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Equivalent Activities of Repulsive Axon Guidance Receptors
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Receptors on the growth cone at the leading edge of elongating axons play critical guidance roles by recognizing cues via their extracel-
lular domains and transducing signals via their intracellular domains, resulting in changes in direction of growth. An important concept
to have emerged in the axon guidance field is the importance of repulsion as a major guidance mechanism. Given the number and variety
of different repulsive receptors, it is generally thought that there are likely to be qualitative differences in the signals they transduce.
However, the nature of these possible differences is unknown. By creating chimeras using the extracellular and intracellular domains of
three different Drosophila repulsive receptors, Unc5, Roundabout (Robo), and Derailed (Drl) and expressing them in defined cells within
the embryonic nervous system, we examined the responses elicited by their intracellular domains systematically. Surprisingly, we found
no qualitative differences in growth cone response or axon growth, suggesting that, despite their highly diverged sequences, each
intracellular domain elicits repulsion via a common pathway. In terms of the signaling pathway(s) used by the repulsive receptors,
mutations in the guanine nucleotide exchange factor Trio strongly enhance the repulsive activity of all three intracellular domains,
suggesting that repulsion by Unc5, Robo, and Drl, and perhaps repulsion in general, involves Trio activity.
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Introduction
Receptors on the growth cones of developing neurons recognize
guidance cues in the environment and transduce signals that re-
sult in changes in direction of axon growth. A prevailing concept
that has emerged in the axon guidance field is the importance of
repulsion as a guidance cue in steering axons to their appropriate
targets, as well as in generating maps of synaptic connectivity.
There are several well characterized conserved repulsive guidance
mechanisms, including Netrin signaling through the Unc5 family
of receptors, Slit signaling through the family of Roundabout

(Robo) receptors, Semaphorin signaling through Plexins/Neuro-
pilins, and Wnt5 signaling through the Derailed (Drl)/Ryk recep-
tors (for review, see O’Donnell et al., 2009; Bashaw and Klein,
2010; Kolodkin and Tessier-Lavigne, 2012). Despite the progress
in uncovering these repulsive guidance mechanisms, the exact
nature of repulsion remains elusive. The sheer number and vari-
ety of different repulsive receptors raises the possibility that there
might be differences in the signals that they transduce; in fact,
there is good evidence that, even within a family of receptors, one
member cannot always be substituted for another (Spitzweck et
al., 2010). However, the nature of any possible differences among
repulsive receptors in terms of growth cone response is unknown.

Two key observations regarding the function of axon guid-
ance receptors have been made over the past two decades. First,
guidance receptors function in an appropriate manner (i.e., at-
traction vs repulsion) in many different types of neurons that do
not normally express them, indicating that the intracellular sig-
naling pathways to which they couple are likely present in most, if
not all, neurons. Second, guidance receptors possess a modular
structure in which the extracellular domain confers ligand spec-
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Significance Statement

A prevailing concept that has emerged in the axon guidance field is the importance of repulsion as a guidance mechanism for
steering axons to their appropriate targets. Given the number and variety of different repulsive receptors, it is generally thought
that there are differences in the signals that they transduce. However, this has never been tested directly. We have used the
advanced genetics of Drosophila to compare directly the outputs of different repulsive receptors. Surprisingly, we found no
qualitative differences in receptor-mediated repulsion, suggesting that, despite their highly diverged domain structure, each
receptor couples to a common repulsive pathway. We went on to show that this common pathway involves Trio, a guanine
nucleotide exchange factor known to promote cytoskeletal remodeling.
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ificity whereas the intracellular domain dictates the response
(Bashaw and Goodman, 1999; Keleman and Dickson, 2001; Stein
et al., 2001; Evans and Bashaw, 2010; Spitzweck et al., 2010).

The set of repulsive axon guidance receptors is composed of a
number of different families with unrelated cytoplasmic do-
mains. For example, Unc5 contains ZU5 and DB motifs plus a
Death Domain, Robo contains conserved CC0-CC3 domains,
and Drl contains an atypical kinase domain plus a PDZ binding
motif. Given their different cytoplasmic domains, do these recep-
tors engage different intracellular signaling pathways? Are there
actually differences between Robo-, Unc5-, and Drl-mediated
repulsion? To date, no systematic study addressing these ques-
tions has been performed.

To compare directly the responses elicited by Unc5, Robo, and
Drl and to begin identifying the signaling components down-
stream of each, we created chimeras consisting of the Netrin-
binding Unc5 extracellular domain fused to the intracellular
domains of Robo and Drl. By expressing Unc5, Unc5-Robo, and
Unc5-Drl in specific neurons, we were able to assay in detail the
responses elicited by each of the intracellular domains to the
Netrin source at the midline of the nervous system. Surprisingly,
we found no qualitative differences in growth cone response or
axon growth elicited by the three intracellular domains. In addi-
tion, when fused to the Drl extracellular domain, the Unc5 and
Robo intracellular domains were able to repel axons in a manner
indistinguishable from that of Drl and, when fused to the Robo

extracellular domain, the Unc5 and Drl intracellular domains
were able to repel axons similarly to Robo itself. In terms of the
downstream signal transduction pathways used by the receptors,
mutations in the guanine nucleotide exchange factor Trio
strongly enhance the repulsive activity of all three intracellular
domains, suggesting that repulsion elicited by Unc5, Robo, and
Drl involves Trio activity.

