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The evolutionarily conserved Semaphorin family proteins are well known axon guidance ligands that mediate both attractive and
repulsive responses in invertebrates and vertebrates. In this study, we show that the Drosophila Semaphorin-1a (Sema1a), a transmem-
brane Semaphorin, is required cell autonomously in adult photoreceptor (R-cell) axons for the establishment of an appropriate topo-
graphic termination pattern in the optic lobe. Loss of sema1a disrupts the association of neighboring R-cell growth cones leading to
defects in local termination pattern, whereas overexpression of sema1a induces the hyper-fasciculation of R-cell axons. The function of
Sema1a in R-cell axon guidance absolutely requires its cytoplasmic domain. We propose that Sema1a functions as a receptor in regulating
R-cell axon guidance in the Drosophila visual system.
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Introduction
The Semaphorin family proteins, including both secreted and
membrane-associated forms, are well known axon guidance li-
gands (Pasterkamp and Kolodkin, 2003). In Drosophila, the
transmembrane Semaphorin-1a (Sema1a) has been shown pre-
viously to mediate the defasciculation of motor axon bundles at
specific choice points (Yu et al., 1998). Sema1a binds to its recep-
tor Plexin A (PlexA) (Winberg et al., 1998), which in turn triggers
downstream signaling events involving the receptor tyrosine ki-
nase Otk (Winberg et al., 2001), the evolutionarily conserved
flavoprotein monooxygenase molecule interacting with CasL
(MICAL) (Terman et al., 2002), and the A kinase anchoring pro-
tein Nervy (Terman and Kolodkin, 2004), leading to a repulsive
growth-cone response. Sema1a has also been shown to be in-
volved in synaptic formation (Godenschwege et al., 2002). That
overexpression of wild-type Sema1a, but not a truncated Sema1a
mutant protein lacking the cytoplasmic domain, caused a gain-
of-function phenotype (Godenschwege et al., 2002), raises the
interesting possibility that Sema1a functions as a receptor in syn-
aptic formation. However, because the cytoplasmic-domain-
deleted Sema1a mutant still rescued the sema1a loss-of-function
synaptic formation phenotype (Godenschwege et al., 2002), it

remains unknown whether endogenous Sema1a truly functions
as a receptor in the nervous system.

Our previous study implicates a role for Otk, a component of
the PlexA receptor complex for Sema1a in mediating the defas-
ciculation of embryonic motoneuron axons (Winberg et al.,
2001), in layer-specific targeting of a subset of R-cell axons (i.e.,
R1–R6) in the adult visual system (Cafferty et al., 2004). The
function of Otk in R-cell axons, however, appears to be indepen-
dent of Sema1a because the R-cell projection pattern in sema1a
null mutants was different from that in otk mutants (Cafferty et
al., 2004). In this study, we show that Sema1a is required auton-
omously in R-cell axons for the establishment of appropriate
topographic termination pattern in the optic lobe. The cytoplas-
mic domain of Sema1a is absolutely required for its function in
R-cell axons. These results are consistent with a role for Sema1a
to act as a receptor to regulate R-cell axon guidance.

Materials and Methods
Genetics. Sema1a and Fasciclin II (Fas II) were overexpressed in R-cell
axons by crossing UAS-sema1a and UAS-Fas II flies with the GMR-GAL4
driver line, respectively. Transgene rescue was performed by crossing
elav-GAL4 (C155); Df(2)N22–5/Bc flies with UAS-sema1a, sema P1/Bc.
The R-cell projection pattern in elav-GAL4 (C155)/�; UAS-sema1a,
sema P1/Df(2)N22–5 was compared with that in UAS-sema1a, sema P1/
Df(2)N22–5 or elav-GAL4 (C155)/�; UAS-sema1a � cyt, sema P1/
Df(2)N22–5. To generate single sema1a mutant R-cell axons, hsFLP,
UAS-mCD8::GFP, elav-GAL4 (C155); sema P1, FRT40A/� flies were
crossed with Tub-GAL80, FRT40A flies. The progeny were heat-shocked
at 37°C for 1 h at larval stage to induce mitotic recombination. To com-
pletely remove the MICAL gene in R-cells overexpressing Sema1a, ge-
netic crosses were performed to generate the larvae with the genotype:
eyFLP; GMR-GAL4, UAS-sema1a/�; FRT82B, Df(3R)swp2 MICAL/
FRT82B, w �M(3)RpS3 2.

