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ABSTRACT A tight spatial-temporal coordination of F-actin dynamics is crucial for a large 
variety of cellular processes that shape cells. The Abelson interactor (Abi) has a conserved 
role in Arp2/3-dependent actin polymerization, regulating Wiskott-Aldrich syndrome protein 
(WASP) and WASP family verprolin-homologous protein (WAVE). In this paper, we report that 
Abi exerts nonautonomous control of photoreceptor axon targeting in the Drosophila visual 
system through WAVE. In abi mutants, WAVE is unstable but restored by reexpression of Abi, 
confirming that Abi controls the integrity of the WAVE complex in vivo. Remarkably, expres-
sion of a membrane-tethered WAVE protein rescues the axonal projection defects of abi 
mutants in the absence of the other subunits of the WAVE complex, whereas cytoplasmic 
WAVE only slightly affects the abi mutant phenotype. Thus complex formation not only sta-
bilizes WAVE, but also provides further membrane-recruiting signals, resulting in an activa-
tion of WAVE.
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INTRODUCTION
Growth cone motility and axon guidance require a number of signal-
ing pathways to transmit extracellular signals to intracellular signal 
transduction cascades converging on a dynamic cytoskeleton (Pak 
et al., 2008; Lowery and Van Vactor, 2009; O’Donnell et al., 2009). 
The dynamics of the actin cytoskeleton are controlled by a number 
of conserved proteins, such as formins, Spire-like proteins, and the 
Arp2/3 complex (Kerkhoff, 2006; Pollard, 2007). The Arp2/3 com-
plex represents an efficient actin nucleation machine activated by 

members of the Wiskott-Aldrich syndrome protein/WASP family 
verprolin-homologous protein (WASP/WAVE) protein family (Goley 
and Welch, 2006). Given the low intrinsic nucleating activity of the 
Arp2/3 complex, WASP and WAVE proteins play a central role as 
nucleation-promoting factors (NPF) to drive actin polymerization in 
space and time (Stradal and Scita, 2006; Insall and Machesky, 2009; 
Pollitt and Insall, 2009). Despite their similar biochemical properties, 
WASP and WAVE proteins fulfill distinct cellular functions. WAVE 
function is essential for proper formation and protrusion of lamelli-
podia, whereas WASP is primarily required for membrane internal-
ization through endocytosis and vesicle movement. Given the es-
sential function for membrane protrusions in nonneuronal cells, it 
has been assumed that WAVE would play a similar role in protruding 
growth cones. However, the role of Arp2/3-dependent actin polym-
erization in neurons is still controversial. In hippocampal neurons, a 
dominant-negative approach shows that the Arp2/3 complex is dis-
pensable for lamellipodia formation but acts as a negative regulator 
of growth cone translocation (Strasser et al., 2004). In contrast, 
knockdown of the Arp2/3 complex in hippocampal neurons, as well 
as in neuroblastoma cells, impairs lamellipodia and filopodia forma-
tion in growth cones (Korobova and Svitkina, 2008). Recent studies 
using primary Drosophila mutant neurons confirmed an essential 
role of the Arp2/3 complex in regulating growth cone motility 
(Goncalves-Pimentel et al., 2011). Likewise, loss-of-function studies 
in different model systems document an important role of WAVE 
proteins in regulating Arp2/3-dependent actin polymerization 
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during nervous system development. In mice, all three WAVE iso-
forms differentially localize at the leading edges of growth cones 
and knockout of both WAVE1 and WAVE2 causes several neuroana-
tomical defects (Dahl et al., 2003; Nozumi et al., 2003; Soderling 
et al., 2003; Yan et al., 2003; Kim et al., 2006). In particular, disrup-
tion of the brain-enriched WAVE1 isoform results in abnormal 
growth cone morphology, decreased neurite outgrowth, and a re-
duced number of dendritic spines, which are important structures 
for the formation of excitatory synaptic connections (Dahl et al., 
2003; Soderling et al., 2003, 2007; Kim et al., 2006;). Defects in 
nervous system development were also observed for the knock-
down of wve-1 in Caenorhabditis elegans causing defects in both 
axon outgrowth and guidance (Shakir et al., 2008). In Drosophila, 
WAVE acts as the main Arp2/3 regulator during axonal growth, 
whereas WASP is required for cell fate decisions during sensory or-
gan development (Ben-Yaacov et al., 2001; Zallen et al., 2002). 
Mutants lacking wave show severe CNS defects, including ectopic 
midline crossing and motor nerve branching (Zallen et al., 2002; 
Schenck et al., 2003). Thus the requirement for WAVE proteins in 
the nervous system is conserved.

Over the past few years, insight into molecular regulation of 
WAVE/WASP proteins has been achieved. WASP and WAVE pro-
teins are regulated by similar molecular principles (Derivery and 
Gautreau, 2010; Padrick and Rosen, 2010). Both, WASP and WAVE 
exist in multi-protein complexes, are primarily inactive, and become 
activated by different signals. WASP proteins are predominantly 
found in an autoinhibited conformation within a stable complex with 
the WASP-interacting protein (Anton et al., 2007; Ramesh and Geha, 
2009). This autoinhibition is released by the cooperative binding of 
the small GTPase Cdc42, the phospholipid phosphatidylinositol 
4,5-biphosphate, and the F-BAR protein Cip4/Toca-1 (Ho et al., 
2004). Pure WAVE proteins are basally active but in vivo, trans-inhib-
ited in a pentameric protein complex with the Abelson interactor 
(Abi), Nap1/Kette, hematopoietic stem progenitor cell 300 
(HSPC300), and, specifically, Rac-1 associated protein 1 (Sra-1; Eden 
et al., 2002; Gautreau et al., 2004; Derivery et al., 2009; Lebensohn 
and Kirschner, 2009).

WAVE complex stability depends on its integrity and coinciding 
signals, such as activated Rac, phosphorylation, and binding to 
phospholipids, lead to the full activation of WAVE in vitro (Kunda 
et al., 2003; Lebensohn and Kirschner, 2009). High-resolution crystal 
structure of a recombinant WAVE1 complex recently confirmed that 
the catalytic verprolin-cofilin-acidic (VCA) motif of WAVE is seques-
tered by a combination of intramolecular and intermolecular con-
tacts within the WAVE complex (Chen et al., 2010). The crystal struc-
ture also provides a plausible mechanism for how Rac1 and 
phospholipids could cooperatively recruit the complex to mem-
branes and how they might release the trans-inhibition of WAVE. 
Contrary to earlier, simplified models, the Rac1 effector Sra-1 is not 
a peripheral subunit but forms a heterodimer with Nap1/Kette, 
which creates an oppositely charged platform for the WAVE-
HSPC300-Abi trimer. The catalytic VCA domain of WAVE is seques-
tered by Sra-1. On Rac1 binding to Sra-1, the VCA domain is re-
leased, and WAVE becomes active. This model also implies that 
acidic phospholipids cooperate with Rac1 to recruit the complex at 
the membrane by binding to the positively charged faces of the 
Sra-1/Nap1/Kette platform and the polybasic region of WAVE.