Materials and Methods
Fly strains and genetics. The fly lines used were scrt-GAL4 (Boyle et al.,
2006), dMP2-GAL4 on the second chromosome (Miguel-Aliaga and
Thor, 2004), eagle-GAL4 (Dittrich et al., 1997), ap-GAL4 (Calleja et al.,
1996), UAS-GAP-myc-GFP (Callahan et al., 1998), UAS-tau-myc-GFP,
UAS-drl (Bonkowsky et al., 1999), and NetrinAB � (Brankatschk and
Dickson, 2006). UAS-Unc5 lines and UAS-robo lines with different ex-
pression levels were generated by mobilizing the original lines (Kidd et
al., 1998; Keleman and Dickson, 2001) with �2–3 transposase. robo 1,
C155-GAL4, trio S137203 and trio 6A were from the Bloomington Stock
Center. Transheterozygous trio S137203/trio 6A individuals were used for
trio zygotic mutant analysis. Flies of either sex were used for all experi-
ments except NetrinAB � mutants, which were hemizygous males.

Fly germline transformation was performed as described previously
(Rubin and Spradling, 1982). For each chimera, multiple lines were gen-
erated. The expression level of each line containing the Unc5 extracellu-
lar domain was examined by antibody staining. High-level expression
was achieved by combinations of multiple lines. Flies were raised at 25°C.
Embryos were kept at 29°C for appropriate expression of transgenes.

Figure 1. Chimeric receptors and their expression. A, Schematic showing Unc5, Unc5-Robo, Unc5-Drl, and Unc5-Fra protein domain structures. Each has an HA tag at the N terminus (open square).
The Unc5 intracellular domain contains ZU5 (oval) and DB (hexagon) motifs plus a Death Domain (pentagon), Robo contains conserved CC0-CC3 domains (filled squares), Drl contains an atypical
kinase domain (large diamond) and Fra contains conserved P1–P3 domains (triangles). B–F, Anti-HA antibody staining of live, dissected, unfixed E16 embryonic VNCs. B, No specific staining
revealed in the control. C–F, Pan-neuronal membrane expression detected in medium-level expressors of Unc5 (C), Unc5-Robo (D), Unc5-Drl (E), and Unc5-Fra (F ). G, For each receptor, low-,
medium-, and high-level expressors are selected based on their protein expression levels. Number of embryos examined in G: Control (n � 15), Unc5 Low (n � 6), Unc5-Robo Low (n � 7), Unc5-Drl
Low (n � 9), Unc5-Fra Low (n � 9), Unc5 Medium (n � 39), Unc5-Robo Medium (n � 22), Unc5-Drl Medium (n � 66), Unc5-Fra Medium (n � 16), Unc5 High (n � 8), Unc5-Robo High (n � 8),
Unc5-Drl High (n � 6), Unc5-Fra High (n � 11). Error bars indicate SD. Genotypes: B, �/�; scrt-GAL4/�; C, UAS-Unc5 Medium/�; scrt-GAL4/�; D, UAS-Unc5-robo Medium/�; scrt-GAL4/�; E,
UAS-Unc5-drl Medium/�; scrt-GAL4/�; F, UAS-Unc5-fra Medium/�; scrt-GAL4/�. Scale bar, 20 �m.
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Constructs. All constructs were generated us-
ing standard PCR-based cloning procedures.
UAS-HA-Unc5 (Keleman and Dickson, 2001)
was used to generate UAS-HA-Unc5-robo,
UAS-HA-Unc5-drl, and UAS-HA-Unc5-fra.
The HindIII- XbaI DNA fragment of UAS-HA-
Unc5, which corresponds to the Unc5 cytoplas-
mic domain, was replaced by the cytoplasmic
domain DNA fragments of robo, drl, and fra,
respectively. As a result, UAS-HA-Unc5-robo
encodes the protein: Wingless aa1–32, Ala-Arg,
3�HA, Ser-Leu-Asp, Unc5 aa32–536, Ser-Phe,
Robo aa940 –1395; UAS-HA-Unc5-drl en-
codes: Wingless aa1–32, Ala-Arg, 3�HA, Ser-
Leu-Asp, Unc5 aa32–536, Ser-Phe, Drl aa265–
610; and UAS-HA-Unc5-fra encodes: Wingless
aa1–32, Ala-Arg, 3�HA, Ser-Leu-Asp, Unc5
aa32–536, Ser-Phe, Fra aa1101–1374.

To build UAS-HA-robo-Unc5 and UAS-HA-
robo-drl, the HA-robo extracellular and trans-
membrane domain DNA flanked by EcoRI and
HindIII sites was derived from the robo
knock-in construct (Spitzweck et al., 2010).
This fragment was ligated together with the cy-
toplasmic domain DNA fragment of either
Unc5 or drl into the pUAST vector (Brand and
Perrimon, 1993). As a result, UAS-HA-robo-
Unc5 encodes a protein: Wingless aa1–32, Ala-
Arg, 7�HA, Robo aa52–939, Leu-Ser-Phe-
Arg, Unc5 aa537–1072; UAS-HA-robo-drl
encodes a protein: Wingless aa1–32, Ala-Arg,
7�HA, Robo aa52–939, Leu-Ser-Phe, Drl
aa265– 610.

The extracellular and transmembrane do-
main DNA fragment flanked by EcoRI and
HindIII sites of drl was derived from the drl
3.1cDNA construct (Callahan et al., 1995).
This fragment was ligated with either robo or
Unc5 cytoplasmic domain DNA fragment
flanked by HindIII and XbaI sites into the
pUAST vector. As a result, UAS- drl-robo en-
codes a protein: Drl aa1–264, Lys-Leu, Robo
aa940 –1395; UAS- drl-Unc5 encodes a protein:
Drl aa1–264, Ser-Phe-Arg, Unc5 aa537–1072.
The junction sites of all constructs have been
sequenced.

Immunohistochemistry. All embryos were
processed for immunohistochemistry. Embryos
were dissected and stained as described previ-
ously (Callahan et al., 1995). Primary antibodies used: monoclonal (mAb)
anti-GFP 3E10; rabbit polyclonal anti-GFP (Life Technologies); mAb
BP102; mAb anti-Fas2 (Developmental Studies Hybridoma Bank); Cy5-
conjugated anti-HRP (Jackson ImmunoResearch); and rat mAb anti-HA
3F10 (Roche).

