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Racl and RhoA Promote Neurite Qutgrowth through
Formation and Stabilization of Growth Cone Point Contacts

Stephanie Woo and Timothy M. Gomez

Department of Anatomy and Program in Cellular and Molecular Biology, University of Wisconsin, Madison, Wisconsin 53706

Growth cone advance depends on coordinated membrane protrusion and adhesion to the extracellular matrix. Although many studies
have addressed the mechanisms responsible for membrane protrusion, the assembly of integrin-dependent adhesion sites known as
point contacts remains poorly understood in growth cones. We show balanced Rac1 activity controls both leading edge protrusion and
point contact dynamics during neurite outgrowth. Immunocytochemistry and live imaging of paxillin- green fluorescent protein (GFP)
showed that inhibiting Rac1 blocked point contact formation, whereas Racl overactivation produced small, unstable point contacts. Both
inhibition and overactivation of Racl reduced the persistence of lamellar protrusions and neurite outgrowth. Inhibition of ROCK (Rho
kinase), a RhoA effector, perturbed protrusion and point contact dynamics similar to Racl overactivation. Moreover, the repulsive
guidance cue Semaphorin 3A, which signals through Racl, destabilizes point contacts. Together, our data suggest that coordinated Rho

GTPase activities regulate neurite outgrowth through point contact formation and stabilization of membrane protrusion.
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Introduction

Adhesion to the extracellular matrix (ECM) is a critical step for
cell spreading and regulation of cell motility, including growth
cone migration during axon guidance (Suter and Forscher, 2000,
Ridley et al., 2003). Integrin receptors composed of a/f het-
erodimers are major mediators of adhesion to ECM ligands. In-
tegrin engagement of ECM ligands results in receptor clustering
and the formation of various adhesion complexes (Geiger et al.,
2001) that provide a linkage to the actin cytoskeleton and support
the force generation necessary for growth cone advance (Suter et
al., 1998; Beningo et al., 2001). In addition to providing adhesive
support for mechanical tension, studies have shown that integrin
receptors activate second-messenger signaling cascades, which
help coordinate assembly and disassembly of adhesion sites (Go-
mez et al., 2001; Giannone et al., 2002; Ivins et al., 2004).

Work in fibroblasts has indicated an important role for the
Rho GTPases RhoA and Racl in regulating integrin-dependent
focal adhesions (Nobes and Hall, 1995). In migrating fibroblasts,
focal complexes first form at the leading edge of lamellipodia and
filopodia induced by Racl activity (Rottner et al., 1999). Subse-
quently, in a process that requires RhoA activity and actomyosin
contraction (Chrzanowska-Wodnicka and Burridge, 1996), focal
complexes mature into larger focal adhesions as additional pro-
teins are recruited, linking the adhesion site to the actin
cytoskeleton.
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In growth cones, integrin-dependent adhesion sites are re-
ferred to as point contacts. By immunocytochemistry, point con-
tacts contain many of the same proteins that localize to focal
adhesions in non-neuronal cells, including paxillin, vinculin, 1-
integrin, and focal adhesion kinase (Renaudin et al., 1999). Inter-
estingly, the Rho GTPases RhoA and RhoB are also enriched at
point contacts. Point contacts exhibit different morphologies de-
pending on substrata, suggesting functionally distinct adhesive
sites may form in growth cones (Gomez et al., 1996). However,
because growth cone point contacts are, on average, 10 times
smaller and more punctate in appearance than fibroblastic focal
adhesions, it is unclear whether these adhesion sites are regulated
in a similar manner. Although it is clear that Rho GTPase activity
has profound affects on growth cone motility (Luo, 2000) and
guidance (Huber et al., 2003), the role of RhoA or Racl in regu-
lating growth cone—substratum adhesion has not been addressed.

Here, we describe a role for paxillin-containing adhesive point
contacts in the stabilization of growth cone lamellipodial and
filopodial protrusions. Live imaging of paxillin—green fluores-
cent protein (GFP)-expressing growth cones shows that punctate
point contacts form within the leading edge of protrusions and
often expand into larger, more stable adhesions reminiscent of
focal contacts. We also show that point contact dynamics depend
on coordinated Racl and RhoA activities, which support rapid
neurite outgrowth through stabilization of lamellar protrusions.
The initial formation of paxillin-containing point contacts at the
leading edge of growth cones requires Rac1l, whereas stabilization
of point contacts requires inactivation of Racl and activation of
the RhoA target Rho kinase (ROCK). Our results suggest that
coordinated Rho GTPase activities promote rapid neurite out-
growth on laminin (LN) through formation of point contacts and
stabilization of membrane protrusions.
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Figure 1.

frequency. *p << 0.05. Error bars indicate SEM. WT, Wild type.

Materials and Methods

Embryo injection and cell culture. Expression constructs were subcloned
into the Xenopus-preferred PCS+ vector (D. Turner, University of Mich-
igan, Ann Arbor, MI). Racl mutants were provided by M. Ruchhoeft.
cDNA for chicken paxillin was provided by A. F. Horwitz (University of
Virginia, Charlottesville, VA). Xenopus laevis embryos were obtained as
described previously (Gomez et al., 2003) and staged according to Nieu-
wkoop and Faber (1994). Two or four blastomeres of eight-cell stage
embryos were injected with 100 pg of DNA or 0.5-1 ng of in vitro tran-
scribed, capped mRNA (mMessage Machine; Ambion, Austin, TX). For
spinal cord cultures, neural tubes were dissected from stage 22 embryos
and explants were cultured in a 1 X modified Ringer’s solution. For ret-
inal cultures, eye primordia were dissected from stage 35/36 embryos and
explants were cultured in 60% L15 medium (Sigma, St. Louis, MO) as
described previously (Campbell et al., 2001). Explants were plated on
glass coverslips coated with 100 pg/ml poly-p-lysine (PDL; Sigma) alone
or PDL followed by 10 ug/ml LN (Sigma) as described previously (Go-
mez et al,, 2003). Cultures were imaged or fixed 12-24 h after plating.

