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Although evidence exists that activation of the Rho family
GTPase Cdc42 affects axonal development, its specific roles
within a growth cone are not well delineated. To evaluate the
model that Cdc42 activation regulates growth cone navigation
by promoting filopodial activity, we adopted a live analysis
strategy that uses transgenic Drosophila lines in which neurons
coexpressed constitutively active Cdc42 (Cdc42V12) and
membrane-targeted green fluorescent protein. We found that
growth cones that displayed pathfinding defects exhibited little
change in their filopodial activity, whereas others without path-

finding defects exhibited an �50% increase in their filopodial
activity. Moreover, effector loop mutations that were added to the
constitutively active Cdc42 (Cdc42V12C40 and Cdc42V12A37) ex-
erted little influence over filopodial activity caused by Cdc42 ac-
tivation but suppressed the pathfinding defects of the growth
cones. Together, these data suggest that Cdc42 controls filopodial
activity in axonal growth cones independently of its effects on their
pathfinding.
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Neural network formation relies on the ability of axonal growth
cones to navigate in response to localized cues in their microen-
vironments. During pathfinding, receptors for guidance cues ac-
tivate signaling cascades in the growth cone that promote cy-
toskeletal remodeling and consequently alter growth cone
morphology and migration. Biochemical and genetic studies have
identified receptor-mediated regulation of the monomeric
GTPases of the Rho subfamily, such as Rho, Rac, and Cdc42, as
a key mechanism for regulating cytoskeletal dynamics (Luo et al.,
1996; Jin and Strittmatter, 1997; Van Aelst and D’Souza-Schorey,
1997; Clark et al., 1998; Suter and Forscher, 1998; Ruchhoeft et
al., 1999; Vastrik et al., 1999; Wahl et al., 2000). Such guidance
receptors as the integrins, plexins, eph, and robo receptors have
been shown to associate directly with either these GTPases or
their regulators (Jin and Strittmatter, 1997; Clark et al., 1998;
Vastrik et al., 1999; Wahl et al., 2000; Driessens et al., 2001; Hu
et al., 2001; Wong et al., 2001).

Each Rho-family GTPase contains a membrane-attachment
domain, a GTP/GDP binding domain, and an effector loop.
These molecules cycle between the GTP-bound (active) and
GDP-bound (inactive) states in response to guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPs)
that are associated with developmentally and cell type-specific
signal inputs. In their active state, these GTPases then bind

characteristic sets of effector proteins, primarily via a short loop.
These GTPases therefore both integrate multiple upstream sig-
nals and regulate multiple downstream pathways.

Studies using non-neuronal migratory cells demonstrate that
activating Cdc42, Rac, or Rho each induce the assembly of
characteristic F-actin-rich structures and that these GTPases may
act sequentially to regulate cell motility and adhesion (Hall,
1998). Activation of Cdc42 in particular increases filopodial ac-
tivity and promotes migration in fibroblasts. In neurons, in which
axonal growth cones display filopodia and extend through com-
plex environments, regulation of cytoskeletal dynamics is thought
to be critical during axon pathfinding (Bentley and O’Connor,
1994; C. H. Lin et al., 1994). Previous studies on the Drosophila
embryonic nervous system, in which Rac1 and Cdc42 were either
inactivated or constitutively activated, provide evidence that their
well regulated activities are essential for normal axon develop-
ment (Luo et al., 1994; Sone et al., 1997; Kaufmann et al., 1998).
These observations have been interpreted to support the idea that
changes in actin polymerization caused by Cdc42 or other mo-
nomeric GTPases play an integral part in controlling the direc-
tionality of growth cone migration. This view is depicted as the
“linear pathway” model (see Fig. 1A).

Although there is little doubt about the importance of Cdc42,
at least two unresolved issues surround the roles of Cdc42 during
axon development. First, Cdc42 works through a number of
potential effectors the subsequent signaling of which can influence
events ranging from transcriptional to post-translational regula-
tions (Aspenstrom, 1999; Boettner and Van Aelst, 1999). Among
cytoplasmic events likely involved during minute-to-minute path-
finding decisions of a migrating growth cone, actin polymeriza-
tion may be only one of several means by which effectors of Cdc42
can mediate growth cone behaviors. Second, whether regulation
of filopodial activity by Cdc42 is important for growth cone
turning has not yet been examined. There is in vitro evidence that
growth cones exhibit an asymmetry in filopodial distribution
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before turning (Zheng et al., 1996). However, this does not seem
to hold true in more complex cellular environments during de-
velopment. The selective invasion and retention of microtubules
in filopodia have been proposed as a major correlate to growth
cone guidance in situ (Sabry et al., 1991; Myers and Bastiani,
1993; Isbister and O’Connor, 1999). Therefore, it is reasonable to
propose an alternative “parallel pathways” model in which Cdc42
activation feeds into parallel downstream pathways where filopo-
dial activity and growth cone pathfinding are not directly linked
(see Fig. 1B).

In this study, we examined the effects of expressing Cdc42
mutant proteins within live, developing neurons in real time. We
analyzed filopodial activity and pathfinding in several types of
growth cones expressing mutant Cdc42 proteins and discovered
that they are not correlated. These results suggest that Cdc42
controls filopodial activity and pathfinding independently, pre-

sumably by activating distinct pathways. The significance of the
results will be discussed in the context of cytoplasmic signaling
that controls axonal behavior.

MATERIALS AND METHODS
Fly stocks. Neuronal expression of Dcdc42 and membrane-targeted green
fluorescent protein (gapGFP) relied on the GAL4/UAS misexpression
method (Brand et al., 1994). GAL4 expression was controlled by pan-
neuronal GAL4 drivers, GAL4C155 [source: C. Goodman, University of
California, Berkeley; D. M. Lin et al. (1994)] or elav’-GAL4 (source: L.
Luo, Stanford University). UAS-Dcdc42V12 (a constitutively active Dcdc42)
and UAS-Dcdc42N17 (a dominant negative Dcdc42) are as described (Luo
et al., 1994). UAS-myc::Dcdc42V12 (myc-tagged Cdc42 with constitutive
activation), UAS-myc::Dcdc42V12A37, and UAS-myc::Dcdc42V12C40 (myc-
tagged Cdc42 with both constitutive activation and an additional effector-
loop mutation, F37A or Y40C) were newly constructed (see below). UAS-
gapGFP was constructed in our lab previously (Ritzenthaler et al., 2000).
CantonS strain was used as a wild-type control.