For live antibody staining, dissected, unfixed embryos were incubated
with anti-HA 3F10 diluted in 5% NGS in PBS for 2 h. After incubation,
embryos were washed and fixed in paraformaldehyde followed by secondary
antibody detection. No detergent was used throughout the staining process.

Receptor protein expression and quantification of dMP2 phenotypes. After
anti-HA staining, samples were imaged by confocal microscopy. A rectangle
encompassing A1-A3 within an individual ventral nerve cord (VNC) was
drawn. The mean pixel intensity within the rectangle was measured with
Zeiss ZEN software. For each genotype, multiple embryos were examined.
For quantification of dMP2 phenotypes, dMP2 neurons in segments T1–A7
of stage 16 embryos were assayed. To measure the dMP2 axon length at stage
E15–E16, Z-stack images were taken from the cell body to the growth cone;
the images were flattened and the axon length from the hillock to the tip of
the growth cone was measured.

Results
Unc5 extracellular domain chimeras
The earliest differentiating neurons within the Drosophila embryo
form an initial framework of axons that comprise the major tracts
within the CNS: the bilaterally symmetric longitudinal connectives,
which run the length of the CNS, and an anterior and posterior
commissure (AC and PC) connecting the two sides of each segment.
A set of midline glia divide the two halves of the nervous system and
play a critical role in axon trafficking. The midline glia secrete Ne-
trins, diffusible factors that are capable of attracting contralaterally
projecting axons that express the receptor Frazzled (Fra) or repelling
axons that express the receptor Unc5 (Hedgecock et al., 1990; Hong
et al., 1999; Keleman and Dickson, 2001; Labrador et al., 2005). The
extracellular domains of both Fra and Unc5 bind Netrin; the re-
sponse, whether attractive or repulsive, is dictated by the Fra or Unc5
intracellular domain, respectively (Keleman and Dickson, 2001).

Chimeras consisting of the Unc5 extracellular and transmem-
brane domains fused to the intracellular domains of Robo and

Figure 2. Pan-neuronal expression of chimeras prevents axons from crossing the midline. A–M, Late-stage embryonic VNC
stained with BP102 mAb. B–E, Embryos expressing low levels of receptors have largely intact axon projection patterns compared
with the control (A). Medium-level expression of Unc5 (F ), Unc5-Robo (G), and Unc5-Drl (H ) lead to thinning and partial loss of the
commissures, whereas high-level expression (J–L) eliminates commissure formation. Note the relocation of connectives further
from the midline in F–H, J–L, and the thinning and broken connectives in J–L (arrowheads). In contrast, Unc5-Fra does not prevent
midline crossing (E, I, M ). N, Quantification of the commissure phenotypes for individual genotypes. Number of embryos exam-
ined, percentage of embryos showing phenotype, number of segments examined: Control (n � 44, 0%, n � 352), Unc5 Low (n �
18, 0%, n � 144), Unc5 Medium (n � 31, 100%, n � 247), Unc5 High (n � 23, 100%, n � 184), Unc5-Robo Low (n � 20, 100%,
n � 138), Unc5-Robo Medium (n � 21, 100%, n � 168), Unc5-Robo High (n � 34, 100%, n � 295), Unc5-Drl Low (n � 14, 0%,
n � 112), Unc5-Drl Medium (n � 33, 100%, n � 264), Unc5-Drl High (n � 31, 100%, n � 248), Unc5-Fra Low (n � 17, 0%, n �
136), Unc5-Fra Medium (n � 23, 0%, n � 184), Unc5-Fra High (n � 15, 7%, n � 120). Genotypes: A, �/�; scrt-GAL4/�; B–I,
One copy of scrt-GAL4 plus one copy of corresponding receptor transgene with either low or medium expression levels; J-M, One
copy of scrt-GAL4 plus two copies of corresponding receptor transgenes. Scale bar, 20 �m.
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Drl were created, producing Unc5-Robo and Unc5-Drl, respec-
tively (Fig. 1A). For each chimera, multiple UAS transformants
were generated using pUAST (Brand and Perrimon, 1993). We
chose this method rather than inserting each into a defined
genomic location by site-specific recombination (Groth et al.,
2004) because we reasoned it would be useful to have several
independent transgenes on different chromosomes comprising a
range of expression levels. Ten independent transformants were
isolated for each chimera. For Unc5 itself, previously created
UAS-Unc5 insertion was mobilized (Keleman and Dickson,
2001) to generate insertions with a range of expression levels. To
monitor expression, the Unc5 extracellular domain chimeras, as
well as Unc5 itself, were HA epitope tagged immediately down-
stream of the signal sequence, a position known not to affect
function (Keleman and Dickson, 2001).

In addition to the Unc5 extracellular domain chimeras using
Robo and Drl intracellular domains, Unc5-Fra was constructed
as a control. The Fra intracellular domain has been shown previ-
ously to confer attraction when substituted for the intracellular
domain of either Unc5 or Robo (Bashaw and Goodman, 1999;

Keleman and Dickson, 2001). Unc5-Fra
was also HA epitope tagged identically to
Unc5-Robo and Unc5-Drl.