Image acquisition and reagents. For both live and fixed samples, images
were acquired using a 60X/1.45 numerical aperture objective lens on an
Olympus (Tokyo, Japan) Fluoview 500 laser-scanning confocal system
mounted on an AX-70 upright microscope. Live samples were imaged at
2X zoom, and fixed samples were imaged at 3X zoom. Live explant
cultures were sealed in enclosed perfusion chambers as described previ-
ously (Gomez et al., 2003) to allow rapid exchange of solutions. Y-27632
and ML-7 were purchased from Calbiochem (La Jolla, CA). Recombi-
nant human Sema3A-Fc was purchased from R & D Systems (Minneap-
olis, MN). Biotinylated p21-activated kinase-Cdc42/Racl-binding
(PAK-CRIB) peptide was synthesized by the University of Wisconsin
Peptide Synthesis Facility (Madison, WI) as described previously (Vas-
trik et al., 1999); internalization was confirmed by FITC-streptavidin
staining. The p21-binding domain of PAKI1 fused to glutathione-S-
transferase (GST-PBD) was provided by W. Bement (University of Wis-
consin, Madison, WI). Function-blocking 31-integrin antibody was pro-
vided by K. Yamada (National Institute of Dental and Craniofacial
Research, National Institutes of Health, Bethesda, MD).

Antibodies and labeling. For immunocytochemisty, cultures were
fixed in 4% paraformaldehyde/4% sucrose in Ca** - and Mg**-free PBS
(CME-PBS), followed by permeabilization in 0.1% Triton X-100 in
CMF-PBS, and blocked in GDB buffer [0.5% fish gelatin (Sigma) and

Rac1 mutants reduce neurite outgrowth and alter protrusion dynamics. A-C, Representative growth cones express-
ing GFP (4), GFP—CA Rac1 (B), or GFP—DN Rac1 (€) on LN. A"~C’, Fluorescent growth cones were imaged every 15 s for 15 min.
Kymographs were generated along the lines indicated in A—C. Arrowheads indicate the time points of sampled images in A-C.
Expanding and contracting contours of the edge indicate lamellar protrusion and withdrawal, respectively, with a sharp slope
corresponding to high velocity and a wide base indicating prolonged persistence. D, Quantification of the rate of outgrowth as well
as protrusion velocity, frequency, and persistence measured from kymographs. Both CA (1 = 15) and DN (n = 8) Rac1 mutants
reduced the rate of outgrowth and protrusion persistence compared with control (n = 15). CA Rac1 also increased protrusion
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0.2% Triton X-100] in CMF-PBS for 1 h at
room temperature. Primary antibodies were
used at the following dilutions: 1:500 paxillin
(BD Transduction Laboratories, Franklin
Lakes, NJ); 1:000 c-myc (Santa Cruz Biotech-
nology, Santa Cruz, CA); 1:500 Vinculin (Sig-
ma); 1:500 B1-integrin (Developmental Studies
Hybridoma Bank, University of Iowa, Iowa
City, IA); 1:1000 PY99 (phosphotyrosine; Santa
Cruz Biotechnology); 1:1000 GST (Amersham
Biosciences, Piscataway, NJ); and 1:250
phospho-myosin light chain 2 (Cell Signaling
Technology, Beverly, MA). Alexa-Fluor-
conjugated secondary antibodies were pur-
chased from Molecular Probes (Eugene, OR)
and used at 1:250. A 1:50 dilution of Alexa-546
Phalloidin (Molecular Probes) was used to label
F-actin. To detect active Racl, 5 pug/ml GST-
PBD was first applied to growth cones, followed
by an anti-GST antibody and fluorescent sec-
ondary antibodies, each separately in GBD
buffer overnight at 4°C as described previously
(Li et al., 2002).

Image analysis and quantification. Images
were analyzed using MetaMorph software
(Universal Imaging, Sunnyvale, CA). Point
contacts were identified within the peripheral
domain of paxillin-immunofluorescent images
as discrete regions of fluorescence that were at
least two times greater in intensity than the immediately surrounding
cellular background. To quantify the length of individual adhesions,
user-defined regions of images were thresholded to highlight areas of
discrete fluorescence, and the longest cord was measured from this
thresholded area. For time-lapse images, discrete areas containing pax-
illin-GFP that were at least two times brighter than the surrounding
background and remained fixed in place for a minimum of 30 s were
scored as point contacts. Kymographs were created using the kymograph
function in MetaMorph along lines one pixel in width. Protrusions were
measured if the leading edge membrane exhibited a positive slope with a
minimum rise and run of 1.5 wm and 30 s, respectively. For display
purposes, kymographic images of point contacts were processed with a
3 X 3 low-pass kernel in MetaMorph and pseudocolored in Image] (W.
Rasband, National Institutes of Health). For all other figures, images
were processed in Photoshop (Adobe Systems, San Jose, CA) as follows:
brightness levels adjusted, unsharp mask routine to improve edge detec-
tion, converted to 8-bit depth, and cropped. Statistical significance was
determined using Mann—Whitney ¢ test, and variance was reported as
+SEM using InStat software (GraphPad Software, San Diego, CA).
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Results
Balanced Racl activity promotes growth cone motility by
stabilizing membrane protrusions
To assess the function of Racl in motile growth cones, we ex-
pressed dominant-negative (DN) or constitutively active (CA)
Racl mutants as GFP fusion proteins in Xenopus spinal neurons.
The DN N17 Racl mutant produces a nonfunctional protein that
sequesters upstream exchange factors, whereas V12 Racl is CA
because of its inability to hydrolyze GTP. Consistent with previ-
ous reports (Kuhn et al., 1998; Ruchhoeft et al., 1999), activating
or inhibiting Racl in neurons altered growth cone morphologies
and significantly reduced the rate of axon outgrowth (Fig. 1).
Typically, growth cones expressing CA Racl had an increased
lamellipodial area, whereas growth cones expressing DN Racl
had little or no veil and several long, stable filopodia.