Despite this significant progress in our understanding of the 
WAVE complex biochemistry, less is known about how processes 
driven by actin dynamics are coordinated by WAVE and its regula-
tory complex, including Abi in vivo. Genetic studies have demon-
strated that Abi family proteins orchestrate cell migration, cell adhe-

sion, and cell differentiation during neuronal and cardiovascular 
development (Ring et al., 2011; Grove et al., 2004; Proepper et al., 
2007; Pollitt and Insall, 2008; Stephan et al., 2008; Lin et al., 2009; 
Schmidt et al., 2009; Dubielecka et al., 2011). These differential 
functions are reflected by the modular domain structure of the Abi 
protein. Abi represents a multi-domain adaptor protein that is not 
only an integral component of the WAVE complex but also directly 
interacts with WASP, Diaphanous (Dia1), and the nonreceptor ty-
rosine kinase Abl (Dai and Pendergast, 1995; Shi et al., 1995; Juang 
and Hoffmann, 1999; Bogdan et al., 2005; Innocenti et al., 2005; 
Ryu et al., 2009; Liebau et al., 2011). Abi contains an amino-termi-
nal, WAVE-binding domain (WAB), which is followed by the Kette/
NAP1-interacting homeodomain homologous region (HHR), and a 
carboxy-terminal SRC homology 3 domain (SH3), which directly 
binds and activates Abl and WASP (Bogdan et al., 2005; Stephan 
et al., 2008; Ryu et al., 2009). Unlike vertebrates, Drosophila has 
only a single gene each for wave, wasp, and abi, and in vivo analy-
ses are not complicated by redundancy (Ben-Yaacov et al., 2001; 
Zallen et al., 2002; Lin et al., 2009). Loss of both maternal and zy-
gotic abi functions severely disrupts CNS development, resulting in 
embryonic lethality (Lin et al., 2009).

In this study, we analyzed the zygotic function of abi in the context 
of the developing fly visual system, and dissected the molecular 
regulation of WAVE activity by Abi in vivo. The developing Droso-
phila visual system has served as a good model to identify and study 
factors, including cytoskeletal regulators that control axonal growth 
and axonal targeting (Martin et al., 1995; Berger et al., 2008). The 
adult fly eye is a compound eye comprising ∼750 individual eye units 
called ommatidia (Ting and Lee, 2007). Each ommatidium harbors 
eight photoreceptor neurons (R-cells) that are specialized for light 
sensitivity (Choe and Clandinin, 2005; Ting and Lee, 2007). The so-
called outer photoreceptor cells R1 to R6 terminate in the first optic 
ganglion, which is called the lamina. The inner photoreceptor cells 
(R7 and R8) in turn pass through the lamina and terminate in the next 
optic ganglion, the medulla (Clandinin and Zipursky, 2002; Tayler and 
Garrity, 2003; Yamaguchi et al., 2006; Morante and Desplan, 2008). 
The exact termination of the growth cones of the photoreceptor ax-
ons at the lamina also requires the presence of a set of specialized 
glial cells and neurons highlighting the importance of cellular interac-
tions for proper axonal targeting (Poeck et al., 2001; Dearborn and 
Kunes, 2004; Chotard et al., 2005; Chotard and Salecker, 2007).

Genetic analysis and cell-specific rescue experiments demon-
strate that Abi and WAVE, but not WASP, are required in neurons of 
the target area to regulate non-cell-autonomous photoreceptor 
axon targeting. We show that, in Drosophila eye, Abi is mostly found 
in 400- to 500-kDa protein complexes, cofractionating with WAVE 
and Kette, and that Abi is required for the integrity of the WAVE 
complex in vivo. Structure–function analysis shows that WAVE activ-
ity requires interaction with Abi but also membrane interactions me-
diated by the phosphatidylinositol 3,4,5-trisphosphate–binding do-
main. Moreover, we were able to suppress the abi mutant phenotype 
by reexpression of a membrane-tethered WAVE protein in the ab-
sence of the WAVE complex. Furthermore, we show that the rescue 
ability of membrane-recruited WAVE is due to an activation of 
Arp2/3 in the absence of Abi. This demonstrates that membrane 
recruitment of WAVE is sufficient for its activation in vivo.

RESULTS
Neuronal abi controls photoreceptor axon targeting
To analyze abi function during development, we generated an 
abi mutant by imprecise excision of the EY20423 transposon lo-
cated in the abi gene (Figure 1A). In the allele abiΔ20, most of the 
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FIGURE 1: abi is required for photoreceptor targeting. (A) Schematic overview of the abi locus with the neighboring twf 
gene. The position of the transposon used to generate the abi mutant is indicated. A dashed line indicates the 
extension of the genomic deletion in the abi mutant. (B and C) Western blot analysis of larval brain extracts. (B) The 
abiΔ20 mutation results in a loss of Abi protein, whereas (C) the expression of the adjacent Twf protein is unaffected. 
(D–P) Analysis of photoreceptor projection pattern in the fly larval visual system in abi mutants. (D) Schematic overview 
of the projection pattern of photoreceptor axons (adapted from Tayler and Garrity, 2003). (E) In wild type, Abi (gray) is 
expressed in photoreceptor axons, as well as in the lamina (la, arrows) and medulla (me, asterisk). (F–H) R-cell axons 
(green, R1–R8; antibody 24B10) show a stereotyped projection to the lamina and medulla with R2–R5 (red, marked by 
rough-τlacZ; α-β-galactosidase) terminating in the lamina (note a few axons overshooting the lamina, asterisk in G). 
(J–M) The loss of abi leads to a highly abnormal targeting of R-cell axons with axonal bundling and uneven appearance 
of the lamina with gaps and clumps (K). The vast majority of the R2–R5 axons fail to terminate in the lamina and 
terminate in deeper layer medulla (L). (I and N) Rescue of the abi-dependent projection defects of R-cell axons. Neural 
resupply (N) of Abi (elavGal4 > Abi) rescues abi-mediated targeting abnormalities of R-cell axon whereas (I) glial 
reexpression of Abi does not (repoGal4 > Abi). (O–P) Quantification of the photoreceptor targeting defects. (O) The 
number of axonal bundles in the medulla per optic lobe was quantified for the indicated genotypes. abi, elav > Abi: 
neural reexpression of Abi in abi mutant animals. abi, repo > Abi: glial reexpression of Abi in abi mutant animals. Error 
bars represent SEM. ***, p < 0.001 (analysis of variance [ANOVA]); n.s., not significant. (P) Severity of R2–R5 
overshooting defects in the indicated genotypes. Animals used for the quantification of axonal bundles were grouped 
according to the numbers of R2–R5 axons overshooting the lamina. The numbers represent percent of optic lobes with 
R2–R5 axons in the medulla. abi, elav > Abi: neural reexpression of Abi in abi mutant animals.
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promotor-driven flippases (FLP), called ey3.5-FLP (Bazigou et al., 
2007) and ey-FLP (Newsome et al., 2000). ey3.5-FLP is an eye disk–
specific FLP excluding the brain target area (Figure 2, A–C), whereas 
ey-FLP drives FLP expression in the eye disk and in the optic lobe 
(Figure 2, D–F). Interestingly, the projections of ey3.5-FLP–induced 
abi mutant R-cells into a wild-type target were largely indistinguish-
able from control clones (Figure 2, J–L, vs. 2, G–I). This suggests that 
abi is not required in the projecting R-cell axons, but rather acts in 
neurons in the target area. To test this, we used the ey-FLP driver 
to induce large abi mutant cell clones in the target area, as well as 
in the eye disk (Figure 2, M–R). Compared with control clones 
(Figure 2, M–O), strong axonal targeting defects can be observed in 
brains within large abi mutant clones (Figure 2, P–R, arrow in Q).