Site-directed mutagenesis. Mutations in the effector loop coding region
were introduced into a cDNA encoding Dcdc42V12 tagged with two
copies of the myc epitope (source: L. Luo) using QuikChange (Strat-
agene). After being confirmed by DNA sequencing, mutant Dcdc42
cDNAs were inserted into the pUAST transformation vector (Brand et
al., 1994).

Immunocytochemistry. Immunocytochemistry was performed on em-
bryos with monoclonal antibody (mAb) 1D4 [1:40 dilution; source: C.
Goodman, University of California; Grenningloh et al. (1991)] and/or
anti-myc mAb 1–9E10.2 [1:1000 dilution; source: Developmental Studies
Hybridoma Bank, University of Iowa; Evan et al. (1985)] by following the
method described (Wolf et al., 1998; Ritzenthaler et al., 2000).

Live filopodia visualization. For live filopodial analysis, we examined
the easily visualized LBD sensory and SNb motor growth cones. GFP-
expressing embryos were fillet-dissected live in insect saline (140 mM
NaCl, 5 mM KCl, 5 mM CaCl2, 4 mM NaHCO3, 1 mM MgCl2, 5 mM TES,
5 mM trehalose, 100 mM sucrose, pH 7.2) and visualized with an EGFP
filter set (Chroma Technology, Brattleboro, VT) and a fluorescent mi-
croscope (Zeiss Axioskop) with an electronic shutter (UniBlitz, Vincent
Associates, Rochester, NY) and a cooled CCD camera (C5985,
Hamamatsu Photonics, Hamamatsu, Japan). Frames were captured every
15 sec, typically with 1.6–2.2 sec integration time per frame, for a 20–60
min duration and stored on computer using IPLab software (Scanalytics,
Fairfax, VA). Individual filopodia were digitally traced and their lengths

Figure 1. Models of Cdc42 activation. During its activation, Cdc42
switches from a GDP-bound inactive state to a GTP-bound active state
(thin arrows). A, In the linear pathway model, the GTP-bound Cdc42
binds to downstream effectors, controlling filopodial activity and, as a
direct consequence, leading to directed growth cone navigation. B, In the
parallel pathways model, Cdc42 activation initiates several separate
downstream events, with one being responsible for filopodial activation
and the other regulating cytoskeletal and membrane dynamics during
growth cone turning. Arrows do not necessarily indicate direct signaling
but rather hierarchical events. C, Stereotyped motor and sensory axon
pathways in the Drosophila embryo. In each abdominal half-segment, the
motoneuron axons are grouped into five nerves (ISN, SNa, SNb, SNc, and
SNd). The LBD sensory neuron extends an afferent axon (LBD) via its
own pathway near the segment border into the CNS. The CNS is to the
lef t, and nine distal (dorsal) muscle cells are not shown.

Figure 2. Expression of Cdc42 proteins. Embryos expressing Cdc42
proteins were examined with �-myc immunocytochemistry in hour 12
embryos. A, Localization of the protein can be seen throughout the SNb
growth cones and within individual processes (arrows). B, In the LBD
neuron, the protein is localized to the growing axon (arrowhead). Appar-
ent discrepancies in expression level can be attributed to the protein
localizing to the growth cone, which is much larger in the case of SNb.
Scale bar, 5 �m.
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Figure 3. Pathfinding of motoneuron axons. A–H, SNb motoneuron axons were examined with mAb 1D4 immunocytochemistry in hour 16–18 embryos.
In wild-type controls (wildtype; CantonS strain), SNb axons, after reaching the ventrolateral muscle cells 6, 7, 12, and 13, exhibit stereotypic growth cone
turnings: a posteriorly directed turn between muscles 6 and 7, a bi-directional turn at the proximal edge of muscle 13 (out of focus), and a bi-directional
“T-shape” turn at the proximal edge of muscle 12 (A). Although this immunovisualization method does not distinguish individual axons, previous
dye-labeling studies have shown the five motoneuron axons that are responsible for innervating these muscles at this stage: RP3 growth cone turns
between muscles 6 and 7, both RP1 and RP4 growth cones turn at the edge of muscle 13, and both RP5 and V growth cones terminate at the edge of
muscle 12 (Landgraf et al., 1997). In contrast, SNb axons in embryos with pan-neuronal expression of constitutively active Cdc42 [V12 (low)] often
displayed a range of pathfinding defects categorized as either turning posteriorly in unison at an incorrect site, e.g., muscle 15 (B), stalling at or before
muscle 6 (C), or absence in the proximal (ventral) musculature (D). The absence of normal innervation of SNb occurred when the expression of
Cdc42 V12 was driven by the high-expression driver ( I ). Qualitatively similar defects of SNb axons resulted when a dominant negative Cdc42 was
expressed in the neurons (N17) (E). With the expression of Dcdc42 V12 that carries the additional F37A effector mutation (V12A37 ), SNb axons either
exhibited the normal pathfinding pattern (F) or stalled at or before muscle 6 (G). More dramatic reversion of the SNb pathfinding was observed with
the Y40C effector mutation (V12C40). Most of the cases examined showed the normal pathfinding (H ). Scale bar, (Figure legend continues)
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were measured in each frame using IPLab software. Statistical analysis
was aided by Microsoft Excel.

RESULTS
Cdc42 activation affects axon pathfinding
Cdc42 controls the formation of filopodia (Hall, 1998), and filop-
odia are necessary during growth cone outgrowth (Bentley and
Toroian-Raymond, 1986; Chien et al., 1993). However, whether
filopodial contacts with substrate play an instructive role with
respect to the direction of the growth cone or are merely permis-
sive for migration is not clear (Fig. 1). We therefore examined the
axonal defects and changes in filopodial activity resulting from
introducing a constitutively active form of Cdc42 into embryonic
neurons (see Material and Methods).