Histology and immunohistochemistry. Plastic sectioning of adult eyes was
performed as described previously (Cafferty et al., 2004). Eye–brain com-
plexes from third-instar larvae were dissected and stained as described pre-
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viously (Ruan et al., 1999). Monoclonal antibody
(MAb) 24B10 and anti-�-galactosidase antibod-
ies were used at 1:200 and 1:1000 dilutions, re-
spectively. The secondary antibodies (Jackson Im-
munoResearch, West Grove, PA) were used at
1:200 dilution. Epifluorescent images were cap-
tured using a high-resolution fluorescence imag-
ing system (Canberra Packard, Mississauga, On-
tario, Canada) and analyzed by 2D
Deconvolution using MetaMorph imaging soft-
ware (Universal Imaging Corporation, Brandy-
wine, PA). The severity of the R-cell hyper-
fasciculation phenotype was quantified by
counting the number of R-cell axon bundles that
were located between lamina and medulla.

Results
Sema1a is expressed in R-cell axons and
growth cones
To determine whether sema1a plays a role in
R-cell axon guidance, we examined whether
Sema1a is expressed in R-cell axons at the
third-instar larval stage when the adult R-
cell-to-optic-lobe connection pattern begins
to form. The distribution of Semala in the
developing visual system was examined using an affinity-purified
anti-Sema1a antibody. At the third-instar larval stage, precursor cells
in the eye-imaginal disc begin to differentiate into R-cells that project
axons through the optic stalk into the optic lobe. The R-cell projec-
tion pattern at this stage can be visualized by staining using MAb
24B10 (Fig. 1A). Strong Sema1a staining was observed in R-cell bod-
ies and their axons in the eye disc, the optic stalk, and the optic lobe
(Fig. 1B,C). Within the lamina, the staining was present in R-cell
axons as well as R1–R6 growth cones in the lamina plexus. Strong
staining was also observed throughout the medulla neuropil com-
prising of R7 and R8 axons as well as non-R-cell axons. In sema1aP1

eye-specific mosaic individuals (Fig. 1D–F), the staining was miss-
ing in many regions of the eye disc, optic stalk, and optic lobe, con-
firming the specificity of anti-Sema1a antibody. We conclude that
Sema1a is present in R-cell axons and their growth cones.

sema1a is specifically required for the establishment of an
appropriate topographic termination pattern in the optic lobe
We performed a detailed phenotypic analysis to determine the
potential role of Sema1a in R-cell axon guidance. In wild type
(Fig. 2A), the differentiating R-cells send out axons toward the
posterior end of the eye disc where they converge and subsequently
enter the optic stalk. After exiting the optic stalk, R-cell axons fan out
to migrate over the superficial lamina. After reaching their appropri-
ate topographic locations in between two layers of lamina glial cells
(i.e., the intermediate target of R1–R6 axons), R1–R6 growth cones
stop extension, expand significantly in size, and form close contacts
with neighboring growth cones, resulting in the establishment of a
continuous and dense terminal layer (Fig. 2A). During pupation,
R1–R6 axons extend away from this region to seek appropriate lam-
ina neurons for synaptic formation (Meinertzhagen and Hanson,
1993; Clandinin and Zipursky, 2002). R7 and R8 growth cones pass
through the lamina into the medulla, where they also expand in size
and elaborate a precise topographic termination pattern (Fig. 2A).

To examine the potential role for Sema1a in R-cell axon guid-
ance, we examined R-cell projection pattern in sema1a mutants
at third-instar larval stage before synaptic formation. In homozy-
gous sema1a P1 mutant larvae (Fig. 2B), the initial outgrowth of
R-cell axons appeared normal. Mutant R-cell axons migrated

correctly from the eye disc into the optic stalk, which was mor-
phologically indistinguishable from that in wild type. After R-cell
axons exited from the optic stalk en route to their termination
region, however, severe defects were observed (Fig. 2B). R1–R6
growth cones failed to pack into a dense termination layer in all
mutant hemispheres examined (n � 11). Instead, they scattered
around the lamina terminal field and appeared to be unable to
establish a close association in the target region. Some R1–R6
axons did not stop at their appropriate topographic termination
region and instead migrated laterally into incorrect locations in
the lamina (Fig. 2B). Similar expressivity of phenotype were ob-
served in sema1a P1 hemizygotes (n � 30 hemispheres), consis-
tent with the null nature of this allele (Yu et al., 1998).