Rescue experiments further support this nonautonomous func-
tion of Abi. Reexpression of Abi in mutant animals only in the eye 
disk, but including the R-cells (using the eye disk–specific GMRGal4 
driver), did not rescue axonal targeting defects (Figure S2, A–C). The 
nonautonomous requirement of Abi was further confirmed by ana-
lyzing mutant clones induced by the heat shock–driven expression 
of FLP (Figure S2, D–F). These data show that neurons in the target 
area require abi function to regulate targeting of R-cell axons.

An axonal scaffold in the target area is disorganized 
in abi mutants
Analysis of the organization of the optic lobe revealed that certain 
neuron–neuron and neuron–glia interactions mediate the precise 
formation of the R-cell projection pattern (Dearborn and Kunes, 
2004; Yoshida et al., 2005; Sugie et al., 2010). For example, optic 
lobe neurons provide an axonal scaffold controlling the correct mi-
gration of glia cells, which is essential for retinal axon targeting. 
R-cell axons misproject if the glia cells fail to migrate due to the 
absence or malformation of the axonal tracts of optic lobe neurons 
(Dearborn and Kunes, 2004; Yoshida et al., 2005).

To test whether the loss of abi influences the organization of the 
target area in the optic lobe, we visualized the axonal scaffold medi-
ating correct glia migration, using cytoplasmic expression of 
β-galactosidase from a lacZ gene under the control of a wingless 
(wg) promoter (Dearborn and Kunes, 2004; Figure 3). In wild type, 
several wg-lacZ–labeled fascicles emerge from each of the dorsal 
and ventral Wg domains and extend to the lamina region (Figure 3, 
A, C, E, and G). By contrast, in abi mutant brains, scaffold axons 
project aberrantly and some glia cells line these abnormal trajecto-
ries and accumulate in abnormal destinations (Figure 3, B, D, F, and 
H). However, reexpression of Abi in abi mutants in the wg pattern 
does not rescue the photoreceptor projection defects (data not 
shown), suggesting an additional requirement of Abi in additional 
neurons of the target area. This indicates that the organization of the 
target area, including the establishment of an axon scaffold, is af-
fected by the loss of abi.

Abi acts through WAVE during R-cell axon targeting
Abi represents a multi-domain adaptor protein that is not only able 
to regulate WAVE but also WASP activity (Bogdan et al., 2005; 
Innocenti et al., 2005; Liebau et al., 2011). Distinct interaction do-
mains within the Abi protein mediate the functional relationship 
between Abi and both Arp2/3 activators (Figure 4A). Abi binds 
through its N-terminal WAB domain to WAVE, whereas the 
C-terminal SH3 directly binds WASP (Bogdan et al., 2005; Innocenti 
et al., 2005). In the N-terminus next to the WAB domain, Abi con-
tains an HHR that is necessary for Kette binding (Ryu et al., 2009). To 
analyze the domain requirement of Abi function in photoreceptor 
axon targeting, we performed a structure–function analysis using 

protein-coding region, including the start codon, is removed, result-
ing in a complete loss of Abi protein expression (Figure 1B) but not 
affecting the expression of the neighboring twinfilin gene (Figure 
1C). abiΔ20 mutants show early pupal lethality in homozygosity, as 
previously reported for an abi mutation generated by gene target-
ing (Lin et al., 2009). Ubiquitous reexpression (daGal4) of Abi in the 
mutant background fully rescues the lethality of the abiΔ20 allele 
(Supplemental Table S1), confirming this mutant is an abi loss-of-
function mutation.

Since the loss of the Abi interaction partner Kette results in axon 
targeting defects in the larval visual system (Hummel et al., 2000), 
we determined the projection pattern of retinal axons in abiΔ20 mu-
tants. To monitor the projection pattern of R-cells in wild type and 
abi mutants, we visualized the axons of all photoreceptors R1–R8 
and, concomitantly, the axons of the outer R-cell axons R2–R5, which 
terminate in the lamina (Figure 1D).

In wild type, Abi is expressed in R-cell axons (Figure 1E, arrow-
heads), as well as in the target area (Figure 1E, asterisk). The axons 
of all R-cells target in a highly stereotyped manner to the lamina and 
medulla (Figure 1F), whereas the R-cells R2–R5 project to the lamina 
with only few axons overshooting (Figure 1, G, asterisk, and P). In abi 
mutants, axonal targeting is strongly affected (Figure 1, J–M). R-cell 
axons terminate in the brain, but the projection pattern appears 
highly irregular. Individual axons fasciculate and form abnormal bun-
dles and gaps in the lamina (Figure 1K, arrows). In the medulla, ax-
ons do not appear as individual axons anymore, but form bundles 
(7.7 axonal bundles per optic lobe vs. 0.1 in wild type; see Figure 
1O). Furthermore, large numbers of R2–R5 axons overshoot the 
lamina and misproject into the medulla (in 94% of the brains >15 
axons vs. 0% of the brains in wild type; Figure 1, L and P). The dif-
ferentiation of abi mutant R-cells appears normal, as the numbers of 
different subsets of R-cell nuclei in abi mutant eye imaginal disks are 
indistinguishable from wild type (Supplemental Figure S1). We con-
clude that the abnormal projection pattern and lamina overshooting 
is not due to abnormal development of R-cells.

