis of Cdc42 activity and lamellipodial dynamics, 1- or 2-line
kymographs were constructed from ratio image sequences and ratio values were
quantified from the distal 3 mm of the leading edge. Cdc42 activity within
filopodia was measured from ratio values at the distal 1 mm segment of motile
filopodia. Cdc42 activity within the peripheral and central domains of growth
cones were measured from user defined regions of at least 100 pixels.

Fig. 8. Slit2 inhibition of Cdc42 is blocked by constitutively active FAK.

(A,B) Fluorescence ratio images of GFP–wGBD and TMR-D before (A) and

570 seconds after Slit2 application (B) in a SuperFAK-expressing growth

cone. Single-channel (GFP–wGBD and TMR-D) fluorescence images are

shown in supplementary material Fig. S7. (C) Average change in Cdc42

activity over time at the growth cone periphery in response to Slit2 in control

or SuperFAK expressing growth cones. Note less change Cdc42 activity in

SuperFAK-expressing neurons. Control Slit2 response from Fig. 6 is

presented again for comparison. Cdc42 activity becomes significantly

(P,0.01) different between SuperFAK and control neurons 12 minutes after

treatment with Slit2. n514 growth cones for each condition. Scale bar: 5 mm.
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Quantification was performed from images obtained by confocal and TIRF
microscopy. Statistical significance was determined using Student’s t-test, or
two-way ANOVA with Bonferroni post-tests as specified in legends and variance
is reported as 6 s.e.m.
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Fig. 1. BDNF and LN promote and Slit inhibits protrusion through Cdc42.  (A,B) Fluorescence images of 
a TMR-D loaded growth cone at times indicated during LN application.  (C) Single line kymograph of region 
indicated by red line in (A). Note an increase in the stability of protrusions 5 min after LN addition. (D,E). GFP-
expressing growth cone at times indicated during BDNF application.  Note expanding area due to lamellipodial 
protrusion at the leading edge (arrows).  (F,G) Single line kymographs of regions indicated by red lines in (D).  
Note that the region sampled by line F becomes protrusive immediately after BDNF application, whereas the re-
gion sampled by line G becomes active after a delay of approximately 10 min.  (J,K). A GFP-DNCdc42 expressing 
growth cone at times indicated during BDNF application.  Note that this growth cone undergoes little change in 
morphology after 10 min in BDNF.  (H,I). Single line kymographs of regions indicated by red lines in J.  Neither 
region exhibits a detectable increase in membrane protrusion any time after BDNF application.  (L) Quantifica-
tion of the effects of BDNF or LN on total membrane protrusion in wild-type TMR-D loaded, GFP and GFP-
DNCdc42 expressing growth cones.  The extent of protrusion was analyzed for 0-10 min before and 5-15 min 
following BDNF addition.  N=20 for each condition.  *P<0.05, **P<0.001.  M-N. Fluorescence images of a GFP-
expressing wild-type growth cone before and after xSlit application.  Note reduced growth cone area as a result 
of lamellipodial retraction at the leading edge (arrows).  (O,P) A GFP-CACdc42 expressing growth cone before 
and after xSlit application.  Note partial retraction of growth cone lamellipodia following the addition of xSlit 
(arrow).  (Q,R) Single line kymographs of regions sampled by red lines in M and O.  In the control growth cone, 
the lamellipodial retracts and protrusive activity ceases after xSlit addition (Q).  In contrast, the region sampled 
from the CACdc42-expressing growth cone retains some protrusive activity following xSlit stimulation (R).  (S) 
The effects of xSlit on total membrane protrusion in wild-type GFP and GFP-CACdc42 expressing growth cones. 
The extent of protrusion was analyzed for 0-10 min before and 2-12 min following xSlit addition. N≥12 for each 
condition.  **P<0.001 by Students t-test.  Scale bar, 5 µm.



Fig. 2. Slit2 inactivates FAK and Src in neurons cultured on LN.  (A,B) Control and Slit2-treated neurons on 
LN, fixed and stained with phospho-specific antibodies against Y529 Src.  (A’,B’) Merged images of immuno-
labeled growth cones in A, B (green) merged with f-actin (red).  Note increased labeling of phospho Y529 Src, 
suggesting inactivation of Src by Slit2.  Scale bar, 5 µm.



Supplemental Figure 3. Rapid loading of WBD-CRIB peptide into growth cones. (A,B) TMR-streptavidin 
labeling (A) and Alexa-647 phalloidin stained (B) single channel �uorescence images of untreated control neu-
rons.  C. Pseudocolored merged images of TMR-streptavidin (green) and phalloidin (blue) growth cones from 
(A,B). D, E. TMR-streptavidin labeling (D) and Alexa-647 phalloidin stained (E) single channel �uorescence 
images of neurons treated with 40 µg/ml WBD-CRIB-biotin for 1 min.  F. Pseudocolored merged images TMR-
streptavidin (green) and phalloidin (blue) growth cone from (D, E). Note strong TMR-streptavidin labeling of 
growth cone and axons in (D) indicating WBD-CRIB-biotin loaded into neurons, but no labeling of neurons in 
(A).  (G) Quantitative �uorescence intensity measurements of TMR-streptavidin labeling of untreated control 
growth cones and growth cones treated with 40 µg/ml WBD-CRIB-biotin for 1 min.  N=10 growth cones for 
each condition.  P<0.0001, Students t-test.  Scale bar, 10 µm.