Although severe defects in R-cell axon termination pattern
within lamina were observed in sema1a mutants, the lamina-
versus-medulla target selection appeared essentially normal. The
majority of R2–R5 axons, a subset of R1–R6 axons labeled by the
ro-�-lacZ marker, still stop within the lamina layer in sema1a
mutants (n � 15) (Fig. 2, compare D, C). Consistent with the
phenotype observed with MAb 24B10 staining (Fig. 2B), we
found that the organization of R2–R5 axons in the lamina plexus
was disrupted in sema1a mutants (Fig. 2D).

To determine whether above defects were because of abnormal
eye development, we examined R-cell differentiation and patterning
in sema1a mutant eye disc and adult mosaic eye. Plastic sectioning of
adult sema1a mosaic eye did not reveal any defect in either the num-
ber or the organization of R-cells within each mutant ommatidium
(0 of 996 mutant ommatidia examined) (Fig. 2, compare F, E). The
gross organization of mutant ommatidia in each clone also appeared
normal. No defects in either the differentiation or the organization
of R-cell clusters were observed in third-instar larval eye discs in
sema1a mutants (data not shown). These data exclude the possibility
that the R-cell axon guidance phenotype in sema1a mutants is sec-
ondary to abnormal R-cell development in the eye.

sema1a is required cell-autonomously in R-cells for
axonal projections
To determine whether above defects reflect a role for sema1a in
R-cells, we examined the projection pattern of sema1a mutant R-cell

Figure 1. Sema1a is present in R-cell axons and growth cones in the developing visual system. A, B, Wild-type (wt) third-instar larval
eye– brain complexes were double stained with MAb 24B10 (green), which recognizes all R-cell axons, and anti-Sema1a (red). The merge
is shown in C. Sema1a staining is present in R-cell bodies in the eye disc and their axonal trajectories from the eye disc through the optic
stalk into the developing optic lobe. The lamina plexus, consisting mainly of R1–R6 growth cones, is strongly stained. D, E, sema1a P1

mosaiceye– braincomplexesinwhichlargepatchesofhomozygoussema1a P1 mutantcellsweregeneratedinanotherwiseheterozygous
or wild-type eye and were double stained with MAb 24B10 (D) and anti-Sema1a (E). The merge is shown in F. Mosaic staining pattern is
observed in the eye disc and optic stalk, confirming the specificity of this antibody. Scale bar: (in A) 20 �m.
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axons in an otherwise heterozygous or wild-type target region by
using genetic mosaic analysis. In wild type, R1–R6 axons stop at their
lamina intermediate target region in between two layers of glial cells
(i.e., epithelial and marginal glia) (Fig. 2G). When large patches
(�90% eye tissues) of sema1a mutant R-cells were generated by
eye-specific mitotic recombination (Newsome et al., 2000), al-
though the organization of glial cells in the lamina remained normal,
R1–R6 axon termination pattern was disrupted (Fig. 2H). Many
R1–R6 growth cones failed to stop at correct locations after reaching
their intermediate target. This result indicates that sema1a is re-
quired in R-cells for correct axon termination.

To determine whether Sema1a is required in a cell-autonomous
or non-cell-autonomous manner, we examined the projection of

single mutant axons using the mosaic analy-
sis with a repressible marker method (Lee
and Luo, 1999). Single sema1a mutant cell
mosaics in the eye were generated by ex-
pressing the FLP recombinase under the
control of heat-inducible promoter at larval
stage. In control (wild-type single mosaics),
the vast majority (57 of 58 labeled single ax-
ons) of R1–R6 axons terminated normally
(Fig. 2I). In contrast, many labeled single
sema1a mutant R1–R6 axons (�63%; n �
89) failed to stop at correct locations (Fig.
2J). Some mutant axons moved away from
appropriate topographic locations and ex-
tended laterally within the lamina (�10%;
n � 89) (Fig. 2K), whereas in wild-type con-
trol, most labeled single axons stopped at
correct topographic locations (57 of 58 la-
beled single R1–R6 axons). Like that in wild
type (56 of 58 single R1–R6 axons) (Fig. 2L),
R-cell growth cones still expanded normally
in the lamina in sema1a mutants (87 of 89
single mutant axons) (Fig. 2M). These re-
sults indicate a cell autonomous role for
Sema1a in R-cell axon guidance.