It has been reported that the correct projection pattern of R-
cell axons not only depends on the R-cells themselves and neu-
rons in the target area, but also on the presence of specialized glia 
cells in the lamina (Poeck et al., 2001; Ting and Lee, 2007). There-
fore, the abi-dependent targeting defects might either be due to 
compromised neuronal or glial abi function. To differentiate be-
tween these possibilities we conducted differential rescue experi-
ments and quantified the number of axonal bundles in medulla, as 
well as the overshooting of R2–R5 axons. Expression of Abi in all 
glia cells (repoGal4) in abi mutants does not modulate the target-
ing defects, whereas Abi expression in all neurons (elavGal4) com-
pletely restores the axonal projection pattern (Figure 1, I, N, O, 
and P). Taken together, the mutant analysis and the rescue experi-
ments show that abi is required in neurons to ensure proper R-cell 
projections.

abi function is required in the target area
Arp2/3-mediated actin polymerization has an essential function for 
membrane protrusions in nonneuronal cells (Goley and Welch, 
2006). Thus Abi might play a similar cell-autonomous role in pro-
truding growth cones of photoreceptor axons. We also assumed 
that Abi plays a cell-autonomous role in axonal outgrowth and axon 
targeting of R-cells. To verify this assumption, we performed a mo-
saic analysis with a repressible cell marker (MARCM) analysis (Lee 
and Luo, 2001) that allowed us to induce and simultaneously visual-
ize abi mutant cell clones in the visual system (Figure 2). We gener-
ated abi mutant photoreceptor cells using two different eyeless (ey) 
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neuronal reexpression of distinct Abi deletion transgenes in the abi 
mutant background. Rescue activity of each transgene was quanti-
fied by measuring the numbers of abnormal axon bundles in the 
medulla and overshooting R2–R5 axons observed in abi mutants 

FIGURE 3: abi controls the organization of an axonal scaffold in the 
target area. (A–H) Analysis of scaffold axon fascicles in the brain 
target area. (A, C, E, and G) In wild-type scaffold, axon fascicles grow 
out from two Wingless (Wg)-expressing domains (green, marked by 
wg-lacZ; visualized with α-β-galactosidase). The axon fascicles extend 
to neuropile regions marked by intense horseradish peroxidase 
staining (red). Glia cell nuclei (blue, anti-Repo) are located around the 
neuropile regions. (B, D, F, and H) In abi mutant brains the 
organization of the brain target area in the visual system is disturbed. 
The Wg-expressing domains appear broadened and irregular (arrows 
in B). The trajectories of wg-lacZ–labeled axon fascicles are abnormal. 
The neuropile regions and the position of the surrounding glia cell 
nuclei also appear disturbed (compare D vs. C and F vs. E).

FIGURE 2: abi function is required in target area neurons. 
(A–F) Comparison of the spatial activity of different flippase sources 
used for clonal analysis. (A–C) Eye disk–specific flippase activity 
(ey3.5-FLP) induces dominantly CD8-GFP–labeled cell clones (green) 
only in the eye imaginal disk including R-cells and their axons. 
(D–F) Genetic mosaics induced by ey-FLP leads to CD8-GFP 
expression in the eye disk as well as in the brain target area. Anti-HRP 
(red) was used as general neuronal marker to visualize brain structures. 
(G–R) MARCM analysis of abi in the developing visual system. R-cell 
axons are visualized with the antibody 24B10 (red); cell clones are 
dominantly marked by CD8-GFP expression (green). (G–L) Analysis of 
abi mutant cell clones generated only in the eye disk by ey3.5-FLP. As 
in control clones (G–I), axons of abi mutant R-cells show a normal 
targeting (J–L). (M–R) Analysis of abi mutant cell clones generated in 
the eye disk and the brain target area by ey-FLP. In contrast to control 
clones (M–O), mutant cell clones lacking abi function (P–R) are 
associated with severe lamina targeting defects (arrow in Q).
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FIGURE 4: The N-terminus of Abi is required during photoreceptor targeting. (A) Schematic overview of the domain 
structure of Abi and Abi variants used in the analysis. Numbers indicate the amino acid position of an indicated domain. 
WAB (red); HHR (gray) required for Kette binding; P (gray): proline-rich regions; SH3 (magenta) required for WASP 
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toreceptor targeting. We consistently found similar targeting de-
fects in mutant cell clones for the gene sop2, which encodes one of 
the Arp2/3 regulatory subunits p40/Arpc1(Figure S3).

We next analyzed whether WAVE has a similar nonautonomous 
function in regulating photoreceptor targeting. And indeed, we 
found that wave function is also required in the target area neurons 
and not in R-cells. Eye disk–specific reexpression of WAVE in mutant 
animals (using the eye disk–specific GMRGal4 driver) does not res-
cue axonal targeting defects (Figure S4A). Conversely, eye disk–
specific suppression of wave function by RNA interference (RNAi) 
does not affect axonal targeting (Figure S4B), whereas pan-neural 
RNAi knockdown in the elav or scabrous (sca) pattern results in ax-
onal targeting defects (Figure S4, C and D). Clonal analysis con-
firmed a nonautonomous function of WAVE in regulating photore-
ceptor axon targeting. ey-FLP–induced wave mutant cell clones in 
the target area, but not ey3.5-FLP–induced mutant R-cells, show 
strong axonal targeting defects (Figure S5, A–F). The nonautono-
mous requirement of WAVE was further shown by analyzing mutant 
clones induced by the heat shock–driven expression of FLP (Figure 
S5, G–L). Thus we propose that Abi acts through WAVE to regulate 
Arp2/3-mediated actin polymerization in the target area neurons.