The effects on growth cone morphology likely result from
altered protrusive behavior of the leading edge, which we quan-
tified by kymography. Kymography allows us to measure several
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characteristics of leading edge protrusions, including the fre-
quency, rate, and persistence of protrusions (Hinz et al., 1999)
(see Materials and Methods). To generate kymographs, user-
defined lines spanning the leading edge of GFP-fluorescent
growth cones are sampled at each frame of a time-lapse sequence
and montaged side by side into a single image. Therefore, each
kymograph represents the protrusive behavior of an individual
growth cone over time. Kymographs revealed that the leading
edge of wild-type growth cones steadily advanced forward over a
30 min observation period, whereas there was little to no net
forward advance of the leading edge of either DN Racl- or CA
Racl-expressing growth cones (Fig. 1A'~C"). However, expres-
sion of Racl mutants did not consistently nor significantly reduce
the velocity or the frequency of individual membrane protrusions
(Fig. 1 D). On the contrary, CA Racl increased the frequency of
veil protrusions significantly above control growth cones (Fig.
1D), consistent with the role of Racl in promoting actin poly-
merization. On the other hand, the persistence of protrusions was
dramatically and consistently reduced in both DN and CA Racl-
expressing growth cones compared with control (Fig. 1D). To-
gether, these results suggest that balanced Racl activity promotes
axon outgrowth by stabilizing growth cone membrane
protrusions.

Perturbing Racl activity alters point contact adhesions
Inhibiting or overactivating Racl reduced the persistence of la-
mellipodial protrusions, suggesting that cell-substratum adhe-
sion is disrupted. To test whether adhesion complexes are altered
under these conditions, we immunocytochemically labeled
growth cones expressing Racl mutants with an antibody to pax-
illin, an adaptor protein that clusters at sites of adhesion (Geiger
et al., 2001) (Fig. 2). Normally, paxillin localizes to discrete
puncta within lamellipodia and filopodia of growth cones; these
paxillin-rich structures varied in shape and size, ranging from
small foci to oblong streaks resembling point contacts and small
focal adhesions, respectively (Fig. 2A). Wild-type growth cones
maintained an average of 8.76 * 0.89 (n = 46) paxillin-
containing point contacts with an average size 0of 0.78 = 0.03 um
(longest cord; see Materials and Methods). The number of point
contacts formed by CA Racl-expressing growth cones increased
but was not significantly greater than control (Fig. 2 D). However,
CA Racl strongly reduced the average size of point contacts (Fig.
2E). In contrast, growth cones expressing DN Racl had consis-
tently fewer point contacts per growth cone, but the average size
of contacts was similar to control (Fig. 2 D, E). These results sug-
gest that although Rac1 activity may be required for point contact
formation, the stabilization and maturation of point contacts
may require reduced Racl activity.

Live imaging of paxillin—-GFP

Immunocytochemical experiments reveal the static distribution
of paxillin in fixed cells but cannot address whether altering Racl
activity affects the assembly or disassembly of these adhesion
sites. To study the dynamic assembly and turnover of point con-
tacts, we used time-lapse imaging of live growth cones expressing
paxillin fused to GFP (movie 1, available at www.jneurosci.org as
supplemental material). Expressing paxillin—-GFP did not affect
the average rate of neurite outgrowth (paxillin-GFP, 1.01 * 0.16
pm/min, n = 17, versus GFP only, 0.86 * 0.17 wm/min, n = 22;
p = 0.33). To confirm the proper localization of this fusion pro-
tein, we immunofluorescently labeled paxillin-GFP-expressing
growth cones for other adhesion site markers. We found that
paxillin—-GFP colocalizes with several markers of focal adhesions,
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Figure2. Perturbing RacT activity alters paxillin-containing point contacts. A-C, Represen-
tative control, CA, or DN Rac1-expressing growth cones on LN stained with an antibody against
paxillin. Note that control growth cones (n = 46) have both elongated, streak-like (arrows) as
well as smaller, punctate (arrowhead) point contacts. Expression of CARac1 (n = 10) results in
smallerand more punctate point contacts (B), whereas DN Rac1-expressing growth cones (n =
37) have fewer point contacts overall (€). D, E, Quantification of point contact size (D) and
number of point contacts per growth cone (E). Point contact size was determined by measuring
the length along the longest cord (see Materials and Methods). Scale bar, 5 wm. **p << 0.001.
Error bars indicate SEM.

including vinculin, B1-integrin, and phosphotyrosine (Fig. 3).
Similar to endogenous protein, paxillin—-GFP organized into dis-
crete puncta and streak-like structures within filopodia and pe-
ripheral lamellipodia (Fig. 4). Analysis of paxillin—-GFP in live
growth cones showed that paxillin-containing adhesions are
highly dynamic: assembling at the leading edge, growing in size,
and disassembling while remaining in a fixed position as the
growth cone migrates forward (Fig. 4A).

Kymographs generated from growth cone regions containing
assembling adhesion sites showed both temporal (x-axis) and
spatial ( y-axis) point contact kinetics (Fig. 4 B, C). Point contacts
elongate rearward (toward the growth cone central domain),
gradually increasing in both length and fluorescent intensity over
an average lifetime of 2.26 * 0.18 min. Disassembly, in contrast,
occurs rapidly and with no consistent directional bias. Together,
these observations suggest that paxillin—~GFP is a reliable marker
to track adhesion site dynamics in live growth cones.