Under the control of a pan-neural enhancer, GAL4C155 or
elav’-GAL4, constitutively active Cdc42 (Dcdc42V12) was ex-
pressed in neurons approximately at hour 8 (stage 11) through at
least the completion (stage 17) of embryogenesis. Expression was
confirmed by using myc-tagged Dcdc42 constructs. Immunostain-
ing with myc antibody revealed that the proteins were ubiqui-
tously expressed throughout the CNS (data not shown) and
within the neurons that were examined (Fig. 2A,B). The level of
protein expression was higher under the control of elav’-GAL4
than with GAL4C155 (as confirmed by fluorescent intensities of
the GFP reporter driven by these two GAL4 drivers; data not
shown). The embryos were immunoprocessed with mAb 1D4
(anti-fasciclin II) and examined at hour 16–18 (stage 16), at which
time the majority of axons in wild-type embryos should have
completed their pathfinding. The antibody labels the axons of a
subset of interneurons within the CNS, as well as those of mo-
toneurons and specific sensory neurons in the peripheral nervous
system. The wild-type pathways of these axons are stereotypic
and well described, in many cases, to the level of individual cells
(Jan and Jan, 1994; Keshishian et al., 1996; Landgraf et al., 1997).
This allows assessment of the extent and variability of the defects
seen among different axons as well as within each individually
identified axon.

The motoneuron axons are classified into groups based on their
patterns of fasciculation on leaving the CNS and the relative
positions of their target muscles (Fig. 1C). When the constitu-
tively active Cdc42 was present in the neurons, motor axons
exhibited navigation patterns ranging from virtually normal to
clearly abnormal (Fig. 3B–D, I–L). The frequency of abnormali-
ties in each group was higher with elav’-GAL4 than with
GAL4C155 (Fig. 3I–L). These observations were generally consis-
tent with varied thresholds for Cdc42-dependent signaling among
individual neurons.

Figure 4. Pathfinding of LBD sensory neuron axons. A–D, LBD sensory
neuron axons were examined with mAb 1D4 immunocytochemistry in
hour 16–18 embryos. In wild-type controls (wildtype), the LBD axon
navigates along a stereotypic pathway toward the CNS (A). The LBD
axon exhibited normal pathfinding with the presence of Dcdc42 V12 (V12;
B), Dcdc42 V12A37 (V12A37; C), or Dcdc42 (V12C40; D). Scale bar, 10 �m.
E, The frequencies of pathfinding defects are summarized. Normal path-
finding was defined as described for the wild type in A. All parental
controls were indistinguishable from CantonS (100% normal pathfinding;
n � 87–108 hemisegments).

4

10 �m. I–L, The frequencies of motor axon pathfinding defects are summarized for SNb, SNa, SNc, and SNd axons. For SNb axons ( I ), Normal
pathfinding was defined as described in A, whereas Abnormal pathfindings were categorized as incorrect turning (b), stalling (c), or absence ( d), as
defined with more detail in a corresponding manner in B–D. The other groups of axons were scored only for the frequencies of Normal pathfinding: the
distally (ventrolaterally) extending axons forming a fascicle distinct from that of ISN axons, reaching the lateral oblique and transverse muscles, and
forking into one distally directed and another posteriorly directed branch (SNa; J ), the axons turning posteriorly in the proximal (ventral) region to reach
superficial layers of muscles behind all other motor axons (SNc; K ), and the axons extending for a short distance along with SNb axons before turning
posteriorly to reach proximal (ventral) muscles with oblique orientations (SNd; L). The genotypes examined were wild-type control (wildtype), dominant
negative Cdc42 [(N17); GAL4C155 /�; UAS-Dcdc42N17 /�)], constitutively active Cdc42 [V12(low); GAL4C155 /�; UAS-Dcdc42V12 /�], constitutively
active Cdc42 with the high-expression GAL4 driver (V12; elav’-GAL4/UAS-Dcdc42V12, elav’-GAL4/UAS-myc:: Dcdc42V12), Cdc42 with the F37A
mutation (V12A37; UAS-myc:: Dcdc42V12A37 /�; elav’-GAL4/�) and Cdc42 with the Y40C mutation (V12C40; UAS-myc:: Dcdc42V12C40 /�; elav’-GAL4/�).
Sample sizes (n) are given for each case as the number of abdominal hemisegments examined. In addition to CantonS, all parental controls (GAL4C155,
elav’-GAL4, UAS-Dcdc42V12, UAS-myc:: Dcdc42V12 /TM3, UAS-myc:: Dcdc42V12A37, UAS-myc:: Dcdc42V12C40) were also examined; except for SNb axons in
GAL4C155 embryos (87% normal pathfinding; n � 100 half-segments), their scores were indistinguishable from CantonS (97–100% normal pathfinding for
each group of axons; n � 84–104 half-segments).
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SNb motoneuron axons
In wild type, on approaching the ventrolateral muscle cells, SNb
motoneuron axons defasciculate from one another at stereotypic
sites and turn either posteriorly or anteriorly before targeting
specific muscle cells (Fig. 3A). The sites and directionality of
growth cone turning for these axons are invariant (Fig. 3I).

In contrast, SNb axons expressing GAL4C155-driven
Dcdc42V12 displayed abnormal pathfinding patterns in 84% of
the cases (Fig. 3I). Their phenotypes were categorized as follows:
turning posteriorly in unison at an incorrect site, i.e., muscle 7, 15,
or 16 (25%) (Fig. 3B); stalling at or before muscle 6 (40%) (Fig.
3C); or absence in the ventral musculature attributable presum-
ably to either stalling within the CNS or bypassing the SNb
pathway after leaving the CNS (19%) (Fig. 3D). While examining
SNb axons through embryogenesis, we noted abnormal turning as
early as hour 12 (stage 14), when these axons in wild type would

be navigating around muscles 15 and 16 and beginning to contact
the more distal muscles 6 and 7. When a high-expression elav’-
GAL4 driver was used, the most common phenotype of SNb
axons shifted from abnormal turning to a complete absence in the
ventral musculature, although there were still cases (9%) in which
SNb axons displayed abnormal turns at muscle 15 or 16 (Fig. 3I).
The fact that axon pathfinding defects occurred within the CNS
(see below) complicated interpretations of the effects in this case.
When the neurons expressed a dominant negative form of Cdc42
(Dcdc42N17), SNb axons occasionally (15%) displayed pheno-
types similar to those observed with constitutively active Cdc42
(Fig. 3E, I). These observations suggest that out-of-context acti-
vation or deactivation of Cdc42 in axons raises their susceptibility
to pathfinding errors.