Integrity of the WAVE complex in vivo
The dependence of proper R-cell axon targeting on the interaction of 
Abi and WAVE and the independence from wasp function suggests 
that WAVE is the major activator of Arp2/3 during photoreceptor 
targeting. Thus R-cell axon targeting seems to differ in this respect 
from Drosophila myoblast fusion and wing epithelium polarization, 
where both wave and wasp functions are required (Fricke et al., 2009; 
Gildor et al., 2009). The distribution of protein complexes containing 
Abi, WASP, and WAVE might be different in the nervous system com-
pared with epithelia or muscle tissue. We have previously shown that 
Abi is present in wing disk epithelia in 200- to 300-kDa complexes 
with WASP, but also together with WAVE in complexes at 400–500 
kDa (Fricke et al., 2009). Gel filtration analysis from adult heads con-
taining mainly nervous system tissue revealed that a large fraction of 
Abi cofractionates with WAVE and the WAVE complex subunit Kette 
in 400- to 500-kDa protein complexes. A smaller fraction of Abi cof-
ractionates with WASP in 200- to 300-kDa complexes that hardly 
contain WAVE and the WAVE complex member Kette (Figure 6A). 
This suggests that the composition of WAVE and WASP complexes 
might depend on the tissue or cell type, and that Abi mainly associ-
ates with WAVE in the nervous system. Consistent with previous cell 
culture studies Abi is required for the stability of WAVE in vivo (Kunda 
et al., 2003; Figure 6). In the eye disk, WAVE levels are clearly re-
duced in abi mutant cell clones (Figure 6, B and C). Additionally, 

(Figure 4, B–G). Reexpression of wild-type Abi completely rescues 
the abi mutant phenotype (Figure 4B, quantification in Figure 4, F 
and G). Removal of the C-terminal SH3 domain (AbiΔC) mediating 
binding and activation of WASP does not affect the rescue activity 
of the truncated Abi protein (Figure 4, C, F, and G). In contrast, an 
Abi variant unable to bind to WAVE (AbiΔN) (Bogdan et al., 2005) 
does not exhibit any rescue activity, demonstrating that the WAB is 
essential for abi function (Figure 4, D, F, and G). Interestingly, ex-
pression of Abi-WAB-HHR (a truncated Abi protein containing only 
the WAVE- and the Kette-interacting domain but lacking all proline-
rich regions, including the SH3 domain) rescues the phenotypic 
traits observed in abi mutants (Figure 4, E–G). The number of axonal 
bundles in the medulla is comparable to wild-type levels and to 
levels upon expression of a full-length Abi protein (0.5 vs. 0.1 and 
0.1, respectively). The overshooting of R2–R5 axons is clearly res-
cued, but to a slightly weaker extend compared with the full-length 
Abi (11% of optic lobes with >15 and 32% with 10–15 R2–R5 axons 
overshooting vs. 0 and 3%, respectively). Since ubiquitous reexpres-
sion of Abi-WAB-HHR (using the daGal4 driver line) also completely 
rescues lethality of abi mutants (data not shown), the first N-terminal 
179 amino acids most likely constitute the minimal region of Abi 
needed for essential functions of Abi during development.

wave and arp2/3 but not wasp function are required 
for R-cell axon targeting
Zygotic wave mutants mostly die at early larval stages, with some 
rare wandering third instar larvae escapers (Zallen et al., 2002). Thus 
we next analyzed those wave escapers to test the function of WAVE 
during targeting of R-cell axons. Loss of wave results in severe pho-
toreceptor targeting defects, similar to those seen in abi mutants 
(Figure 5B). In contrast, wasp mutant brains show no axonal target-
ing phenotype in the visual system, confirming that the Abi-WASP 
interaction is not essential in photoreceptor targeting (Figures 4C 
and 5C,). Similarly, reexpression of WAVE in neurons, but not in glia 
cells, completely restores a wild-type axonal projection in wave-de-
ficient brains (Figure 5, D and E). Further rescue experiments with 
distinct truncated WAVE variants revealed the domain requirements 
of WAVE activity in vivo. Expression of WAVE lacking the Abi-inter-
acting domain (WHD; Echarri et al., 2004) does not restore the tar-
geting deficits in wave mutants (WAVEΔN, Figure 5, F and H). WAVE 
variants lacking the basic region mediating membrane lipid binding 
(WAVEΔB) or both the basic and the proline-rich regions 
(WAVEΔB+ΔP), exhibit strongly reduced rescue activities (Figure 5, 
G and H). On the other hand, deletion of the Arp2/3-activating VCA 
domain completely abolishes WAVE activity, suggesting that WAVE-
induced, Arp2/3-mediated actin polymerization is required in pho-

interaction. rescue: summary of ability of Abi variants to rescue R-cell targeting defect upon neural reexpression 
(+ indicates rescue; − indicates no rescue). (B–E′′) Representative images of projection patterns of all R-cell axons and 
R2–R5 axons of the indicated genotypes. R-cell axons (R1–R8, red) are visualized by anti-24B10, and R2–R5 axons 
(green) are marked by the ro-τlacZ reporter (α-β-galactosidase). Abi variants were expressed in all neurons using the 
elavGal4 driver line. Whereas full-length Abi and a C-terminal truncated Abi protein (AbiΔC) (B–C′′) are able to rescue 
the abi-dependent projection defects, an Abi protein lacking the N-terminal WAB domain (AbiΔN) fails to rescue the 
R-cell targeting phenotype (D–D′′). Expression of the Abi N-terminus alone (Abi-WAB-HHR) also restores the projection 
defects of R-cell axons. *RFP expression in the Bolwig’s nerve marks the 68E landing site of the ΦC31 integrase system 
for generating site-specific transgenic fly lines (Bischof et al., 2007). (F–G) Quantification of the rescue experiments 
using Abi variants. (F) The number of axonal bundles in the medulla per optic lobe was quantified for the indicated Abi 
variants upon neural reexpression in the abi mutant background. Abi: full-length Abi; AbiΔC: Abi variant lacking 
C-terminal SH3 domain; AbiΔN: Abi variant lacking N-terminal WAB domain; Abi-WAB-HHR: Abi variant consisting only 
of N-terminal WAB- and HHR domain. Error bars represent SEM and data sets of rescue experiments refer to the abi 
mutant. ***, p < 0.001 (ANOVA); n.s., not significant. (G) Severity of R2–R5 overshooting defects in the indicated 
genotypes. Numbers represent percent of optic lobes with R2–R5 axons in the medulla.
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FIGURE 5: Abi acts through WAVE during photoreceptor axon targeting. (A–G) Representative images of R-cell 
projection patterns of the indicated genotypes. R-cell axons (green) are visualized with 24B10. (A–C) Compared with 
wild type, the loss of wave, but not wasp, leads to an axonal targeting phenotype similar to abi mutants with axonal 
bundling and uneven appearance of the lamina with gaps and clumps. (D–G) Rescue of the wave-dependent projection 
defect. Resupply of full-length Wave in glial cells (repoGal4 > WAVE) does not improve the R-cell targeting in the wave 
mutant background (D). Neural reexpression of full-length Wave (elavGal4 > WAVE) in wave mutants restores a 
wild-type appearance of the projection pattern of R-cell axons (E). In contrast, a Wave variant lacking the N-terminal 
Abi-binding region (WAVEΔN) is unable to rescue the targeting defects neurally expressed in wave mutants (F). 
Expression of a Wave protein missing the basic region (WAVEΔB) mediating membrane association only partially 
restores the wave-dependent targeting defects upon neural expression (G). (H) Schematic overview of the domain 
structure of WAVE and WAVE variants used in the rescue experiments. WHD (green): WAVE homology domain 
mediating Abi binding; B (gray): basic region required for lipid binding; PolyPro (blue): proline-rich regions; VCA (red) 
region required for Arp2/3 binding and activation. rescue: summary of ability of WAVE variants to rescue R-cell 
targeting defect upon neural reexpression (+ indicates full rescue; − indicates no rescue; −/+ indicates partial rescue). 