LN promotes Racl-dependent point contact assembly

To study de novo point contact assembly, we examined the redis-
tribution of paxillin—-GFP during acute stimulation with LN. For
this assay, paxillin-GFP-expressing growth cones were plated on
PDL, a non-integrin-binding substratum that does not support
point contact formation (Fig. 5). Growth cones were imaged
5-10 min before and 10 min after the addition of 25 pg/ml solu-
ble LN. On PDL, paxillin—~GFP was distributed in a diffuse pat-
tern that paralleled cell volume similar to unconjugated GFP (Fig.
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5A) (n = 15). However, after an average delay of 6.35 * 0.62 min,
the addition of soluble LN promoted paxillin—-GFP clustering
into discrete puncta and streak-like structures resembling point
contacts within leading edge protrusions. This occurred in 80%
of the growth cones observed (Figs. 54, 6 D) (movie 2, available at
www.jneurosci.org as supplemental material).

Analysis of the morphological changes induced by acute LN
stimulation showed biphasic effects on membrane protrusion
and the rate of axon outgrowth (Fig. 5B,C). Immediately after
LN addition, growth cones exhibited a slight increase in the du-
ration of protrusions as well as a modest increase in their rate of
outgrowth. However, after 6 min of LN addition and concurrent
with the appearance of point contacts, there was a much more
robust increase in protrusion persistence and accelerated axon
outgrowth (Fig. 5B,C). The assembly of point contacts and in-
creased persistence of protrusions correlated closely with LN
coating to the substratum (Fig. 5E). Therefore, the biphasic ef-

Paxillin—GFP colocalizes with adhesion markers. A—C, Paxillin—GFP in a non-neuronal cell colocalizes with anti-
paxillin antibody. Similar streak-like distributions are observed in immunolabeled non-neuronal cells not expressing paxillin—
GFP. D-L, Growth cones expressing paxillin—GFP were stained with antibodies against vinculin (D-F), B1-integrin (G—I), and
phosphotyrosine (PY) (J-L). Arrows indicate areas of colocalization within point contacts. Scale bar, 5 m.
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fects of LN stimulation may be attributable
to the growth cones responding initially to
soluble LN with increased protrusion and
to bound LN with increased point contact
formation. These results are consistent
with the notion that rapid axon outgrowth
requires stabilization of protrusions by
paxillin-containing point contacts.

The molecular basis for the effects of
acute LN stimulation on growth cone mo-
tility and point contact formation likely
involves integrin activation of Rho GTPase
signaling (Kuhn et al., 1998). To test
whether the effects of LN stimulation were
integrin mediated, we inhibited pB1-
integrin receptors with a function-
blocking antibody (Akiyama et al., 1989)
(Fig. 6 A). Growth cones expressing paxill-
in—GFP were pretreated with 100 ug/ml
Bl-integrin antibody for 20-30 min be-
fore the addition of 25 wg/ml LN. Surpris-
ingly, the function-blocking B1-integrin
antibody alone slightly increased the rate
of outgrowth, possibly because of receptor
clustering (Akiyama et al., 1989). More-
over, the addition of the function-
blocking antibody alone also induced
small paxillin—-GFP puncta in 45.4% of the
growth cones observed (Fig. 6 D) (n = 11).
However, antibody-induced puncta ap-
peared smaller and were more transient
than structures we would normally define
as point contacts (data not shown). Im-
portantly, the addition of LN in the con-
tinued presence of function-blocking anti-
bodies did not increase the number or the
morphology of these puncta or promote
the formation of bona fide point contacts
(Fig. 6 A, D). Moreover, stimulation by LN
did not significantly further increase neu-
rite outgrowth in the presence of function-
blocking antibodies (Fig. 6 E). For remain-
ing growth cones that did not respond to
Bl-integrin antibody alone, paxillin-GFP
remained diffusely distributed before and
up to 10 min after the addition of LN plus
antibody. Therefore, stimulation of axon outgrowth and point
contact formation by LN requires 31-integrin activation.

To determine whether Racl is required for the LN-induced
assembly of point contacts downstream of integrins, we blocked
Racl activity using two approaches. First, we coexpressed myc-
tagged DN Racl together with paxillin—-GFP (Fig. 6 B). Expres-
sion of DN Racl blocked LN-induced point contact formation
and growth cone motility in all growth cones tested (n = 9) (Fig.
6D, E). Wealso acutely inhibited Racl with a cell-permeable pep-
tide inhibitor consisting of the CRIB domain of PAK1 fused to the
Antennepedia internalization sequence (Vastrik et al., 1999) (Fig.
6C). Growth cones expressing paxillin—-GFP were treated with 60
pg/ml PAK-CRIB for 5 min before the addition of LN. Only
18.2% of the treated growth cones (n = 11) assembled point
contacts in response to LN (Fig. 6 D), and there was no significant
increase in the rate of axon outgrowth (Fig. 6 E). Although lamel-
lipodial extensions are compromised with Racl inhibited,
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Figure 4.
Pseudocoloring three time points separated by 1 min red, green, and blue help identify stable regions that display as white in the merged image. Large, stable point contacts appear white in the
merged image (arrow), whereas more transient contacts appear as separate colors (arrowheads). See supplemental material (available at www.jneurosci.org) for the movie corresponding to this
growth cone (movie 1). B, ¢, Kymographs through individual point contacts (B’, C') assembled from the lines indicated in the frames to the left show the dynamic assembly of individual point
contacts. The pseudocolor scale indicates bright fluorescence as hot colors. Note that point contacts tend to elongate proximally and that fluorescence intensity increases with elongation (red boxes).
Scale bars, 5 m. The calibration bars refer to the kymographs.

growth cones can extend protrusions under these conditions
(Fig. 1C,D), suggesting that reduced point contact formation is
not simply attributable to reduced protrusiveness.