Table 1. Filopodial activity in LBD growth conesa

Genotype Wild typeb V12 (low) V12 V12A37 V12C40

Length (�m)c

Mean 4.40 6.09 6.66 5.38 5.74
SEM 0.06 0.13 0.09 0.07 0.09
Maximum 15.1 19.8 17.2 12.9 16.6
n 1677 801 1037 927 994
p versus wild type �0.01 �0.01 �0.01 �0.01
p versus V12 �0.01 �0.01 �0.01 �0.01

Extension (�m/min)d

Mean 2.63 4.01 3.45 3.26 3.47
SEM 0.10 0.19 0.13 0.15 0.15
Maximum 23.0 21.3 19.4 19.9 31.8
n 756 364 491 424 477
p versus wild type �0.01 �0.01 �0.01 �0.01
p versus V12 �0.01 0.02 0.36 0.92

Retraction (�m/min)d

Mean �2.69 �4.08 �3.71 �3.41 �3.84
SEM 0.10 0.18 0.14 0.14 0.17
Maximum �36.0 �22.8 �18.6 �19.5 �24.0
n 844 397 502 462 463
p versus wild type �0.01 �0.01 �0.01 �0.01
p versus V12 �0.01 0.07 0.11 0.59

Wild type, GAL4C155/�; UAS-gapGFP/�, UAS-gapGFP/�; elav�-GAL4/�; V12 (low), GAL4C155/�; UAS-gapGFP/�; UAS-Dcdc42V12/�; V12, UAS-gapGFP/�; elav�-
GAL4/UAS-Dcdc42V12; V12A37, UAS-Dcdc42V12A37/�; UAS-gapGFP/�; elav�-GAL4/�; V12C40, UAS-Dcdc42V12C40/UAS-gapGFP; elav�-GAL4/�.
aHour 12–14 embryos coexpressing the membrane-targeted GFP (gapGFP) and one of the mutant Cdc42 proteins (Dcdc42 V12, Dcdc42 V12A37, or Dcdc42 V12C40) were
fillet-dissected, and filopodial activity of LBD growth cones was monitored in situ with time-lapse video microscopy (30–35 filopodia in 5–10 movies per genotype).
bTwo parental controls produced similar results ( p � 0.4 with two-tailed t test) and were combined as wild type.
cFor each genotype, the mean filopodial length (mean), the SEM values, the maximum length observed (Maximum), the total number of filopodia measurements (n), as well
as the results of the two-tailed t tests against the wild-type control ( p versus wild type) and the constitutively active Cdc42 ( p versus V12) are given. The minimum length
for a valid filopodium was 1.0 �m.
dThe rates were calculated on the basis of the difference between each pair of consecutive frames that had, respectively, a positive (Extension) and negative (Retraction) value.

4

Figure 5. Time-lapse analysis of LBD growth cones. A–D, Time-lapse video images of GFP-labeled neurons show dynamic filopodial activity in LBD
growth cones in an hour 12 wild-type embryo (wildtype; A, B) and an hour 12 embryo expressing constitutively active Cdc42 (V12; C, D). B and D each
show a 7 min clip from a movie of A and C, respectively. Colored asterisks in B and D follow some individual filopodia through their extensions and
retractions. The filopodia were digitally traced (A, red lines) in every frame and measured (see Materials and Methods). Scale bar, 5 �m. E, F, Line graphs
depicting the changes in lengths of individual filopodia in LBD growth cones over the course of 10 min in hour 12 wild-type embryos (wildtype; E) and
hour 12 embryos expressing constitutively active Cdc42 (V12; F ). G, Filopodial lengths (mean � SEM) in various genotypes: wildtype control (wildtype;
GAL4C155 /�; UAS-gapGFP/�), constitutively active Cdc42 [V12(low); GAL4C155 /�; UAS-gapGFP/�; UAS-Dcdc42V12 /�], constitutively active Cdc42
with the high-expression driver (V12; UAS-gapGFP/�; elav’-GAL4/UAS-Dcdc42V12), Cdc42 with the F37A mutation (V12A37; UAS-myc:: Dcdc42V12A37 /�;
UAS-gapGFP/�; elav’-GAL4/�), and Cdc42 with the Y40C mutation (V12C40; UAS-myc:: Dcdc42V12C40 /UAS-gapGFP; elav’-GAL4/�). Sample sizes (n)
were those of the filopodia measured in all frames available from the movies (5–10 movies per genotype). H, Filopodial extension and retraction rates in
various genotypes. White asterisks in G and H indicate statistically significant deviation from the wild-type controls, and percentage changes (%) from
wild-type levels ( gray lines) are indicated; pink asterisks indicate significant deviations from embryos expressing Cdc42 V12 (Table 1).
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LBD sensory neuron axons
mAb 1D4 also labels the LBD sensory neuron located near the
segment border. Before reaching the lateral edge of the CNS by
hour 16 (stage 16), its proximally directed axon navigates through
the regions adjacent to where SNb axons navigate (Fig. 4A).

With constitutively active Cdc42 expressed in the neurons, the
LBD axonal trajectory remained intact (Fig. 4B). This was true
with either the elav’-GAL4 or the GAL4C155 driver (Fig. 4E).
Expression of dominant negative Cdc42 also had little effect on
LBD pathfinding (data not shown). Examination of earlier stages
offered no evidence that LBD axons navigate at a speed different
from wild-type controls (data not shown). The absence of any
detectable navigation error cannot be attributed to lack of
Dcdc42V12 expression in this neuron (as confirmed by visualizing
the myc-tagged version of the transgene), and as we show below,
the LBD axons did exhibit a phenotype aside from navigation
errors. It should be noted that there are mutations (e.g., PS
integrin mutants) that cause LBD axons to make erroneous turns
(B. Hoang and A. Chiba, unpublished observations). The LBD
axons represent an example of axons that show few pathfinding
defects under conditions (constitutive activation of Cdc42) in
which other neurons would show such phenotypes.