Unc5, Unc5-Robo, Unc5-Drl, and Unc5-
Fra were expressed in the CNS using the
GAL4/UAS system (Brand and Perrimon,
1993), which capitalizes on the ability of the
yeast GAL4 transcriptional activator to
transcribe a gene of interest placed down-
stream of UAS binding sites. We first ex-
amined the expression of Unc5 and the
chimeras by live antibody staining against
the N-terminal HA tag to be certain that
the receptors were properly inserted into
the cell membrane and to quantify the ex-
pression levels of receptors at the cell sur-
face. When driven by the scrt-GAL4 pan-
neuronal driver, Unc5 and all of the
chimeras were predominantly localized
on the surface of axons (Fig. 1B–F), al-
though Unc5-Fra showed higher levels on
the surface of cell bodies compared with
Unc5, Unc5-Robo, and Unc5-Drl. We
quantified the expression level of each
transgenic line and created combinations
of individual lines to achieve a variety of
expression levels. Based on expression lev-
els, specific lines or combinations of lines
were carefully matched and divided into
three different expression groups for
each chimera: low, medium, and high.
(Fig. 1G).

Repulsion elicited by pan-neuronal
expression of Unc5, Unc5-Robo,
and Unc5-Drl
We initially tested Unc5, Unc5-Robo,
and Unc5-Drl for activity by expressing
them pan-neuronally using scrt-GAL4
and visualizing the overall structure of
the CNS with the pan-axonal BP102 an-
tibody (Seeger et al., 1993). Both chime-
ras showed general repulsive activity

similar to the native Unc5 receptor (Fig. 2).
Low-level pan-neuronal expression of Unc5, Unc5-Robo,

or Unc5-Drl results in little or no phenotype, with Unc5-Robo
showing slight thinning of the commissures in 23% of seg-
ments (Fig. 2B– D, N ). Medium-level pan-neuronal expres-
sion of Unc5-Robo or Unc5-Drl caused markedly reduced
midline crossing, resulting in reduction of commissures in
virtually every segment, plus axons projecting out of the CNS,
similar to matched medium levels of pan-neuronally ex-
pressed Unc5 itself (Fig. 2F– H, N; see also Keleman and Dick-
son, 2001). High-level expression of Unc5, Unc5-Robo, or
Unc5-Drl results in an essentially commissureless phenotype
consisting of missing commissures in �90% of segments (Fig.
2J– L, N ). The longitudinal connectives of individuals with
medium and high levels of expression are located further from
the midline within the VNC and, in many segments of the high
expressors, the connectives are thinner or broken, suggesting
the presence of stalled axons (Fig. 2, arrowheads). Collectively,
these results indicate that the two chimeras have repulsive

Figure 3. Effects of chimeras on the dMP2 growth cone and axon. dMP2 neurons are labeled by dMP2-GAL4 driving membrane-
targeted GFP. Early (E14) and late (E16) stage embryos of each genotype are shown. A and A�, Control. B–D�, Unc5, low to high
expression. E–G�, Unc5-Robo, low to high expression. H-J�, Unc5-Drl, low to high expression. At early-stage E14, the axons of
dMP2 neurons expressing Unc5, Unc5-Robo, and Unc5-Drl are oriented away from the midline (arrows). With increasing expres-
sion levels, some neurons fail to extend axons (arrowheads). K–M�, Unc5-Fra, low to high expression. In contrast to Unc5,
Unc5-Robo, and Unc5-Drl, Unc5-Fra expression has no effect on dMP2 axons. Genotypes: A, dMP2-GAL4/�; UAS-GAP-myc-
GFP/�; B–C�, E–F�, H–I�, K–L�, One copy of dMP2-GAL4, one copy of UAS-GAP-myc-GFP, plus one copy of corresponding receptor
transgene with low or medium expression levels; D, D�, G, G�, J, J�, M, M�, One copy of dMP2-GAL4, one copy of UAS-GAP-myc-GFP,
plus two copies of corresponding receptor transgenes. Scale bar, 20 �m.
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activities similar to Unc5 in repelling axons away from the
midline.

In contrast to Unc5-Robo and Unc5-Drl, Unc5-Fra produced
an overall axon projection pattern resembling wild-type when
pan-neuronally expressed (Fig. 2E, I,M); however, like Fra itself
(Yang et al., 2009), Unc5-Fra is capable of directing some axons
to the midline when expressed by certain ipsilaterally projecting
neurons. This lack of strong effect of Unc5-Fra expression is con-
sistent with previous studies (Keleman and Dickson, 2001) and is
likely due to the fact that endogenous Fra is normally expressed
by the majority of neurons within the CNS (Kolodziej et al.,
1996). This result also reinforces the idea that the repulsive re-
sponses generated by Unc5-Robo and Unc5-Drl are mediated
through their cytoplasmic domains, not the Unc5 extracellular
domain.

Repulsion of the dMP2 axon elicited by Unc5, Unc5-Robo,
and Unc5-Drl
To examine the effects of the chimeras on the orientation and
outgrowth of individual axons, we expressed them in the dMP2
neuron using the dMP2-GAL4 driver and visualized the dMP2
growth cones and axons with UAS-GAP-myc-GFP (Callahan et

al., 1998; Fig. 3). dMP2 is an early developing neuron that proj-
ects its axon posteriorly in the ipsilateral connective, fasciculating
with its homolog in the adjacent segment (Thomas et al., 1984;
Miguel-Aliaga and Thor, 2004). dMP2 normally expresses Fra
and Robo, but not Drl or Unc5. In addition, dMP2 does not
express Commissureless (Comm), which functions in commis-
sural neurons to downregulate Robo (Keleman et al., 2002; Kele-
man et al., 2005).

When forced to express Unc5, Unc5-Robo, or Unc5-Drl at
matched medium levels, the dMP2 growth cones orient away
from the midline in �60%, 45%, and 45%, of hemisegments,
respectively (Figs. 3,4A), in contrast to 0% for controls or for
dMP2s expressing Unc5-Fra. Therefore, like Unc5, both Unc5-
Robo and Unc5-Drl are capable of reorienting growth cones away
from the midline, consistent with the pan-neuronal expression
phenotype (Fig. 2).