Engagement of integrin receptors has been shown to activate
Racl in non-neuronal cells (Del Pozo et al., 2002). To determine
whether Racl activity is elevated by LN stimulation in growth
cones, we used an in situ binding assay shown previously to detect
activated Rho GTPases in growth cones (Li et al., 2002). Briefly,
neurons were fixed 10 min after LN addition and probed for
active Racl using GST-PBD. Although this region of PAK1 can
bind both Racl and Cdc42 (Bokoch, 2003), Cdc42 does not ap-
pear to bind to GST-PBD in Xenopus neurons (Li et al., 2002),
suggesting this probe is specific for active Racl in our system.
Racl activity, as assessed by the fluorescence intensity of individ-
ual growth cones, was significantly higher in LN-stimulated
growth cones compared with control (Fig. 7). However, when
growth cones were treated with the Bl-integrin function-
blocking antibody before LN stimulation, the average fluores-
cence intensity did not significantly differ from control growth
cones on PDL alone. Together, these results suggest that LN sup-
ports rapid axon outgrowth by activating Racl downstream of
Bl-integrin receptors, leading to the formation of paxillin-
containing point contacts and stabilization of membrane
protrusions.

Racl inactivation is required for point contact stabilization

Our findings suggest that Racl is required for the initial assembly
of point contacts. However, overactivation of Racl produced
many small but few large point contacts (Fig. 2), suggesting that
stabilization and maturation of adhesion sites may depend on
reduced Racl activity. To determine whether Racl plays a role in
point contact stability, we compared paxillin-GFP dynamics of

Live imaging of paxillin—GFP in growth cones. Paxillin—GFP is organized into point contacts that dynamically assemble, grow, and disassemble during growth cone advance on LN. A,

wild-type and CA Racl-expressing growth cones on LN. Wild-
type growth cones assemble both stable and transient paxillin-
containing point contacts (see movie 1, available at www.jneuro-
sci.org as supplemental material). A significant percentage of
point contacts in control growth cones were highly unstable with
lifetimes of <1 min (Fig. 8 D). These adhesions do not elongate,
but remain as symmetrical puncta. However, some point con-
tacts in wild-type growth cones are stabilized with lifetimes be-
tween 3 and 8 min. Stable point contacts often began as small
puncta that elongated over time into streak-like structures,
reaching maximal lengths of >1 um (Fig. 8A,B). In contrast,
growth cones coexpressing CA Racl and paxillin-GFP produced
fewer stable point contacts and proportionately more transient
point contacts (Fig. 8C,D) (movie 3, available at www.jneuro-
sci.org as supplemental material). Thus, overactivation of Racl
seems to interfere with stabilization and elongation of point
contacts.

ROCK inhibition alters leading edge protrusion and point
contact dynamics similar to CA Racl

The Rho GTPases Racl and RhoA are thought to have antagonis-
tic roles during axon pathfinding (Luo, 2000). However, al-
though strong activation of RhoA is known to induce growth
cone collapse and neurite retraction (Jalink et al., 1994), a low
level of local RhoA activity may be necessary for growth cone
migration (Nakamura et al., 2005), possibly through the stabili-
zation of adhesion sites (Ridley et al., 2003). The RhoA effector
ROCK is necessary for focal adhesion formation in fibroblasts
(Chrzanowska-Wodnicka and Burridge, 1996), but a similar
function of ROCK in growth cones has not been demonstrated.
ROCK promotes myosin-II contraction by both directly phos-
phorylating the activating serine residue of myosin light chain



Woo and Gomez @ Rac1 and RhoA Regulate Point Contacts

o1
-
=)

0.1t 0.11 0.44%0.15

o
0

Neurite Length (um)
el
e
- ~N
o

o
e
o

Protrusion Persist:
i
=]

I
)

o

-
[T

0-5 5-11 1115
Pre-LN Post-LN
Time (min)
3000

ity

2000

1000

Fluorescence Intens

o
oF

5.0 10 15
Time (min)

Figure 5.  Laminin promotes point contact assembly and increased neurite outgrowth. 4,
Growth cone expressing paxillin—GFP on PDL before and at the indicated times after the addi-
tion of 25 pug/ml LN. Within 10 min of LN addition, several point contacts are obvious (arrows).
The mean time to the first identifiable point contact is 6.35 = 0.62 min (n = 12). See supple-
mental material (available at www.jneurosci.org) for the movie corresponding to this growth
cone (movie 2). B, Time-lapse quantification of neurite outgrowth (n = 15) reveals a hiphasic
increase in the rate of outgrowth induced by LN (at 5 min). The rate of outgrowth increases
slightly immediately after LN addition (light gray region). However, by 7 min after stimulation
with LN (dark gray region), the rate of outgrowth increases robustly, which corresponds near
the time when the first point contacts (PC's) form. €, Quantification of protrusion persistence
shows that point contact formation correlates with a significant increase in protrusion stability
(colored regions match in Band €). D, D", Kymography qualitatively illustrates the changes in
outgrowth and protrusion induced by LN. The kymograph in D’ assembled along the line indi-
cated in D. The black arrowhead indicates the time point of sampled image in D. The white
arrowhead indicates the time of LN addition. Note that the point contact was captured by this
kymograph (white arrow). E, Quantification of LN-coating dynamics. LN was added to glass
coverslips pretreated with PDL, fixed at various time points, and stained with an anti-LN anti-
body. Fluorescence intensity of the LN immnunostaining over time shows that LN binds the
substratum rapidly and in a saturatable manner with a time course that is consistent with the
appearance of point contacts, increased protrusion persistence, and accelerated neurite out-
growth. Scale bars, 5 um. Calibration bars are as indicated. *p << 0.05. Error bars indicate SEM.

(Amano etal., 1996), and phosphorylating and inhibiting myosin
light chain phosphatase (Kimura et al., 1996). Because Racl is
known to antagonize RhoA signaling (Rottner et al., 1999), we
tested whether the effects we observed on point contact dynamics
induced by CA Racl could be mimicked by direct inhibition of
ROCK activity.