Fig. S4. Live imaging of Cdc42 activity in growth cones using GFP-wGBD and mCherry-CAAX.  (A, B) 
GFP-wGBD and mCherry-CAAX (mCh-CAAX) single channel �uorescence images of a growth cone on PDL 
before BDNF stimulation.  (C) GFP-wGBD/mCh-CAAX ratio image of growth cone in (A,B).  Note that the 
intensities of individual �uorescence images in this �gure were contrast enhanced to highlight the growth cone 
morphology, but ratio images were created from raw images. (D-F) Single channel and �uorescence ratio images 
360 seconds following BDNF application.  Note a robust increase in the wGBD/mCh-CAAX ratio is apparent at 
the growth cone periphery by 360 seconds following stimulation.   (G-I) Single channel and �uorescence ratio 
images 940 seconds following BDNF application and just before addition of the CRIB-peptide.  Note that active 
Cdc42 remains elevated for over 15 minutes, although dampened slightly.   (J-L) Single channel and �uorescence 
ratio images 1050 seconds following addition of 40 µg/ml N-WASP CRIB-peptide together with BDNF.  Within 
2 minutes of CRIB-peptide addition, active Cdc42 is dramatically reduced at the periphery, which corresponds 
precisely with reduced protrusive activity. Pseudocolor scale in C applies to C, F, I and L.  Scale bar, 5 µm.



Fig. S5. Cdc42 activity is not elevated by BDNF or LN in FRNK expressing growth cones. (A,B)  GFP-wGBD 
and TMR-D single channel �uorescence confocal images of a growth cone on PDL before BDNF stimulation.  
Note that for display purposes, some individual images were contrast enhanced, but ratio images were gener-
ated from raw images. (C) GFP-wGBD/TMR-D ratio image of growth cone in (A and B). (D-F) Single channel 
and �uorescence ratio images 600 seconds following application of BDNF to FRNK expressing growth cones.  
Note little change in the wGBD/TMR-D ratio is apparent at the growth cone periphery by 600 seconds follow-
ing stimulation. (G,H) GFP-wGBD and TMR-D single channel �uorescence confocal images of a growth cone 
on PDL before LN stimulation.  (I) GFP-wGBD/TMR-D ratio image of growth cone in (G and H). (J-L) Single 
channel and �uorescence ratio images 600 seconds following application of LN to FRNK expressing growth 
cones.  Note little change in the wGBD/TMR-D ratio is apparent at the growth cone periphery by 600 seconds 
following stimulation. Scale bar, 5 µm.



Fig. 6. Cdc42 activity is not elevated by BDNF or LN when FAK is inhibited with PF-228. (A,B) GFP-wG-
BD and TMR-D single channel fluorescence confocal images of a growth cone on PDL before BDNF stimula-
tion.  Note that for display purposes, some individual images were contrast enhanced, but ratio images were 
generated from raw images.  (C) GFP-wGBD/TMR-D ratio image of growth cone in (A and B). (D-F) Single 
channel and fluorescence ratio images 480 seconds following simultaneous addition of 100 nM PF-228 and 
BDNF.  Note little change in the wGBD/TMR-D ratio is apparent at the growth cone periphery by 480 seconds 
following stimulation. (G,H) GFP-wGBD and TMR-D single channel fluorescence confocal images of a growth 
cone on PDL before LN stimulation.  I. GFP-wGBD/TMR-D ratio image of growth cone in (G and H). (J-L) 
Single channel and fluorescence ratio images 600 seconds following simultaneous addition of 100 nM PF-228 
and LN.  Note little change in the wGBD/TMR-D ratio is apparent at the growth cone periphery by 600 seconds 
following stimulation. Scale bar, 5 µm.



Fig. S7.  Slit2 inhibition of Cdc42 is blocked by constitutively active FAK.  (A,B)  GFP-wGBD and TMR-D 
single channel fluorescence confocal images of a SuperFAK expressing growth cone on PDL before Slit stimu-
lation.  Note that for display purposes, some individual images were contrast enhanced, but ratio images were 
generated from raw images. (C) GFP-wGBD/TMR-D ratio image of growth cone in (A and B). (D-F) Single 
channel and fluorescence ratio images of a SuperFAK expressing growth cone 570 seconds following Slit ad-
dition.  Note little change in the wGBD/TMR-D ratio is apparent at the growth cone periphery by 570 seconds 
following stimulation. Scale bar, 5 µm.
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