Overexpression of sema1a induced the
hyper-fasciculation of R-cell axons
That R1–R6 growth cones failed to estab-
lish a highly condensed R1–R6 terminal
layer in sema1a mutants raised the possi-
bility that Sema1a is involved in promot-
ing the local interaction between R1–R6
growth cones at their intermediate target
region. To further address this possibility,
we examined whether overexpression of
Sema1a in R-cell axons would increase the
association of R-cell axons.

Sema1a was overexpressed in R-cell ax-
ons by using the eye-specific GMR-GAL4
driver. When the GMR-GAL4 driver was
used to overexpress Fas II, a well known ho-
mophilic cell adhesion molecule required for
axonal fasciculation (Lin et al., 1994), we ob-
served an axonal hyper-fasciculation pheno-
type (Fig. 3B; supplementary Table 1, avail-
able at www.jneurosci.org as supplemental
material). If Sema1a, like Fas II, promotes
R-cell axon interactions, one would predict
that overexpression of Sema1a should pro-

duce a similar hyper-fasciculation phenotype. Overexpression of
Sema1a was confirmed by staining R-cells with anti-Sema1a anti-
body (data not shown). Indeed, we found that overexpression of
Sema1a caused a hyper-fasciculation phenotype similar to that in
larvae overexpressing Fas II (Fig. 3, compare C, B; supplementary
Table 1, available at www.jneurosci.org as supplemental material).
Thicker axon bundles were formed in both lamina and medulla in all
hemispheres examined (n � 50), coincident with the presence of
large clumps of terminals in the lamina plexus. This phenotype is
dosage dependant because an increase in the dosage of the sema1a
transgene dramatically enhanced the phenotype (100%; n � 35)
(Fig. 3D; supplementary Table 1, available at www.jneurosci.org as
supplemental material). When both Sema1a and Fas II were overex-

Figure 2. semala isspecificallyrequiredfortheestablishmentofanappropriatelocalretinotopicterminationpattern.A,B,Third-instar
larvaleye– braincomplexeswerestainedwithMAb24B10tovisualizeallR-cellaxons. Inwildtype(wt; A),expandedR1–R6growthcones
associate closely with each other and elaborate a smooth and dense terminal layer in the lamina (la). R7 and R8 axons project through the
lamina into the medulla (me). In a sema1a P1 homozygote (B), R1–R6 growth cones associated loosely with neighboring growth cones.
Some R1–R6 axons migrated laterally at the bottom of lamina into incorrect topographic locations (B, arrow). C, D, R2–R5 axons in wild
type (C) and sema1a P1 homozygous mutants (D) were labeled with the ro-�-lacZ marker. Like that in wild type (C), the vast majority of
mutant R2–R5 axons still terminated in the lamina (D). Note that some R2-R5 axons (arrow) migrated abnormally at the bottom of lamina
(D). E, F, Wild-type (E) and sema1a P1 mosaic (F ) adult eyes were embedded in Epon and sectioned. G, H, R-cell axons (green) and glial
nuclei (red) in wild-type (G) and sema1a P1 mosaic (H ) third-instar larval brains were double-stained with MAb 24B10 and anti-Repo,
respectively. In wild type (G), R1–R6 growth cones terminate in between epithelial (eg) and marginal (mg) glial layers. In a sema1a P1

mosaic individual (H ) in which large clones of homozygous mutant eye tissues were generated (Newsome et al., 2000), R1–R6 growth
cones were distributed in a much broader area between the lamina glial and the medulla glial cells (meg). I–K, Single wild-type (I ) or
sema1a mutant (J, K ) axons were positively labeled. sema1a single-mutant axons frequently passed over the marginal glial layer (J,
arrow). Note the three-layered glial structure at the edge of lamina termination site was distorted as a result of mounting. Axons at these
regions were not included when the phenotype of stopping at incorrect glial layers was quantitated. Some (K, arrow) terminated at
incorrect topographic locations. L, M, High-resolution view of expanded wild-type (L) and sema1a P1 mutant (M ) R-cell growth cones
(green) surrounded by glial cells (red) at lamina termination site. Scale bars: (in A) A–D, 20�m; (in E) E, F, 10�m; (in G) G–K, 20 mm; (in
L) L, M, 4 �m.
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pressed in R-cell axons, the hyper-fasciculation phenotype was dra-
matically enhanced (Fig. 3E; supplementary Table 1, available at
www.jneurosci.org as supplemental material). This result is in
marked contrast to the previous observation that sema1a counters
the attractive action of Fas II in embryonic motor axons (Yu et al.,
2000) and is consistent with a role for Sema1a to promote R-cell
axon interactions.