Using kymography, we compared the persistence, height, ve-
locity, and frequency of protrusions before and after pharmaco-
logical inhibition of ROCK with Y-27632 (Calbiochem) (Fig. 9).
Similar to our observations with CA Racl, we found that 25 um
Y-27632 significantly decreased protrusion persistence (Fig. 9C).
This is qualitatively clear from the kymographs, which appear
more irregular in ROCK-inhibited growth cones, indicating un-
stable protrusions (Fig. 9A",B").

We also examined the effects of ROCK inhibition on the size
and assembly dynamics of growth cone point contacts. First,
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growth cones treated with Y-27632 were fixed and stained with an
antibody against paxillin, and the lengths of paxillin-containing
point contacts were measured. Similar to CA Racl expression,
treatment with 25 uM Y-27632 for 30—45 min significantly re-
duced the size of point contacts compared with control (Fig. 9D).
Next, the effects of ROCK inhibition on point contact dynamics
were assessed in live growth cones expressing paxillin-GFP.
Again, similar to CA Racl, Y-27632 significantly decreased the
percentage of stable point contacts while increasing the percent-
age of labile point contacts (Fig. 9E). These results suggest that
modest or localized RhoA activity may be necessary to locally
activate ROCK, which stabilizes growth cone point contacts to
promote persistent membrane protrusions.

CA Racl and inhibition of ROCK reduce myosin-II activity
Downstream Racl signaling is known to reduce myosin-II-based
contraction (Sanders et al., 1999; van Leeuwen et al., 1999),
whereas the RhoA/ROCK pathway increases myosin activity
(Amano et al., 1996; Kimura et al., 1996). To determine whether
decreased myosin-II activity correlates with the loss of stable
point contacts in growth cones, we assayed phospho-myosin light
chain (p-MLC) levels in CA Racl-expressing and Y-27632-
treated growth cones. Using a phospho-specific antibody, we
measured the average fluorescence intensity of p-MLC immuno-
labeling in control and experimental growth cones (Fig. 9F-H).
We found that both expression of CA Racl and inhibition of
ROCK significantly decreased MLC phosphorylation relative to
controls (Fig. 9]). As a positive control for the p-MLC antibody,
we demonstrated that pharmacological inhibition of myosin light
chain kinase with ML-7 (Calbiochem) also significantly de-
creased p-MLC staining in growth cones.

Semaphorin 3A disrupts point contact formation

and stabilization

Many axon guidance cues have been shown to signal through the
Rho GTPases (Huber et al., 2003), but the effects of axon guid-
ance cues on point contact dynamics has not been examined.
Semaphorin 3A (Sema3A) is a secreted repulsive guidance cue
that activates Racl through the neuropilin-1/Plexin Al receptor
complex (Turner et al., 2004) and more recently has been shown
to promote local synthesis of RhoA mRNA (Wu et al., 2005).
Interestingly, Sema3A also reduces integrin-dependent adhesion
of both neuronal growth cones and vascular endothelial cells
(Mikule et al., 2002; Serini et al., 2003), but the underlying mech-
anism remains unclear. Because we have shown that Racl regu-
lates point contact dynamics in an integrin-dependent manner,
we tested whether the addition of Sema3A alters the assembly or
stabilization of paxillin-containing point contacts in growth
cones.

Although Xenopus spinal neurons are repelled away from a
local source of Sema3A, these neurons do not appear to respond
to globally applied Sema3A (Song et al., 1998) (Fig. S1, available
at www.jneurosci.org as supplemental material). Therefore, to
test the effects of bath-applied Sema3A on point contacts, we
switched to Xenopus retinal ganglion cell (RGC) axons, because
Sema3A collapses these axons in a dose-dependent manner
(Campbell etal., 2001) (Fig. S1, available at www.jneurosci.org as
supplemental material). However, because we cannot measure
paxillin-GFP puncta within fully collapsed growth cones, we
tested the effects of a low, noncollapsing dose of recombinant
Sema3A (400 ng/ml; R & D Systems). At this concentration, the
rate of RGC neurite outgrowth on LN is modestly reduced
(0.67 = 0.16 wm/min) in the presence of Sema3A compared with
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the pretreatment rate of outgrowth (0.9 =
0.14 um/min; n = 15; p = 0.3). Sema3A
also had subtle effects on protrusion dy-
namics, although the persistence, distance,
and velocity of membrane protrusions
were not significantly altered at this con-
centration (Fig. S2, available at www.
jneurosci.org as supplemental material).
Despite the modest effects on growth
cone motility of this subcollapsing dose,
the addition of 400 ng/ml Sema3A rapidly
altered paxillin-GFP dynamics. Within
minutes of Sema3A addition, most of the
pre-existing paxillin-containing point
contacts were disassembled (Fig. 10A) (see
movie 4, available at www.jneurosci.org as
supplemental material). Moreover, new
point contacts formed at a much lower fre-
quency than in control growth cones (Fig.
10B). Consistent with Sema3A-activating
Racl, new point contacts were more tran-
sient and fewer stable point contacts were
formed compared with control (Fig. 10C).
These results suggest that the repulsive cue
Sema3A alters the assembly and turnover
of adhesion sites, which is consistent with
previous reports showing that Sema3A re-
duces integrin-dependent adhesion. It is
noteworthy that this low concentration of
Sema3A was able to affect point contact
formation and lifetime but did not signif-
icantly change membrane protrusion. The
apparent disconnect between point con-
tact and protrusion dynamics observed
here may be attributable to additional sig-
nals activated by Sema3A, such as in-
creased RhoA expression (Wu et al., 2005).