Cdc42 activation affects filopodial activity
Cdc42 activation induces filopodial activity (Hall, 1998), and
filopodial dynamics are proposed to play a role in navigating
axons (Bentley and Toroian-Raymond, 1986; Chien et al., 1993).
Our primary goal was to evaluate the “linear pathway” model in
which constitutive activation of Cdc42 leads to increased filopo-
dial activity in a growth cone leading to erroneous steering
behavior of a growth cone (Fig. 1A). We therefore monitored the
filopodial behavior of SNb and LBD growth cones in situ by
developing a new live analysis strategy (see Materials and Meth-
ods). We coexpressed Dcdc42V12 and a membrane-targeted GFP
(gapGFP) in neurons and fillet-dissected the transgenic embryos
at hour 12–14 (stage 15), when the axons were still engaged in
pathfinding. The expression of gapGFP and myc-tagged
Dcdc42V12 (visualized with anti-GFP and anti-myc immunocyto-
chemistry) paralleled in relative strengths among individual neu-
rons (data not shown). Phototoxicity of GFP was negligible,
particularly when compared with fluorescent cell labeling by DiI
application (data not shown), permitting continual monitoring of
individual growth cones with a relatively high temporal resolu-
tion. This facilitated the live behavioral analysis of growth cones
and their filopodia in situ.

LBD sensory neuron axons
GFP labeling revealed morphological dynamics of an individual
LBD growth cone (Fig. 5A,B). At the time of visualization, LBD
neurons exhibited a very critical window of activity before ex-
tending its axon forward. The location at which this occurred is
typically the area in which LBD axons make incorrect turns in

Table 2. Filopodial activity in SNb growth conesa

Genotypeb Wild typec V12 (low) V12C40

Length (�m)d

Mean 6.44 6.79 6.92
SEM 0.06 0.08 0.09
Maximum 15.6 14.3 18.5
n 1947 887 1023
p versus wild type �0.01 �0.01

Extension (�m/min)d

Mean 3.59 3.98 3.64
SEM 0.10 0.17 0.15
Maximum 17.9 19.9 22.6
n 905 414 480
p versus wild type 0.13 0.78

Retraction (�m/min)d

Mean �3.54 �3.97 �3.79
SEM 0.10 0.16 0.14
Maximum �20.0 �21.4 �21.8
n 964 434 489
p versus wild type 0.02 0.14

Longevity (sec)e

Mean 363 395 351
SEM 33 42 35
n 50 25 39
p versus wild type 0.56 0.81

Angle (°) f

Mean �4.7 �32.8 �5.0
SEM 1.9 6.1 4.7
Maximum �29 �10 �20
Minimum �13 �57 �21
n 25 10 10
p versus wild type �0.01 0.93

Number (#) g

Mean (anterior) 1.67 1.93 1.47
SEM (anterior) 0.10 0.06 0.13
p versus wild type 0.07 0.23
Mean (posterior) 3.97 4.08 4.75
SEM (posterior) 0.09 0.08 0.13
p versus wild type 0.43 �0.01
n 410 205 205

aHour 12–14 embryos coexpressing gapGFP and one of the mutant Cdc42s were
dissected, and filopodial activity of SNb growth cones was monitored (32–39 filo-
podia in four to eight movies per genotype).
bSee Table 1 for genotypes.
cTwo parental controls produced similar results ( p � 0.5) and were combined
together as wild type.
dSee Table 1 for measurement methods.
eBased on monitoring individual filopodia through consecutive frames.
fSee Figure 6 for measurement methods.
gThe total number of filopodia (length � 2.5 �m). Anterior and posterior directions
are as defined in Figure 6.

4

Figure 6. Time-lapse analysis of SNb growth cones. A–D, Time-lapse video images of GFP-labeled neurons show dynamic filopodial activity in SNb
growth cones in an hour 12 wild-type embryo (wildtype; A, B) and an hour 12 embryo expressing constitutively active Cdc42 (V12; C, D). Scale bar, 5
�m. E, Filopodial lengths in various genotypes (see Fig. 4 for genotypes; 4–8 movies per genotype). F, Filopodial extension and retraction rates in various
genotypes. G, Longevities of individual filopodia were determined by following them throughout the duration of the movie. H, Angles of growth cone
extension were determined by taking the baseline at a right angle to the anterior–posterior axis of the ventral longitudinal muscles (muscles 6, 7, 12, and
13) and measuring the angle of the line that connects the ventralmost point of the SNb nerve (A, C, crosses). I, The number of filopodia that extended
to either the anterior (A, down arrows) or posterior (A, up arrows) and were longer than 2.5 �m were counted. Asterisks in E, H, and I indicate statistically
significant deviation from wild type (see Table 2).
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certain mutants. However, Cdc42 activation did not cause inap-
propriate turning.

In wild-type controls, LBD growth cones had filopodia that,
over the course of their existence (�600 sec), extended up to 15.1
�m and maintained an average length of 4.40 � 0.06 �m (Fig.
5E,G, Table 1). Their rates of extension and retraction, the
parameters more informative of actin polymerization controls,
were 2.63 � 0.10 and �2.69 � 0.10 �m/min, respectively (Fig. 5H,
Table 1). It was noteworthy that variants for these parameters
were very small among a total of 62 individual filopodia analyzed
in 14 embryos.

An enhancement of filopodial activity in LBD growth cones
expressing constitutively active Cdc42 was immediately apparent
from viewing time-lapse videos (Fig. 5C,D,F). When the
Dcdc42V12 transgene was under the control of GAL4C155, filopo-
dial extension and retraction rates both increased by 52%, and the
filopodia length increased by 38% (Fig. 5G,H). Similarly, with
elav’-GAL4, a stronger driver, there was a 51% increase in the
filopodia length and 31% and 38% increases, respectively, in the
extension and retraction rates (Fig. 5G,H). In both cases, each
parameter measured presented a highly significant increase over
wild type (Table 1).

SNb motoneuron axons
In wild-type controls at hour 12–14 (stage 15), SNb growth cones
spread out their filopodia in the region near muscles 6 and 7 (Fig.
6A,B). They extended and retracted filopodia at rates of 3.59 �
0.10 and �3.54 � 0.10 �m/min, respectively, while maintaining
an average length of 6.44 � 0.06 �m (Fig. 6E,F, Table 2). SNb
filopodia are therefore, on average, longer and more dynamic
than those of LBD growth cones at the same developmental
stage.