WAVE levels in brain lysates are strongly down-regulated in abi and 
kette mutants, whereas WASP levels appear unaffected (Figure 6D, 
lanes 2 and 4; see also Figure 6E, quantifications for lanes 2 and 4). 
More importantly, neuronal reexpression (elavGal4) of Abi (Figure 
6D, lane 5; Figure 6E, quantification for lane 5) or Kette (Figure 6D, 
lane 3; Figure 6E, quantification for lane 3) restores the level of en-
dogenous WAVE, depending on the presence of the WAVE-binding 
domain in Abi (Figure 6, D and E, lane 6 vs. lane 1 and lane 4). Simi-
larly, the reduced Kette and Sra-1 levels in abi mutants are restored 
by neuronal resupply of Abi (Figure 6, D and E). Further expression 

analysis suggests that increased reexpression improves complex 
stabilization. Fivefold overexpression of Kette in kette mutants 
(Figure 6D, lane 3; see also Figure 6E, quantifications for lane 5) more 
efficiently restores endogenous proteins above wild-type levels. It is 
worth mentioning at this point that we cannot fully exclude Abi also 
affecting WAVE protein levels due to an effect at the transcriptional 
or translational level, in addition to the effect on WAVE stability. 
Taken together, whenever Abi or other WAVE complex members, 
such as Kette, are missing, the stability of WAVE is compromised, 
resulting in similar axonal projection defects.
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abi-dependent deficits in axonal targeting (Figure 7A; quantification 
in Figure 7, E and F; 5.0 ± 2.0 axonal bundles in the medulla vs. 
7.7 ± 2.1 in the abi mutant). A WAVE variant (WAVEΔB+ΔP) lacking 
the basic and the proline-rich regions (WAVEΔB+ΔP, Figure 7, E 
and F) also weakly restores axonal targeting to an extent similar to 
that of a cytosplasmic full-length WAVE protein. In contrast, expres-
sion of Myr-WAVE substantially rescues the frequency and severity 
of the abi mutant defects (Figure 7B; quantification in Figure 7, E 
and F). Membrane-recruited WAVE significantly suppresses the ap-
pearance of axonal bundles in the medulla (1.8 ± 1.8 vs. 7.7 ± 2.1 in 
the abi mutant; see Figure 7E). We found that 51% of abi mutant 
brains expressing Myr-WAVE show from zero to five R2–R5 axons 

Membrane recruitment of WAVE regulates its 
biological activity
Previous in vitro studies suggested the WAVE complex is not only 
required for the stability of WAVE, but also directly or indirectly reg-
ulates WAVE activity (Innocenti et al., 2004; Steffen et al., 2004). To 
examine WAVE activity in the absence of the WAVE complex in vivo, 
we reexpressed WAVE in abi mutants and monitored R-cell axon 
targeting (Figure 7A). Since previous in vitro studies indicated Abi 
might activate WAVE by relocalizing WAVE to the leading edge, we 
also expressed a membrane-tethered WAVE (Myr-WAVE) in abi mu-
tants (Figure 7B). A cytoplasmic WAVE exerts little biological activity 
upon neuronal expression. WAVE expression weakly rescues the 

FIGURE 6: Members of the WAVE complex are required for the integrity of WAVE in vivo. (A) Gel filtration profiles of 
WASP, WAVE, Abi, and Kette from lysates of heads of adult flies. The elution profile of proteins of known molecular 
weight is indicated at the bottom. Abi mainly cofractionates with WAVE and Kette (fractions 18–20). A portion of Abi 
cofractionates also with WASP (fractions 21–22) that hardly contain WAVE and Kette. (B–C) WAVE stability requires abi 
function in vivo. Cell clones lacking abi were generated in the eye imaginal disk and are marked by the absence of GFP 
(green, GMR-GFPMyr). Mutant cell clones (dashed lines in C) in the eye imaginal disk lacking abi function show a 
pronounced instability of endogenous WAVE protein (red, anti-WAVE). (D–E) Western blot analysis of larval brain 
extracts from wild type, kette, abi, and mutant larvae expressing indicated proteins. Quantification of protein levels 
(E) was done with the Image QuantTL software package (GE Healthcare, Waukesha, WI). Data were normalized with 
respect to tubulin levels. The loss of abi or kette leads to an instability of the members of the WAVE complex (WAVE, 
Abi, Kette, Sra-1) in vivo. Concomitantly, protein levels of WASP appear unchanged. Neural expression of Abi and Kette 
in abi and kette mutants, respectively, restores the integrity of the WAVE complex in vivo. Expression of an N-terminal 
truncated Abi protein does not lead to an increase of WAVE levels in the mutant background (blue in (E), quantification 
for lane 6 vs. lane 4). In contrast, an Abi variant lacking the WASP-binding domain (AbiΔC) elevates WAVE protein levels 
upon neural expression in the mutant background (blue in (E), quantification for lane 7 vs. lane 4). Please note that the 
used anti-Abi antibody does not recognize the AbiΔC protein variant (see Supplemental Information).
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FIGURE 7: WAVE activity at the membrane in the absence of the WAVE complex (A–F) Analysis of ability of WAVE 
variants to rescue the abi-dependent projection defects. (A–D′′) Representative images of projection patterns of all 
R-cell axons and R2–R5 axons of the indicated genotypes. R-cell axons (R1–R8, red) are visualized by anti-24B10 and 
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target area, indicating that in their absence proper cellular commu-
nications between projecting R-cell axons and neurons in the target 
area might be disrupted. It is well established that WAVE and its 
regulatory complex are effectors of the activated GTPase Rac (Yan 
et al., 2003; Innocenti et al., 2004) and one might also assume a 
similar nonautonomous role for Rac, as for WAVE and Abi. Previous 
analysis of genetic mosaics in the Drosophila brain lacking rac func-
tion indeed revealed an unexpected degree of nonautonomous ef-
fects in axon guidance and branching (Ng et al., 2002).