Discussion

Growth cone adhesion to the ECM is me-
diated by point contacts that are enriched
in adhesion molecules such as B1-integrin,
paxillin, vinculin, and zyxin (Gomez et al.,
1996; Renaudin et al., 1999), but the mech-
anisms regulating point contact dynamics
in growth cones are unknown. In this
study, we define a Rho GTPase signaling
cascade that regulates point contact as-

sembly and stability. Racl promotes the initial formation of
small, labile point contacts downstream of activated integrin re-
ceptors. However, active Racl appears to inhibit further stabili-
zation of point contacts. Instead, point contact stabilization de-
pends on deactivation of Racl and activation of the RhoA/ROCK
pathway. Pharmacological inhibition of ROCK reduced the per-
centage of stable point contacts, similar to expression of CA Racl.
Furthermore, both activation of Racl and inhibition of ROCK
decreased levels of active myosin-II, implicating actomyosin con-
traction in growth cone point contact stabilization. Finally, our
data suggest that the regulation of point contact dynamics is an
important determinant of axon guidance as acute stimulation
with LN promotes point contact assembly and axon outgrowth,
whereas acute treatment with a low dose of Sema3A disrupts

point contacts and slows axon outgrowth.
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apparent local areas of active Rac1 at the growth cone periphery. Growth cones pretreated with 31-integrin function-blocking
antibody (C€) appear similar to unstimulated control growth cones. G, Quantification of GST-PBD binding. The average fluores-
cence intensity was measured within the entire growth cone using MetaMorph software. The addition of LN (n = 34) significantly
elevated RacT activity compared with control (n = 40); this increase was blocked by pretreatment with 31-integrin function-
blocking antibody (n = 38). Scale bar, 5 m. **p << 0.001. Error bars indicate SEM. ab, Antibody.

Although many studies have demonstrated the importance of
Racl for axon outgrowth and guidance (Kuhn et al., 1998; Jurney
et al., 2002; Ng et al., 2002; Shekerabi and Kennedy, 2002), these
studies have focused on the role of Racl in promoting actin po-
lymerization during leading edge protrusion and endocytosis.
Here, we show that Racl also supports axon outgrowth by pro-
moting point contact formation, which leads to stabilization of
protrusions. However, if inhibiting Racl reduces the number or
size of protrusions, then the loss of point contacts in growth
cones expressing DN Racl or treated with the PAK-CRIB peptide
inhibitor may be a secondary effect of diminished protrusiveness.
However, two findings argue against this possibility. First, growth
cones can make lamellar protrusions even when Rac1 signaling is
comprised (Fig. 1). Second, growth cones are protrusive on PDL
but do not assemble point contacts (Fig. 5), suggesting protru-
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growth cones on LN expressing either paxillin—GFP alone (4, B) or with myc-CA Rac1 (€). Subsequent panels magnify the boxed
regions at 1 min intervals. The arrows indicate point contacts. In control growth cones, point contacts can become stabilized for
several minutes and elongate into streak-like structures resembling focal adhesions. Coexpression of CA Rac1 (C) results in more
transient point contacts that do not elongate. See supplemental material (available at www.jneurosci.org) for the movie corre-
sponding to this growth cone (movie 7). Pseudocolor kymographs at the end of each row show that CA Rac1 decreases the length,
intensity, and lifetime of point contacts (red boxes). The pseudocolor scale indicates bright fluorescence as hot colors. D, Distri-
bution of point contact lifetimes. CA Rac1 (n = 16) significantly reduces the percentage of stable (>3 min) adhesion sites
compared with control (n = 16). Scale bars, 5 pum. The calibration bars are as indicated. *p << 0.05. Error bars indicate SEM.

siveness is not sufficient for point contact formation. These find-
ings support a specific role for Racl in point contact formation
and protrusion stabilization.

Racl is believed to function as a positive regulator of neurite
outgrowth downstream of growth-promoting axon guidance
cues because of its ability to stimulate actin polymerization and
lamellar extension (Luo, 2000). Consistent with this notion, we
found that expression of CA Racl enhanced protrusion fre-
quency. However, despite more frequent protrusions, the rate of
neurite outgrowth was less than wild type, suggesting that mem-
brane protrusion alone is not sufficient to promote outgrowth.
We found that reduced rate of outgrowth was most likely attrib-
utable to decreased persistence or stability of protrusions. Previ-
ous work in PC12 cells concluded that the stability of protrusions
depends on growth cone—substratum adhesion (Varnum-Finney
and Reichardt, 1994). In this study, the adhesion-related protein
vinculin was knocked down by antisense RNA, which resulted in
significantly less stable lamellipodial and filopodial protrusions
and attenuated neurite extension. Other parameters measured
such as the rates of lamellar extension and retraction were not
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affected, suggesting that protrusion insta-
bility accounted for the reduction in
growth cone advance. Here, we show that
CA Racl expression reduces protrusion
stability, while promoting the generation
of small, highly labile paxillin-containing
point contacts. In control growth cones,
these small point contacts often appear to
be precursors of larger and more stable ad-
hesion sites. Therefore, persistent growth
cone advance may require the maturation
of initial point contacts into larger adhe-
sion sites to stabilize leading edge
protrusions.

After point contact assembly begins,
our results suggest that Racl activity must
be locally reduced to allow RhoA-
dependent signals to promote further
elongation and stabilization of point con-
tacts. In general, RhoA/ROCK signaling
and actomyosin contraction are consid-
ered inhibitors of growth cone advance be-
cause RhoA/ROCK are activated down-
stream of repulsive guidance cues
(Shamah et al., 2001; Niederost et al., 2002;
Swiercz et al., 2002), leading to growth
cone collapse (Jalink et al., 1994). How-
ever, our results suggest that a modest level
of ROCK activity and myosin-II-based
contraction is necessary for the formation
of stable, fully elongated point contacts.
These structures most likely provide an-
chorage to the substratum that supports
additional contractile forces generated
during growth cone advance. This mecha-
nism is consistent with the “substrate—cy-
toskeletal coupling” model of growth cone
advance (Suter and Forscher, 2000;
Mitchison and Kirschner, 1988), which
states that cell-surface receptors linked to
the actomyosin machinery bound to a
noncompliant substratum will generate
enough tension to pull the growth cone
forward. Without strong linkage to the substratum, actomyosin
contraction drives retrograde flow rather than producing ten-
sion, and no forward advancement will occur. Our results sup-
port and expand on this model by presenting evidence that the
dynamic assembly, growth, and disassembly of integrin-
dependent point contacts depend on tightly balanced and local-
ized Racl and RhoA activities.