In embryos expressing constitutively active Cdc42 under the
control of GAL4C155, SNb growth cones at hour 12–14 were
found to consistently deviate from the wild-type pathway, direct-
ing their growth cones toward muscles 15 and 16 (Fig. 6C,D). In
8 of 10 time-lapse movies (80%), the SNb axons were directed
posteriorly at angles greater than �20° [(Fig. 6C) mean �
�32.8 � 6.1°; range � �57° to 10° (Table 2)]. This is in contrast
to wild type, in which the SNb axons maintained an angle of 4.7 �
1.9° (Fig. 6A), and no case (n � 25) had angles greater than �20°
(Fig. 6H). Despite this, filopodial extension and retraction rates
were similar to those of wild-type controls, and the length of
filopodia increased by a mere 5% (Fig. 6E,F, Table 2). Further-
more, with or without constitutively active Cdc42, there was no
significant difference in either the number or longevity of indi-
vidual filopodia directed posteriorly versus anteriorly (Fig. 6G,I,
Table 2).

The lack of a clear correlation between increased filopodial
activity and pathfinding defects, both of which resulted from
expressing constitutively active Cdc42 in neurons, suggested that
these two aspects of growth cone behavior may be governed
separately, as in the linear pathway model (Fig. 1B).

Cdc42 effector mutants can suppress axon pathfinding
defects associated with Cdc42 activation
In the parallel pathways model, Cdc42 activation would lead to
two separable downstream pathways, one being primarily respon-
sible for filopodial activity enhancement and the other for growth
cone steering (Fig. 1B). In vertebrate systems, mutations in the
effector loop have revealed that different Cdc42 effector proteins
interact with Cdc42 at distinct sites within the loop (Lamarche et

Figure 7. Pathfinding of CNS interneuron axons. A–D, CNS interneuron
axon fascicles were examined with mAb 1D4 immunocytochemistry in hour
16–18 embryos. For each panel, the area indicated by a box is shown at the
bottom. In wild-type controls (wildtype), three distinct axon fascicles (indi-
cated with the bracket at the bottom) were clearly visible on each side of the
CNS midline in each segment (A). However, with Dcdc42 V12 expression
(V12; B), these fascicles were disrupted (arrows), suggesting either fused
axon fascicles or stalled axons. In some cases, the two sides of the CNS
exhibited fusion of the fascicles at the midline (asterisk). With the
Dcdc42 V12A37 expression (V12A37; C), similar axon defects still occurred
(arrows and asterisk) but at lower frequencies (E). Virtually normal CNS
axon fascicles formed when the transgene Dcdc42 V12C40 (V12C40) was
expressed (D). Scale bar, 10 �m. E, The frequencies of CNS pathfinding
defects. Normal pathfinding in these fascicles was defined as described for
wild type in A. See Figure 3 for genotypes. All parental controls were
indistinguishable from Canton S (98–100% normal pathfinding; n � 378–
420 fascicles in 123–140 hemisegments).
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al., 1996). Replacement of tyrosine with cysteine at amino acid 40
(Y40C) of activated Cdc42 disrupts association with Cdc42/Rac
interactive binding (CRIB)-domain effector proteins, which in
neurons include the serine-threonine kinase PAK and the ty-
rosine kinase ACK (Lamarche et al., 1996; Owen et al., 2000). A
phenylalanine-to-alanine substitution at amino acid 37 (F37A)
inhibits binding of activated Cdc42 to ACK and weakens its
association with PAK (Owen et al., 2000). Interaction with the
adapter protein N-WASP, a specific effector of activated Cdc42
often proposed to control the actin cytoskeleton in neurons, is
independent of the Y40C mutation (Miki et al., 1998). Drosophila
Cdc42 shares both F37 and Y40 with human Cdc42 (Luo et al.,
1994). Furthermore, Drosophila PAK, ACK, and WASP, which
share high degrees of structural homologies with their respective
vertebrate counterparts, have been identified, although their in
vivo association and cooperation with Dcdc42 are yet to be dem-
onstrated (Harden et al., 1996; Hing et al., 1999; Morrison et al.,
2000; Ben-Yaacov et al., 2001).

We set out to evaluate the parallel pathways model by adopting
the effector loop mutation strategy (see Materials and Methods).
We took the Drosophila Cdc42 gene and added either the Y40C or
F37A mutation to the constitutively active G12V mutation. Using
the resultant Dcdc42V12C40 and Dcdc42V12A37 transgenes, we ex-
amined whether these effector loop mutations could suppress the
axon pathfinding defects that were associated with Cdc42 activa-
tion and whether they could achieve this independent of filopodial
activity changes, as predicted by the model (Fig. 1B).

SNb motoneuron axons
SNb axons exhibited abnormal pathfinding patterns in 100% of
the cases when the neurons expressed constitutively active Cdc42
(Fig. 3I). When the same elav’-GAL4 drove expression of the
effector mutant Dcdc42V12C40 instead, navigation patterns of SNb
axons became indistinguishable from wild type in 93% of the
cases (Fig. 3H, I). Motoneuron axons of the other groups ap-

peared wild type as well (Fig. 3J–L). Dcdc42V12C40 expression in
the neurons was confirmed by detecting the myc epitope that had
been added to the construct (Fig. 2A). The fact that expression at
this level caused very severe SNb pathfinding defects when the
Dcdc42V12 gene was expressed (Fig. 3I) further strengthens the
argument that the Y40C mutation is an effective blocker of such
axon pathfinding defects. Expressing the other effector mutant
Dcdc42V12A37 resulted in a partial reversion of SNb pathfinding
to a 54% wild-type level (Fig. 3F,G,I). Therefore, the addition of
the Y40C mutation, and to a lesser extent the F37A mutation,
suppressed the axon pathfinding defects caused by constitutive
activation of Cdc42.