How might Abi/WAVE control the targeting of retinal axons into 
the optic lobe? The formation of the photoreceptor projection pat-
tern depends on complex bidirectional interactions between R-cell 
axons and different populations of glia, as well as neurons in the 
lamina target field (Mast et al., 2006). In wild type, incoming photo-
receptor axons induce the outgrowth of scaffold axons, which in 
turn act as substrates for glia migration (Dearborn and Kunes, 2004). 
Conversely, lamina glia cells provide an essential stop signal for 
photoreceptor axons to terminate their outgrowth in the lamina 
(Poeck et al., 2001). These findings highlight the importance of the 
correct organization of the target area in the establishment of the 
R-cell projection pattern. The abnormal projections of the wg-posi-
tive scaffold axons indicate that neuronal Abi function might be re-
quired for the correct organization of the target area. The precise 
organization of the optic lobe by Abi could control axonal targeting 
directly (neuron–neuron; Sugie et al., 2010) or indirectly (neuron–
glia; Dearborn and Kunes, 2004; Yoshida et al., 2005). The failure of 
the Abi reexpression in the wingless domain to rescue suggests that 
Abi/WAVE function is needed in additional neurons in the target 
area.

Loss-of-function studies in different model organisms clearly re-
vealed a conserved function of Abi/WAVE in regulating axon guid-
ance and axonal outgrowth in developing nervous systems. How-
ever, the precise role of WAVE-induced, Arp2/3-mediated actin 
polymerization in neuronal development is still controversial. Inhibi-
tion of Arp2/3 activity in cultured hippocampal neurons resulted in 
increased axon length but no significant effects on growth cone 
morphology (Strasser et al., 2004; Pinyol et al., 2007), whereas it has 
been recently reported that the knockdown of the Arp2/3 complex 
impairs lamellipodia and filopodia formation in growth cones of hip-
pocampal neurons and neuroblastoma cells (Korobova and Svitkina, 
2008). Recent studies using primary Drosophila mutant neurons 
confirmed an essential role of the Arp2/3 complex in regulating 
growth cone motility (Goncalves-Pimentel et al., 2011).

Analyzing early retinal axon targeting in abi mutants represents 
a good experimental paradigm to measure WAVE activity in vivo. 

overshooting the lamina compared with 0% of abi mutant brains 
and 68% of wild-type brains (Figure 7F). Thus we conclude mem-
brane recruitment is important for the activity of WAVE in vivo.

These findings prompted us to test whether membrane-tethered 
WAVE might promote actin polymerization. In contrast to cytoplas-
mic WAVE (Figure S6A), overexpression of Myr-WAVE in wing imagi-
nal disks results in a significant elevation in the level of F-actin in 
hetero- and homozygous abi mutant background (Figure S6, B and 
E). Thus membrane recruitment results in an increased actin nucle-
ation–promoting activity of WAVE. Conversely, the overexpression 
of a membrane-tethered WAVE variant lacking the VCA domain 
(Myr-WAVEΔVCA) does not induce actin polymerization, but results 
in a reduction of F-actin (Figure S6C). To finally test whether the in-
creased rescue efficiency of the membrane-tethered WAVE corre-
sponds to an enhanced actin-nucleating activity, we compared the 
rescue activities of Myr-WAVE and Myr-WAVEΔVCA in abi mutants. 
To ensure an equal expression rate, we integrated both transgenes 
into the same landing site (68E) using the ΦC31-mediated transgen-
esis strategy (Bischof et al., 2007). Expression of Myr-WAVE68E re-
sults in a similar rescue of axonal bundles in medulla in abi mutants 
as observed for Myr-WAVE (Figure 7, C, E, and F; 2.3 ± 1.6 for Myr-
WAVE68E vs. 1.8 ± 1.8 for Myr-WAVE). The rescue activity of Myr-
WAVE68E with respect to the overshooting of R2–R5 axons is weaker 
than Myr-WAVE (19% of optic lobes with from zero to five R2–R5 
axons vs. 51%, respectively). However, expression of Myr-
WAVEΔVCA68E fails to rescue the phenotypic defects in abi mutant 
brains (Figure 7, D–F). Expression of Myr-WAVEΔVCA68E in abi mu-
tant brains does not significantly change the axonal bundling defect 
in the medulla compared with abi mutants (Figure 7E; 6.6 ± 1.5 
vs. 7.7 ± 2.1, respectively). Furthermore, expression of Myr-
WAVEΔVCA68E leads only to a very weak improvement of R2–R5 
mistargeting compared with abi mutants (9% of brains with 5–10 
R2–R5 axons overshooting the lamina vs. 0 and 60% of brains with 
>15 R2–R5 axons overshooting vs. 94%, respectively). As Myr-WA-
VE68E and the Myr-WAVEΔVCA68E are expressed at equal levels, we 
conclude that the rescue of activity of membrane-tethered WAVE is 
due to an activation of Arp2/3. These findings strongly indicate that 
WAVE activation in vivo can be achieved upon membrane targeting 
of WAVE in the absence of the WAVE complex.

DISCUSSION
In summary, we have shown that abi and wave functions are required 
for early targeting of R-cell axons but are not needed in the R-cells 
themselves. Our observations strongly suggest a nonautonomous 
role for the Arp2/3 activator WAVE and its regulator Abi in the brain 