It remains unclear how Racl is downregulated, but evidence
in motile non-neuronal cells suggests that mechanical tension
generates signals that reduce Racl activity. For example, when
direct mechanical tension is applied to cells, Racl activity de-
creases, inhibiting further lamellipodial protrusion (Katsumi et
al., 2002). Therefore, nascent point contacts induced by Racl
may support tension, which in turn decreases Racl activity in a
negative feedback loop. Furthermore, when tension was applied
to cells uniaxially, protrusion was inhibited along the sides of the
cell parallel to the direction of tension (Katsumi et al., 2002)
accompanied by a redistribution of active Racl to sites perpen-
dicular to the direction of tension, in effect mimicking the polar-
ized cell morphology seen during directed migration. This raises
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the possibility that directionally applied
tension (e.g., resulting from asymmetri-
cally distributed point contacts) could act
as a steering mechanism within growth
cones. How tension reduces Racl activity
is uncertain, but it may be through the ac-
tivation of RhoA, which was shown to in-
hibit Racl in neurons (Li et al., 2002).

We also tested whether guidance cues
known to signal through the Rho GTPases
(for review, see Huber et al., 2003) influ-
enced axon outgrowth by modulating
growth cone point contact dynamics. We
found that a low dose of Sema3A destabi-
lized existing point contacts and inhibited
new point contact formation similar to CA
Racl expression. This result is consistent
with previous studies showing that
Sema3A activates Racl (Turner et al,
2004) and reduces integrin-dependent ad-
hesion (Mikule et al., 2002; Serini et al.,
2003). Although acute stimulation with
LN also activated Racl (Fig. 7), this treat-
ment initiated the rapid formation of mul-
tiple stable point contacts and accelerated
neurite outgrowth. The opposing effects of
LN and Sema3A may be attributable in
part to different levels of active Racl before
stimulation. On PDL, baseline Racl activ-
ity is low, whereas on LN, Racl activity
may be near optimal so further increasing
Racl may destabilize existing point con-
tacts. This is consistent with previous stud-
ies showing that intermediate levels of ac-
tive Racl promote neurite outgrowth
(Kuhn et al., 1998) and directional persis-
tence during cell migration (Pankov et al.,
2005). In addition, it is likely that distinct
signaling pathways activated by integrin
and neuropilin/plexin receptors act inde-
pendently to regulate point contact dy-
namics. Additional work is needed to de-
termine the mechanisms involved in point
contact destabilization downstream of
Sema3A. It is possible that Sema3A may
affect adhesion by controlling integrin re-
ceptor recycling. Sema3A has been shown
to stimulate Racl-dependent endocytosis
(Fournier et al., 2000; Jurney et al., 2002),
and increased integrin endocytosis can re-
duce cell adhesion (Proux-Gillardeaux et
al., 2005). However, Sema3A may also di-
rectly control the affinity of integrin recep-
tors for ECM ligands, as has been pro-
posed for vascular endothelial cells (Serini
et al., 2003).
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bars indicate SEM.

It is noteworthy that a low dose of Sema3A was able to alter
point contact dynamics without affecting changes in membrane
protrusion as observed at higher concentrations (Fan et al., 1993;
Fournier et al., 2000; Jurney et al., 2002). This result suggests that
the effects of Sema3A on protrusion and adhesion can be distinct
but may occur in parallel during full growth cone collapse. In
addition, the low dose of Sema3A used in this study may be more

physiological than the concentration that induces collapse, and
the loss of growth cone adhesion could be an important compo-
nent of repulsive turning in vivo. In fact, modulating growth cone
adhesion may be a general mechanism used during axon path-
finding. Bonner and O’Connor (2001) showed that an interac-
tion between LN and Tibial (Til) pioneer axons in the grasshop-
per embryo is required for growth cone steering in vivo. Changes
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organization of F-actin and microtubules in
growth cones exposed to a brain-derived col-
lapsing factor. J Cell Biol 121:867—878.

Fournier AE, Nakamura F, Kawamoto S, Goshima
Y, Kalb RG, Strittmatter SM (2000)
Semaphorin3A enhances endocytosis at sites
of receptor-F-actin colocalization during
growth cone collapse. J Cell Biol 149:411-422.

Geiger B, Bershadsky A, Pankov R, Yamada KM
(2001) Transmembrane crosstalk between the
extracellular matrix—cytoskeleton crosstalk.
Nat Rev Mol Cell Biol 2:793—805.

Giannone G, Ronde P, Gaire M, Haiech J, Takeda
K (2002) Calcium oscillations trigger focal
adhesion disassembly in human U87 astrocy-
toma cells. ] Biol Chem 277:26364—-26371.
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Figure 10.

compared with pretreatment control. Scale bar 5 pem. *p << 0.05. Error bars indicate SEM.

in ECM composition have also been proposed to underlie RGC
axon pathfinding (Mann et al., 2004). In addition to Sema3A,
other guidance cues have been shown to affect integrin-
dependent adhesion including Ephrin-A1 (Miao et al., 2000), Slit
(Stevens and Jacobs, 2002), Semaphorin 7A (Pasterkamp et al.,
2003), and Netrin (Yebra et al., 2003). Illustrating a direct role for
modulating integrin-dependent adhesion in axon pathfinding,
whether through the composition of the ECM, the actions soluble
guidance cues, or a combination of the two, is an important
future goal in this area.
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