When expressed at medium levels in dMP2, Unc5 and the two
repulsive chimeras show quantitative differences in their effects.
For example, Unc5-Robo shows a relatively high percentage of
dMP2s with no axons compared with Unc5 and Unc5-Drl (Figs.
3,4A). These differences could reflect the possibility that the dif-
ferent intracellular domains engage different signaling pathways.

Figure 4. Quantification of dMP2 axon behavior shown in Figure 3. A, Neuron behaviors are grouped into three categories: axons that project posteriorly as in wild-type, axons that exit the VNC,
and axons that are severely stalled or unextended altogether. Expression of Unc5, Unc5-Robo, or Unc5-Drl forces axons to exit the VNC. Increased expression of these receptors increases axon exiting
and stalling. B, Average length of dMP2 axons projecting into the periphery at stage E16 for Unc5, Unc5-Robo, and Unc5-Drl at different expression levels. A, Number of embryos examined,
percentage of embryos showing phenotype, number of hemisegments examined: Control (n � 36, 0%, n � 200), Unc5 Low (n � 10, 60%, n � 96), Unc5 Medium (n � 49, 100%, n � 416), Unc5
High (n � 20, 100%, n � 224), Unc5-Robo Low (n � 14, 100%, n � 138), Unc5-Robo Medium (n � 54, 100%, n � 512), Unc5-Robo High (n � 30, 100%, n � 368), Unc5-Drl Low (n � 47, 100%,
n � 624), Unc5-Drl Medium (n � 102, 100%, n � 1072), Unc5-Drl High (n � 50, 100%, n � 720), Unc5-Fra Low (n � 40, 3%, n � 160), Unc5-Fra Medium (n � 16, 0%, n � 144), Unc5-Fra High
(n � 9, 11%, n � 112). B, Number of axons examined: Unc5 Low (n � 7), Unc5 Medium (n � 96), Unc5 High (n � 91), Unc5-Robo Low (n � 71), Unc5-Robo Medium (n � 76), Unc5-Robo High
(n � 65), Unc5-Drl Low (n � 113), Unc5-Drl Medium (n � 151), Unc5-Drl High (n � 172). Error bars indicate SD. Genotypes are described in Figure 3 legend.
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Alternatively, all three intracellular domains may engage the
same pathway, but differ in their efficiency in coupling to it. To
address this, in addition to medium levels, we expressed
matched low and high levels of Unc5, Unc5-Robo, and Unc5-
Drl in the dMP2 neurons. We found that, for Unc5 and the two
repulsive chimeras, increasing their levels of expression re-
sulted in increased numbers of axons exiting the CNS, fol-
lowed by increased numbers of shortened and finally
completely stalled axons within the CNS (Fig. 4A), whereas
Unc5-Fra had little or no effect at any expression level. There-
fore, when a range of expression levels are examined, any dif-
ferences in axon guidance responses elicited by the three
intracellular domains appear to be quantitative.

For those dMP2 neurons that extend axons out of the VNC
and into the periphery, where they presumably encounter less of
the Netrin signal, there is no evidence of stalling and the average
axon lengths are similar between the different repulsive receptors
regardless of expression level (Fig. 4B). This suggests that the
responses of dMP2 elicited by expression of the repulsive recep-
tors are dependent on Netrin.

Repulsive responses are Netrin dependent
The phenotypes observed for misexpression of Unc5, Unc5-Robo,
and Unc5-Drl are consistent with the notion that these receptors
transduce repulsive signals in response to midline-secreted Netrins.
To confirm the involvement of the Netrins, we expressed medium
levels of Unc5, Unc5-Robo, and Unc5-Drl specifically in dMP2 neu-
rons in a Netrin mutant (NetAB�) background (Fig. 5). In the ab-
sence of Netrins, Unc5, Unc5-Robo, or Unc5-Drl were no longer
able to repel dMP2 axons away from the midline (Fig. 5D,F,H,I),
similar to what has been shown previously for Unc5-mediated re-
pulsion (Keleman and Dickson, 2001). In addition, the severe axon-
stalling phenotype resulting from high levels of receptor expression
is also completely suppressed. This complete suppression indicates
that both Unc5-Robo and Unc5-Drl, like Unc5 itself, function as
receptors to transduce the Netrin signal into a repulsive response and
that Netrins appear to be the sole ligands mediating this response.

Repulsive responses generated in different types of neurons
To address the universality of the repulsive responses generated
by Unc5, Unc5-Robo, and Unc5-Drl, we examined the responses

Figure 5. Repulsive activities of Unc5, Unc5-Robo, and Unc5-Drl are Netrin dependent. Axon exiting and stalling phenotypes are completely suppressed by NetrinAB �. Normal dMP2 axon
projection patterns in control (A) and NetrinAB � mutant (B). dMP2 neurons expressing medium levels of Unc5, Unc5-Robo, and Unc5-Drl in the control background (C, E, G) and in a NetrinAB �

mutant background (D, F, H ). Quantification of dMP2 axon phenotypes shown in I. Neuron behaviors are grouped as in Figure 4A. Number of embryos examined, percentage of embryos showing
phenotype, number of hemisegments examined: NetrinAB � (n � 20, 10%, n � 280), NetrinAB � �Unc5 (n � 6, 16%, n � 108), NetrinAB � �Unc5-Robo (n � 17, 6%, n � 102), NetrinAB �

�Unc5-Drl (n � 14, 7%, n � 84). Numbers for Control, Unc5, Unc5-Robo, and Unc5-Drl are indicated in the Figure 4 legend. Genotypes: A, dMP2-GAL4/�; UAS-GAP-myc-GFP/�; B, NetrinAB �/Y;
dMP2-GAL4/�; UAS-GAP-myc-GFP/�; C, dMP2-GAL4/UAS-Unc5 Medium; UAS-GAP-myc-GFP/�; D, NetrinAB �/Y; dMP2-GAL4/UAS-Unc5 Medium; UAS-GAP-myc-GFP/�; E, dMP2-GAL4/UAS-
Unc5-robo Medium; UAS-GAP-myc-GFP/�; F, NetrinAB �/Y; dMP2-GAL4/UAS-Unc5-robo Medium; UAS-GAP-myc-GFP/�; G, dMP2-GAL4/UAS-Unc5-drl Medium; UAS-GAP-myc-GFP/�; H,
NetrinAB �/Y; dMP2-GAL4/UAS-Unc5-drl Medium; UAS-GAP-myc-GFP/�. Scale bar, 20 �m.
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elicited by their expression in the dorsal Ap neurons (Lundgren et
al., 1995; O’Keefe et al., 1998) and the Eagle-expressing EW neu-
rons (Dittrich et al., 1997; Yoshikawa et al., 2003). The dorsal Ap
neurons extend axons ipsilaterally and anteriorly, whereas the
EW neurons extend axons across the midline in the PC. Similar to
the response of the dMP2 axons, the Ap and EW axons orient
away from the midline when forced to express Unc5, Unc5-Robo,
or Unc5-Drl (Fig. 6). Therefore, each intracellular domain is ca-
pable of eliciting repulsion in a variety of different types of
neurons.

Repulsive activity of the intracellular domains when fused to
the Drl and Robo extracellular domains
To assess whether the repulsive intracellular domains would repel
axons when fused to a different extracellular domain binding a

different ligand, we fused the intracellular domains of Unc5 and
Robo to the extracellular domain of Drl and, along with Drl itself,
assayed for their ability to repel axons (Fig. 7A–D). The Drl re-
ceptor is normally expressed by axons crossing the midline in the
AC, whereas its ligand, Wnt5, is expressed in the PC. Drl prevents
AC axons from entering the PC by repelling them from the Wnt5
source in the PC (Bonkowsky et al., 1999; Yoshikawa et al., 2003).
When misexpressed by eagle-GAL4, Drl forces the axons of the
PC-projecting EW neurons out of the PC and into the AC (Fig.
7B). When either Drl-Unc5 or Drl-Robo is expressed by the
EW neurons, the EWs switch their projections to the AC, in-
distinguishable from their behavior when expressing Drl itself
(Fig. 7C, D, J ). Therefore, each of the intracellular domains is capa-
ble of mediating repulsion when fused to the Drl extracellular
domain.

Figure 6. Repulsive responses generated by Unc5 and chimera expression in the Ap and Eagle neurons. A–D, Compared with control (A), expression of medium-level repulsive receptors in Ap
neurons results in axons exiting the VNC (arrows). Quantification shown in I. E–H, Repulsive responses generated in EW neurons. eagle-GAL4 drives early and reproducibly high expression in the EW
neurons, which cross the midline in the PC (filled arrowhead in E), and late, stochastic expression in neurons, which cross the midline in the AC. The expression of medium repulsive receptors prevents
EW axons from crossing the midline. Exiting axons (arrows) and neurons with no axon (open arrowheads) are also observed. Quantification shown in J. Number of embryos examined, percentage
of embryos showing phenotype, number of segments examined: I, Control (n � 14, 0%, n � 98), Unc5 (n � 21, 100%, n � 151), Unc5-Robo (n � 23, 100%, n � 162), Unc5-Drl (n � 28, 100%,
n�205); J, Control (n�19, 0%, n�144), Unc5 (n�23, 100%, n�157), Unc5-Robo (n�27, 100%, n�186), Unc5-Drl (n�22, 100%, n�147). Genotypes: A, ap-GAL4 UAS-tau-myc-GFP/�;
B, ap-GAL4 UAS-tau-myc-GFP/UAS-Unc5 Medium; C, ap-GAL4 UAS-tau-myc-GFP/UAS-Unc5-robo Medium; D, ap-GAL4 UAS-tau-myc-GFP/UAS-Unc5-drl Medium; E, UAS-tau-myc-GFP/�; eagle-
GAL4/�; F, UAS-tau-myc-GFP/UAS-Unc5 Medium; eagle-GAL4/�; G, UAS-tau-myc-GFP/UAS-Unc5-robo Medium; eagle-GAL4/�; H, UAS-tau-myc-GFP/UAS-Unc5-drl Medium; eagle-GAL4/�. Scale
bar, 20 �m.
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We also fused the Unc5 and Drl intracellular domains to the
Robo extracellular domain and, along with Robo itself, assayed
for rescue of robo mutant defects. In robo mutants, many longi-
tudinally projecting axons abnormally cross the midline (Fig.
7F). As shown previously (Kidd et al., 1998), pan-neuronal ex-
pression of Robo largely rescues these midline-crossing defects
(Fig. 7G). Both Robo-Unc5 and Robo-Drl are capable of rescuing
the robo mutant midline defects in a manner similar to Robo (Fig.
7H, I,K).