R2–R5 axons (green) are marked by the ro-τlacZ reporter (α-β-Galactosidase). WAVE variants were expressed in all 
neurons using the elavGal4 driver line. A full-length WAVE protein expressed in neurons in the abi mutant background 
weakly rescues the abi-dependent projection defects (A–A′′). A membrane-targeted WAVE variant expressed from an 
arbitrary genomic site (Myr-WAVE, B–B′′), as well as expressed from a specific site (Myr-WAVE68E, C–C′′) partially rescues 
the projection defects by abi. In contrast, a membrane-targeted Wave lacking the Arp2/3-activating VCA domain 
(Myr-WAVEΔVCA68E, D–D′′) expressed from the same genomic site fails completely to rescue the abi mutant phenotype. 
* RFP expression in the Bolwig’s nerve marks the 68E landing site of the ΦC31 integrase system for generating 
site-specific transgenic fly lines (Bischof et al., 2007). (E–F) Quantification of the rescue experiments using WAVE 
variants in the abi mutant background. (E) The number of axonal bundles in the medulla per optic lobe was quantified 
for the indicated WAVE variants upon neural reexpression in the abi mutant background. WAVE: full-length WAVE; 
Myr-WAVE: membrane-tethered WAVE expressed from an arbitrary genomic site; Myr-WAVE68E: membrane-tethered 
WAVE expressed from a specific site (68E); Myr-WAVEΔVCA68E: membrane-tethered WAVE lacking the Arp2/3-
activating domain expressed from a specific site (68E). Error bars represent SEM and data sets of rescue experiments 
were referred to the abi mutant. ***, p < 0.001; **, p < 0.01 (ANOVA); n.s., not significant. (F) Severity of R2–R5 
overshooting defects in the indicated genotypes. Numbers represent percentage of optic lobes with R2–R5 axons in the 
medulla.
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used as follows: rabbit α-Abi (1:1000, peptide antibody raised 
against the C-terminal part of Abi: (C)SHIGMHTLGRNINRN; affinity-
purified, gift from A. Gautreau; recognizes strongly endogenous Abi 
but not AbiΔC); α-Kette (1:1000); α-Sra-1 (1:1000); α-WAVE (1:5000); 
mouse α-tubulin (1:400 E7; Developmental Studies Hybridoma 
Bank, University of Iowa, Iowa City, IA); and rabbit α-twinfilin (1:2000 
[Wahlstrom et al., 2001]).

Third instar wandering larvae were dissected and stained as pre-
viously described (Hummel et al., 2000). Primary antibodies were 
used at the following dilutions: mouse 24B10: 1:40 (α-Chaoptin); rat 
α-Elav: 1:10 (7E810); mouse α-Prospero: 1:10 (MR1A); mouse 
α-Rough: 1:100 (ro-62C2A8; Developmental Studies Hybridoma 
Bank); guinea pig α-Abi (1:700, this work); rabbit α-β-galactosidase: 
1:1000 (Cappel); rabbit α-GFP: 1:1000 (MP Biomedicals, Solon, OH); 
goat α-HRP-Cy3: 1:300 (Dianova, Hamburg, Germany); goat 
α-HRP-Cy5 1:200 (Dianova); guinea pig α-Senseless: 1:1000 (Nolo 
et al., 2000); mouse anti-Seven up: 1:300 and guinea pig α-Wave: 
1:5000 (Bogdan et al., 2005).

Fluorescent images were collected on a Zeiss (Jena, Germany) 
LSM510 confocal system. Images were processed with Adobe 
Photoshop (San Jose, CA).

Gel filtration
Gel filtration experiments were carried out as described previously 
(Fricke et al., 2009).

The targeting process does not require wasp function, but only 
wave function, in contrast to other developmental processes (Fricke 
et al., 2009; Gildor et al., 2009). The functional rescue assay in abi 
mutants allows examination of the activity of WAVE and WAVE vari-
ants in the absence of other WAVE complex subunits. Membrane 
recruitment of WAVE in abi mutants results in a partial but clear 
rescue of R-cell projection defects. Several conclusions can be 
made based on these data. Membrane localization is sufficient to 
confer partial activity to WAVE without regulation by the WAVE 
complex. Members of the WAVE complex are not only required to 
control the integrity of WAVE but also provide means for the mem-
brane recruitment of WAVE. We conclude from our rescue experi-
ments that WAVE activated by artificial membrane targeting in-
duces activation of the Arp2/3 complex. It would be interesting to 
see whether and to what extent an artificial activation of Arp2/3 will 
rescue the phenotypic traits associated with a loss of wave. As cy-
toplasmic, full-length WAVE exerts only slight rescue activity, we 
propose that the Abi/WAVE complex might not only control mem-
brane relocalization but also might be required for full activation of 
WAVE. The finding that membrane recruitment of WAVE leads to a 
partial activation might also be true for mammalian neurons. It has 
recently been shown that artificial membrane recruitment of WAVE 
partially rescues axonal growth defects in rac-deficient cerebellar 
granule neurons (Tahirovic et al., 2010).

Taken together, recruitment of WAVE to the membrane leads to 
activation of the Arp2/3 complex and is an important step during its 
activation but not the only one. Other important signals might in-
clude a specific state of phosphorylation and interaction with acti-
vated Rac (Lebensohn and Kirschner, 2009). We propose that the 
analysis of Drosophila photoreceptor axon targeting in abi mutants 
will facilitate investigation of WAVE activity and regulation by the 
WAVE complex, as well as other signals independent of the WAVE 
complex in the context of a developmental process in vivo.

MATERIALS AND METHODS
Drosophila genetics
w1118, Df(3R)Exel8159, FRT40A scarΔ37, elavC155Gal4, tubGal4, 
FRT82B, FRT82B GMR-GFPMyr, FRT82B tubP-Gal80, FRT40A tubP-
Gal80, repoGal4, daGal4, scaGal4, gcmGal4, GMRGal4, UAS-
mCD8-GFP, hs-FLP, elavC155Gal4, UAS-mCD8-GFP, twfEP3701 
(Bloomington Stock Center, Bloomington, IN), P{EPgy2}EY20423 
(Drosophila Gene Disruption Project at Berkeley); wasp1, wasp3 
(Ben-Yaacov et al., 2001); rough-tlacZ (Garrity et al., 1999); Δ2-3, Ki 
(Robertson et al., 1988); LGMRGal4 (Wernet and Desplan, 2004); 
lamaGal4 (Chotard et al., 2005); c855aGal4 (Hrdlicka et al., 2002); 
ey-FLP (Newsome et al., 2000); ey3.5-FLP (Bazigou et al., 2007); 
UAS-WaveRNAi (NIG-FLY), UAS-Wave (Zallen et al., 2002). The trans-
genes UAS-Abi, UAS-AbiΔN, UAS-AbiΔC, UAS-WaveΔN, UAS-
WaveΔB, UAS-WaveMyr were generated as described previously 
(Bogdan et al., 2005). All crosses were performed at 25°C. See spe-
cific references and Supplemental Information for details regarding 
all mutant alleles and constructs described throughout this study.

Western blot analysis and immunohistochemistry
For Western blot analysis, brains from third instar wandering larvae 
of the different genotypes were collected and homogenized in lysis 
buffer (2 μl/brain; 50 mM Tris-HCl, pH 7.5, 150 mM KCl, 5 nM MgCl2, 
0.25M sucrose, 0.5% Triton100 + protease inhibitor cocktail [Roche, 
Indianapolis, IN]). Lysates were centrifuged at 13,000 rpm for 20 min 
at 4°C. The lipid phase was removed, and the centrifugation step 
was repeated. Equal amounts of protein lysates were separated by 
SDS–PAGE (10%) and analyzed by Western blot. Antibodies were 
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