CNS interneuron axons
Axon fascicles within the longitudinal connectives of the CNS
exhibited abnormal patterns when the neurons expressed consti-
tutively active Cdc42 (Fig. 7B). The severity of the defects, low
with GAL4C155 (42% abnormal) and high with elav’-GAL4 (85%
abnormal) (Fig. 7E), was correlated with the expression level of
Dcdc42V12 under each driver. The type of defects observed (e.g.,
fasciculation errors, incorrect midline crossing) suggest that
Cdc42 might be playing a role in adhesion as well as in navigation.
Nearly all defects were suppressed when the same driver was used
to express Dcdc42V12C40 (Fig. 7D,E). In a parallel experiment
with Dcdc42V12A37, CNS fascicles appeared wild type in 71% of
the cases (Fig. 7C,E). These data further supported the notion
that the axon pathfinding defects resulting from constitutive ac-
tivation of Cdc42 could be suppressed by the Y40C mutation in
Dcdc42V12, and also that the F37A mutation could achieve sim-
ilar results to a lesser extent.

Cdc42 effector mutants do not affect filopodial activity
The parallel pathways model predicts that the Cdc42 effector
mutations that suppress pathfinding defects will have little effect
on filopodial activity (Fig. 1B). Therefore, we monitored the

Figure 8. Roles of Cdc42 in a growth cone. A, Cdc42 activation in some growth cones (LBD growth cones) enhances filopodia activity. An effector(s)
(oval shape) binds to the GTP-bound Cdc42 and stimulates (arrows inside the growth cone) actin polymerization ( peach color) in filopodia. Despite
increased length, extension, and retraction rates of filopodia, the growth cone still responds to cues from a target and navigates normally (Figs. 4, 5). B,
In other growth cones (SNb growth cones), activated Cdc42 associates with alternative effector(s) (mushroom-head shape). This association involves a
Cdc42 microdomain distinct from that involved in binding to the filopodia-controlling effector(s) (compare with A). The subsequent activation of the
alternative effector does not alter the filopodial activity but instead changes microtubule (blue) (a), membrane ( b), and cell surface adhesion dynamics
in the growth cone (see Discussion for other possibilities). With such an out-of-context alteration of cytoplasmic dynamics, the growth cone turns
incorrectly at a random site without an increase in filopodial activity (Figs. 3, 6).
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filopodial activity of LBD and SNb growth cones by coexpressing
gapGFP along with either Dcdc42V12C40 or Dcdc42V12A37 in hour
12–14 (stage 15) embryos.

Constitutive activation of Cdc42 enhanced filopodial activity of
LBD growth cones (Fig. 5C,D,F). The rates of extension and
retraction increased 31 and 38%, compared with wild type (Fig.
5H). Expressing the Y40C effector mutant (Dcdc42V12C40) under
the control of the same driver (elav’-GAL4) gave rates of 3.47 �
0.15 and �3.84 � 0.17 �m/min, respectively, still remaining 32
and 43% above wild-type level (Fig. 5H). With Dcdc42V12A37,
these rates stayed at 24 and 27% above wild-type level, respec-
tively (Fig. 5H, Table 1). Neither the differences in the results
between the two effector mutants nor those between each effector
and the constitutively active Cdc42 were significant (Table 1). In
all cases, we noted no axon pathfinding errors by LBD growth
cones (Fig. 4C–E).

On the other hand, SNb growth cones expressing
Dcdc42V12C40 reverted to the wild-type pathfinding (Fig. 3H, I)
but showed no significant change in filopodial activity from wild
type (Fig. 6E–H). The only exception was a 20% increase in the
number of filopodia directed posteriorly, the significance of which
was unknown (Fig. 6 I, Table 2). Overall, these observations
supported the conclusion that this effector mutant of Cdc42
(Dcdc42V12C40) does not affect the downstream pathways that
enhance filopodial activity.

DISCUSSION
Cdc42 regulates growth cone pathfinding and
filopodial dynamics through separable
downstream pathways
In this study, we used an in vivo analysis approach to examine
whether the role of the monomeric GTPase Cdc42 in regulating
filopodial activity is related to its role in growth cone steering.
The activation of Cdc42 is thought to link membrane receptor
activity to cytoskeletal dynamics within a navigating axon. The
working model that we set out to test was the linear pathway
model in which activation of Cdc42 leads to its association with
effectors that enhance filopodial activity and that this is directly
responsible for coordinating growth cone navigation (Fig. 1A).

Our analysis revealed that activation of Cdc42 can hyperacti-
vate filopodia. However, we also found that this does not neces-
sarily lead to erroneous navigation of a growth cone. The differ-
ence in phenotypic effect of constitutively active Cdc42 on these
two aspects of growth cone behavior was first noticed during
detailed analysis of two sets of growth cones navigating within the
embryonic peripheral nervous system. Expression of constitu-
tively active Cdc42 (Dcdc42V12) in LBD growth cones, despite
causing a significant enhancement of filopodial activity, did not
result in aberrant pathfinding (Fig. 8A). Conversely, SNb growth
cones expressing the same Dcdc42V12 displayed little change in
filopodial behavior, but did exhibit severe pathfinding defects
(Fig. 8B). SNb growth cones did not start out with any obvious
delay in migration but, as they developed, frequently exhibited
random stalls or turning at incorrect sites. In the subsequent
analysis, we used the effector loop mutation strategy adopted
from fibroblasts studies (Joneson et al., 1996; Lamarche et al.,
1996). There we demonstrated that upregulated filopodial activity
and recurrent navigation errors were separable within an individ-
ual growth cone. Although navigation errors of the SNb growth
cone were suppressed by the Y40C mutation, the same mutation
exerted little effect on the filopodial activity of either the SNb or
the LBD growth cone. These data support the alternative parallel

pathways model in which Cdc42 activation feeds into separable
downstream pathways, one that promotes filopodial activity and
another that affects growth cone navigation (Fig. 1B).

This parallel pathways model does not dismiss the importance
of filopodia in growth cone migration. Rather, it separates the
Cdc42 signaling cascades that are responsible for the regulation
of filopodial behavior from those regulating other subcellular
events that contribute to growth cone pathfinding in vivo. Often-
times, models conceived to explain growth cone guidance end
with the Rho subfamily of monomeric GTPases as mediators of
local actin reorganization and, ultimately, of growth cone exten-
sion and turning. Such models have a tendency to oversimplify
the mechanics involved in growth cone pathfinding and underes-
timate the diverse downstream pathways of Cdc42. The data from
this study support the complexity of Cdc42 signaling cascades
within a navigating growth cone and, further, implicate cytoplas-
mic events separate from filopodial activity as key factors in
navigational control.