Sema1a has been shown to bind to its receptor PlexA to me-
diate repulsive interactions between motor axons (Winberg et al.,
1998). To determine whether the above Sema1a-induced R-cell
hyper-fasciculation phenotype is also dependent on the activa-
tion of the PlexA signaling pathway, we examined the potential
epistatic interaction between sema1a and genes in the PlexA path-
way. We found that the complete loss of the MICAL gene, which
functions downstream of PlexA in both invertebrates and verte-
brates (Terman et al., 2002), did not modify the sema1a overex-
pression phenotype (n � 19) (Fig. 3F; supplementary Table 1,
available at www.jneurosci.org as supplemental material).

To further determine whether the classical PlexA signaling
pathway plays a role in R-cell axon termination, we examined
whether interfering with the PlexA signaling pathway would
cause a sema1a-like phenotype. However, we found that R-cell
axon termination pattern remained essentially normal in the ab-
sence of MICAL (supplementary Fig. 1C, available at www.
jneurosci.org as supplemental material). The effect of interfering

with PlexA signaling was also examined by overexpressing the
Nervy gene encoding for a member of A kinase anchoring pro-
teins (Terman and Kolodkin, 2004). Overexpression of Nervy in
embryonic motor axons could effectively antagonize the PlexA
signaling, causing a guidance phenotype identical to loss of PlexA
or sema1a (Terman and Kolodkin, 2004). However, no obvious de-
fect was observed when Nervy was overexpressed in R-cell axons
(supplementary Fig. 1D, available at www.jneurosci.org as supple-
mental material) or glial cells in the optic lobe (supplementary Fig.
1E, available at www.jneurosci.org as supplemental material). These
results suggest that the function of Sema1a in R-cell axons is inde-
pendent of the classical PlexA signaling pathway.

The cytoplasmic domain of Sema1a is indispensable for its
action in R-cell axon guidance
The above analyses support a specific role for Sema1a in R-cell
axons. Sema1a may function as a ligand that activates its receptor
on neighboring R-cell growth cones to promote their association.
Alternatively, because Sema1a contains a cytoplasmic domain, it
may function as a guidance receptor to mediate the interactions
between R-cell axons, which is supported by that sema1a is re-
quired autonomously in single R1–R6 axons (Fig. 2). To address
this, we examined whether the cytoplasmic domain of Sema1a is
required for its action in R-cell axon guidance.

First, we tested whether deleting the cytoplasmic domain of
Sema1a affects its ability to induce the hyper-fasciculation pheno-
type. The sema1a�cyt transgene encoding a membrane-associated
Semala mutant protein in which the C-terminal amino-acid se-
quence 695–899 of the cytoplasmic domain (amino acids 680–899)
is deleted (Godenschwege et al., 2002) was overexpressed in R-cell
axons. Surprisingly, we found that overexpression of sema1a�cyt was
unable to induce the hyper-fasciculation of R-cell axons (0 of 23
hemispheres) (Fig. 4B; supplementary Table 1, available at www.
jneurosci.org as supplemental material), but instead caused a
phenotype indistinguishable from that in sema1a mutants (�80%;
n � 23) (compare Figs. 4 B, 2 B). This result indicates that
sema1a�cyt acts as a dominant-negative form to interfere with the
function of endogenous Sema1a.