Trio modulates Unc5, Unc5-Robo, and Unc5-Drl
repulsive signaling
Ultimately, axon guidance events, including repulsion, involve
cytoskeletal rearrangements that lead to changes in growth cone

orientation. To begin identifying the signaling pathway(s) cou-
pling Unc5, Robo, and Drl to the cytoskeleton, we examined the
effects of reducing putative signaling components on the activity
of Unc5 and the chimeras. The guanine nucleotide exchange fac-
tor Trio has been shown to mediate axon guidance events by
regulating the activity of Rac GTPases, which in turn regulate the
actin cytoskeleton (Awasaki et al., 2000; Bateman et al., 2000;
Newsome et al., 2000; Hakeda-Suzuki et al., 2002). To examine
the role of Trio in axon repulsion, we expressed low and medium
levels of Unc5, Unc5-Robo, or Unc5-Drl in the dMP2 neuron in
trio mutants and assayed for any modification of the dMP2 phe-
notypes. We first reduced zygotic trio by 50% and observed no
effect on repulsion elicited by Unc5, Unc5-Robo, or Unc5-Drl
(data not shown). Because there is a maternal contribution of

Figure 7. Repulsive receptor intracellular domains can elicit repulsion when fused to different extracellular domains. A–D, Unc5 and Robo intracellular domains mediate repulsion when fused
to the Drl extracellular domain. In the control (A), EW axons cross the midline in the PC, whereas the EG axons cross in the AC. When Drl (B), Drl-Unc5 (C), or Drl-Robo (D) are expressed in eagle
neurons, the EW axons are repelled from the PC and cross the midline in the AC (arrowheads). Quantification shown in J. E–I, Unc5 and Drl intracellular domains fused to Robo extracellular domains
can rescue robo mutant midline crossing phenotype. Embryonic VNCs stained with anti-FasII antibody. In controls (E), FasII-positive longitudinal axons do not cross the midline, whereas in robo
mutants (F ), longitudinal axons frequently cross the midline (arrows). Pan-neuronal expression of Robo (G), Robo-Unc5 (H ), or Robo-Drl (I ) is able to rescue longitudinal axon crossing defects of
robo mutants. Quantification shown in K. Number of embryos examined, percentage of embryos showing phenotype, number of segments examined: J, Control (n � 10, 0%, n � 82), Drl (n � 16,
100%, n � 111), Drl-Unc5 (n � 48, 100%, n � 217), Drl-Robo (n � 46, 100%, n � 150). In K, Control (n � 23, 0%, n � 164), robo �/� (n � 17, 100%, n � 147), robo �/� �Robo (n � 15,
33%, n � 88), robo �/��Robo-Unc5 (n � 16, 38%, n � 121), robo �/��Robo-Drl (n � 12, 42%, n � 96). Genotypes: A, UAS-tau-myc-GFP/�; eagle-GAL4/�; B, UAS-tau-myc-GFP/UAS-drl;
eagle-GAL4/�; C, UAS-tau-myc-GFP/UAS-drl-Unc5; eagle-GAL4/�; D, UAS-tau-myc-GFP/UAS-drl-robo; eagle-GAL4/�; E, C155-GAL4/�; F, C155-GAL4/�; robo 1/robo 1; G, C155-GAL4/�; robo 1/
robo 1; UAS-robo/�; H, C155-GAL4/�; robo 1/robo 1; UAS-robo-Unc5/�; I, C155-GAL4/�; robo 1/robo 1; UAS-robo-drl/�. Scale bar, 20 �m.
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trio, we were likely only modestly reducing Trio levels in these
experiments. We therefore examined the effects of removing all
zygotic trio by generating individuals expressing receptors in a
trio mutant background. Removing zygotic trio in an otherwise
wild-type background had little effect on dMP2 axons (Fig.
8D,G). In contrast, removal of zygotic trio potently enhanced
low-level Unc5, Unc5-Robo, and Unc5-Drl phenotypes to re-
semble those of medium-level expressors (Unc5 is shown in Fig.
8E; quantification for Unc5, Unc5-Robo, and Unc5-Drl is shown
in Fig. 8G). Similarly, removal of zygotic trio enhanced medium
level phenotypes to the point of causing severe axon stalling phe-

notypes, similar to but more extreme than those elicited by high
levels of repulsive receptor expression (Fig. 8F,G). Importantly,
this enhancement is specific for the repulsive responses because
removal of zygotic trio had no effect on dMP2 neurons expressing
Unc5-Fra (Fig. 8G). These results argue that the repulsive actions
of Unc5, Robo, and Drl involve the activity of Trio.

Discussion
To examine the responses elicited by different intracellular do-
mains of axon guidance receptors mediating repulsion and to
establish a system in which we could begin identifying down-

Figure 8. Removal of trio dramatically enhances the repulsive responses generated by Unc5, Unc5-Robo, and Unc5-Drl. A–F, dMP2 phenotypes at late stage. In wild-type background (A–C),
compared with the control (A), low-level Unc5 expression (B) drives small number of axons out of the VNC (arrow), whereas medium-level Unc5 expression (C) forces more axons out of the VNC
(arrows). In trio mutants (D), dMP2 axons project similarly as in the control (A). In embryos with low-level Unc5 expression, trio mutant can raise the number of exiting axons (arrows) to resemble
that of medium Unc5 expressor in a wild-type background (cf. E, C). In embryos with medium-level Unc5 expression, trio mutant causes severe stalling phenotype (F, arrowheads). G, Quantification
of dMP2 axon phenotype for low and medium Unc5, Unc5-Robo, Unc5-Drl, and Unc5-Fra expressions with or without trio mutant background. Number of embryos examined, percentage of embryos
showing phenotype, number of hemisegments examined: Control (n � 36, 0%, n � 200), trio �/� (n � 11, 9%, n � 106), Unc5 Low (n � 10, 60%, n � 96), trio �/��Unc5 Low (n � 9, 100%,
n � 96), Unc5 Med (n � 49, 100%, n � 416), trio �/� �Unc5 Med (n � 12, 100%, n � 201), Unc5-Robo Low (n � 14, 100%, n � 138), trio �/� �Unc5-Robo Low (n � 19, 100%, n � 304),
Unc5-Robo Med (n � 54, 100%, n � 512), trio �/� �Unc5-Robo Med (n � 24, 100%, n � 384), Unc5-Drl Low (n � 47, 100%, n � 624), trio �/� �Unc5-Drl Low (n � 20, 100%, n � 270),
Unc5-Drl Med (n � 102, 100%, n � 1072), trio �/��Unc5-Drl Med (n � 21, 100%, n � 381), Unc5-Fra Low (n � 40, 3%, n � 160), trio �/��Unc5-Fra Low (n � 7, 14%, n � 131), Unc5-Fra
Med (n � 16, 0%, n � 144), trio �/� �Unc5-Fra Med (n � 19, 5%, n � 162). Genotypes: receptor transgenes in the wild-type background are indicated in Figure 3 legend. Control: dMP2-GAL4
UAS-GAP-myc-GFP/�. trio �/�: dMP2-GAL4 UAS-GAP-myc-GFP/�; trio S137203/trio 6A. Receptor transgenes in trio �/� background: trio S137203/trio 6A plus one copy of dMP2-GAL4, one copy of
UAS-GAP-myc-GFP and one copy of the corresponding receptor transgene with low or medium expression levels. Scale bar, 20 �m.