The effector loop mutation strategy
The directionality of axon navigation depends on the spatiotem-
poral regulation of membrane receptor activation. If Cdc42, a
ubiquitous on–off switch, were to play an instructive role in
pathfinding, restricting the time and place of its activation would
be crucial. Artificially permitting universal out-of-context activa-
tion and inactivation, on the other hand, could randomize events
that are normally controlled by Cdc42 activities. Consistent with
reports elsewhere (Luo et al., 1994; Kaufmann et al., 1998), both
the constitutively active Dcdc42V12 and the dominant negative
Dcdc42N17 produced pathfinding defects. Although the frequen-
cies of each phenotype differed, growth cones in both cases
displayed defects, ranging from stalling to incorrect turning, that
were qualitatively similar. This discrepancy of getting similar
results from activation and deactivation of the particular signaling
molecule can be explained by the fact that both Cdc42 mutants
cause growth cones to ignore input signals that would be site and
time specific under normal conditions.

Like other GTPases of the Rho subfamily, Cdc42 binds down-
stream effector proteins via a short evolutionarily conserved loop
(amino acids 32–40) that becomes accessible in its active state.
Constitutively active Cdc42 that also bears mutations in the
effector loop activates a subset of Cdc42-dependent pathways.
The Y40C mutation in the effector loop disrupts interactions with
effectors that contain the CRIB domain; the F37A mutation
primarily affects interactions with other effector types (Lamarche
et al., 1996; Owen et al., 2000). Neither mutation affects filopodia
formation in fibroblasts (Lamarche et al., 1996).

In Drosophila, within the CNS as well as in the peripheral
nervous system, the addition of a Y40C mutation suppressed the
growth cone pathfinding defects that were associated with consti-
tutive activation of Dcdc42. The results suggested that the effec-
tor proteins whose association with Dcdc42V12 was blocked by the
Y40C mutation were responsible for causing the pathfinding
defects observed in neurons expressing Dcdc42V12. The wild-
type-like phenotype with Dcdc42V12C40 expression presumably
reflected the endogenous (wild-type) Dcdc42 working normally
with these effectors. Introduction of an F37A mutation also sup-
pressed the pathfinding defects, although to a lesser extent. Our
current lack of knowledge concerning the identity of Cdc42
effectors in Drosophila that are susceptible to these mutations
prevents us from suggesting a specific explanation of the observed
differences in the degrees of phenotypic reversions. Although
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both effector loop mutants had dramatic effects on growth cone
pathfinding, albeit to different degrees, neither Dcdc42V12C40 nor
Dcdc42V12A37 significantly altered filopodial behavior when com-
pared with situations using Dcdc42V12. The ability of these Cdc42
effector loop mutations to affect pathfinding without altering
filopodial control supports the idea that the subcellular events
independent of those regulating filopodia are important in con-
trolling axon pathfinding.

In situ behavioral analysis of a growth cone
In vitro studies with cultured neurons indicate that the default
navigation pattern for a growth cone is extension in a straight line
(Zheng et al., 1996). In a more complex in vivo environment,
extracellular cues may activate spatially restricted signaling and
cytoskeletal arrangements in the growth cone, resulting in the
growth cone turning toward or away from the source of cues.
Actin polymerization in filopodia is a dynamic process commonly
speculated to be the main target of regulation during growth cone
turning (O’Connor and Bentley, 1993; C. H. Lin et al., 1994). A
growth cone that has lost its filopodia has difficulty following
substrates, supporting the essential requirement of at least some
filopodial presence (Gomez and Letourneau, 1994; Zheng et al.,
1996). However, the idea that filopodia have roles beyond pro-
viding basic motility and signaling capability to the growth cone
has not been substantiated in vivo (Bentley and Toroian-
Raymond, 1986; Chien et al., 1993). Our study showed an exam-
ple in which, despite out-of-context upregulation of filopodial
activity, growth cones (LBD growth cones) still maintain the
normal course of navigation. In another example, growth cones
(SNb growth cones) that exhibit a distribution bias, with or
without constitutively active Cdc42, make an erroneous turn
toward the bias only in the presence of constitutively active
Cdc42. These data did not provide support for the instructive role
of filopodial activity.

Microtubules have also been shown to be assembled and trans-
ported dynamically within a growth cone (Challacombe et al.,
1997; Dent et al., 1999; Kabir et al., 2001). Their regulation may
dictate the directionality of growth cone navigation (Fig. 8B, a).
Also, the plasma membrane may be the subject of active regula-
tion during growth cone turning, with membrane insertion and
removal (endocytosis) as opposing means of locally controlling
membrane volume (Fig. 8B, b). Furthermore, local control of
membrane adhesion can dynamically influence the cytomorphol-
ogy of a migrating growth cone (Suter and Forscher, 1998) (Fig.
8B, c). Determining which of these or any other subcellular events
are primarily engaged when a growth cone makes a turn is a topic
of interest.

Live visualization adopted in this study enabled the character-
ization of dynamic filopodial behavior in growth cones that ex-
pressed mutant Cdc42 and membrane-targeted GFP. The prac-
tical advantage of GFP was its negligible phototoxicity under the
illumination necessary for studies in living cells such as this one.
Among the parameters measured were the average longevity of
individual filopodia, their correlation with the direction of exten-
sion, and the rates of filopodial extension and retraction (Figs. 5,
6). They provided hints for local regulation of actin polymeriza-
tion that would have been difficult without live analysis. Although
not used in the current study, various GFP-based labeling tools
are becoming available that will allow live monitoring of different
intracellular components within neurons, such as actin filaments
(Verkhusha et al., 1999), microtubules (Grieder et al., 2000),
endosomes (CLONTECH, 2000), cytosolic calcium concentra-

tion (Miyawaki et al., 1997), and GTPases in their activated states
(Kraynov et al., 2000; Mochizuki et al., 2001). In future research
on the cytoplasmic signaling pathways involved in growth cone
pathfinding, experiments that use in situ behavioral analysis on
identified growth cones, similar to or perhaps more advanced
than the approach taken in this study, are anticipated to prove
indispensable.
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