1148 • J. Neurosci., January 27, 2016 • 36(4):1140 –1150 Long et al. • Activities of Axon Guidance Receptors



stream cytoplasmic signaling molecules, we created chimeras us-
ing the extracellular and intracellular domains of Unc5, Robo,
and Drl and expressed them in defined sets of neurons. By ex-
pressing Unc5-Robo, Unc5-Drl, and Unc5 itself in dMP2 neu-
rons, the repulsion elicited by each intracellular domain could be
compared directly in a single cell responding to the Netrin source
in an otherwise wild-type nervous system. Given that the three
intracellular domains are unrelated by sequence, we fully ex-
pected to find distinct differences in the responses elicited by
each. Surprisingly, however, we found that their responses, when
adjusted for levels of expression, were indistinguishable from one
another. Furthermore, the responses elicited by the intracellular
domains when fused to either the Drl or Robo extracellular do-
mains were also indistinguishable from the native receptors.
These results suggest that the intracellular domains of all three
receptors converge onto a single pathway that mediates repul-
sion. We envision that different adaptors link each intracellular
domain to the common signaling pathway. Although it is clear
from carefully designed gene swaps between Robo receptors that,
even within a single receptor family, one member cannot per-
fectly substitute for another (Spitzweck et al., 2010), in terms of
the ability to repel axons from a ligand source, the intracellular
domains of the three receptors tested here behave in an identical
manner, suggesting that any differences between the receptors lie
beyond the mechanics of generating repulsion.

When expressed at high levels, Unc5, Unc5-Robo, and Unc5-
Drl cause dMP2 axon stalling, resulting in a lack of axons being
elongated at all in many cases. Importantly, this lack of axon
elongation is entirely dependent upon Netrin because the pheno-
type is completely suppressed in a Netrin mutant background.
Therefore, the stalling is not due simply to high receptor concen-
tration nonspecifically interfering with axon growth or guidance,
but rather to high levels of Netrin-dependent repulsive signaling.
Conversely, high levels of Unc5-Fra do not result in any axon
stalling, even when Netrins are present, indicating that the stall-
ing is specific to the repulsive intracellular domains.

The axon-stalling phenotype suggests that high receptor den-
sity obliterates the ability of the growth cone to respond to the
Netrin gradient. We envision that, with low to medium levels of
receptor density, the growth cone is able to detect and respond to
the relative proximodistal differences in Netrin concentration.
For example, in response to the higher Netrin concentration on
the proximal versus the distal side of the growth cone, filopodia
might be removed and the growth cone edge retracted. However,
at very high levels of receptor, the proximodistal difference in
response within the growth cone may be obliterated, resulting in
filopodial retraction over the entire surface and culminating in a
“growth cone collapse” behavior exhibited by Unc5-expressing
neurons in response to bath-applied Netrin (Bartoe et al., 2006).
Such inability of the growth cone to respond to the Netrin gradi-
ent at high receptor expression levels could be the result of one or
more of a number of alterations, including changes in receptor
distribution on the growth cone surface or the transduction of an
overwhelming signal within the growth cone that obliterates de-
tection of the gradient.

We found that removal of zygotic trio, while having little effect
alone on dMP2, strongly enhances the repulsive effects of Unc5
and the Unc5-Robo and Unc5-Drl chimeras, raising low-level
phenotypes toward medium and medium-level phenotypes to-
ward high, ultimately resulting in severe stalling of dMP2 neu-
rons. Together with the finding of similar trio enhancement of
Plexin B-mediated axon stalling (Hu et al., 2001), our result sug-
gests that repulsion by Unc5, Robo, and Drl, and indeed perhaps

repulsion in general, involves the activity of Trio. Because there is
maternal contribution of trio, we were likely only reducing Trio
levels in these experiments instead of removing it entirely. Con-
sistent with this idea, elimination of both maternal and zygotic
trio in an otherwise wild-type background results in axon stalling
similar to the enhanced phenotypes of Unc5 and the repulsive
chimeras (Hakeda-Suzuki et al., 2002).

There are several possibilities for the involvement of Trio in
repulsion. Its activity might be modulated by the repulsive recep-
tors themselves. Alternatively, Trio function could be involved
indirectly in growth cone repulsion by positively regulating at-
traction, similar to its role in midline crossing (Forsthoefel et al.,
2005). In this scenario, Trio reduction could result in lack of
attraction, resulting in an unchecked repulsive signal. In either
event, all three repulsive receptors tested here react similarly to
the reduction in Trio and, although we cannot rule out the pos-
sibility that the repulsive receptors that we have tested were sig-
naling through three separate pathways with qualitatively similar
outputs, it seems likely that these receptors were engaging a com-
mon output pathway for repulsion, perhaps using receptor-
specific adaptors. If this is true, then the notion of multiple
repulsive pathways is simplified and the problem of how growth
cones are repelled becomes more tractable.
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