We then tested whether the cytoplasmic domain is required for
rescuing the sema1a phenotype. We chose the neuronal-specific
driver elav-GAL4 for the rescue experiment. The expression of wild-
type sema1a under control of this driver in wild-type larvae caused a
weaker hyper-fasciculation phenotype (supplementary Fig. 2C,
available at www.jneurosci.org as supplemental material), whereas
no defect was observed when sema1a�cyt was expressed under con-
trol of elav-GAL4 in wild-type larvae (supplementary Fig. 2D, avail-
able at www.jneurosci.org as supplemental material). Neuronal-
specific expression of wild-type sema1a substantially rescued the
phenotype in sema1a mutants (14 of 22 mutant hemispheres) (Fig.
4C). In contrast, all mutant hemispheres expressing sema1a�cyt still
displayed the sema1a phenotype (n � 15) (compare Figs. 4D, 2B),
indicating that the cytoplasmic domain is essential for the function
of Sema1a in R-cell axons. This data, together with that overexpres-
sion of sema1a�cyt under control of GMR-GAL4 in wild-type larvae
caused a sema1a-like loss-of-function phenotype (see above), sug-
gests strongly that Sema1a functions as a receptor in R-cell axons.

Discussion
Semaphorin family members have been studied extensively for their
role as axon guidance ligands in both invertebrates and vertebrates.
Godenschwege et al. (2002) demonstrated previously that the cyto-
plasmic domain of Sema1a, the Drosophila transmembrane Sema-
phorin, is required for inducing a gain-of-function synaptic forma-

Figure 3. Overexpression of Sema1a induced the hyper-fasciculation of R-cell axons. A, Wild
type (wt). B, Overexpression of Fas II in R-cell axons induced the formation of thicker bundles. C,
Overexpression of Sema1a also caused a hyper-fasciculation phenotype. In larvae carrying two
copies of the UAS-sema1a transgene (D), the phenotype becomes much more severe. R-cell
axons form large clumps in the lamina and appeared to be unable to defasciculate and extend
deeply into the medulla. In larvae carrying one copy of UAS-Fas II and UAS-sema1a (E), the
phenotype is much stronger than that in larvae carrying a single copy of UAS-Fas II (B) or
UAS-sema1a (C). The complete loss of the MICAL gene (F ) did not suppress the Sema1a overex-
pression phenotype. Scale bar: (in A) 20 �m.
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tion phenotype, raising the possibility that Sema1a functions as a
receptor in synaptic formation. In this study, we provide several lines
of evidence to support that Sema1a functions as a receptor in R-cell
axons to regulate the formation of appropriate termination pattern
in the optic lobe. First, we show that sema1a is required autono-
mously in single R-cell axons. Second, unlike overexpression of wild-
type Sema1a, overexpression of the membrane-bound Sema1a�cyt

mutant lacking the cytoplasmic domain is incapable of inducing a
R-cell hyper-fasciculation phenotype. Third, the cytoplasmic do-
main of Sema1a is required for rescuing the sema1a loss-of-function
phenotype. And finally, the Sema1a�cyt mutant lacking the cytoplas-
mic domain causes a dominant-negative effect when overexpressed
in wild-type flies.

Sema1a may function as a guidance receptor in R1–R6 axons to
promote the local interaction between neighboring growth cones
when they reach their intermediate target region at the third-instar
larval stage. The local interaction between R1–R6 growth cones has
been shown to provide certain guidance information for R1–R6 ax-
ons to select their appropriate synaptic partners during pupation
(Clandinin and Zipursky, 2000). Similarly, we speculate that a
Sema1a-dependent interaction at third-instar larval stage may allow
neighboring growth cones to communicate with each other, thus
facilitating the formation of an appropriate retinotopic termination
pattern in the lamina. An alternative model for the action of Sema1a
is that Sema1a functions as a receptor in R1–R6 axons to mediate
their interaction with cells in the lamina. Our current data does not
allow us to distinguish among these possibilities. Although our data
suggests strongly that Sema1a functions as a receptor in R-cell axons,

the elucidation of the exact mechanism of Sema1a action awaits the
identification of its upstream and downstream partners in the fly
visual system.

It appears highly likely that transmembrane Semaphorins in ver-
tebrates can also function as axon guidance receptors in the nervous
system. Several vertebrate Semaphorins have been shown to be able
to bind via their cytoplasmic domains to intracellular signaling pro-
teins such as enabled/vasodilator-stimulated phosphoprotein-like
protein (Klostermann et al., 2000) and c-Src (Eckhardt et al., 1997).
While we were preparing this manuscript, Toyofuku et al. (2004)
provided evidence to support that the chick transmembrane Sema-
phorin Sema6D can function as a receptor in cell migration during
embryonic development. It will be of interest to determine whether
these vertebrate transmembrane Semaphorins also function as axon
guidance receptors in the nervous system.
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Figure 4. ThecytoplasmicdomainofSema1aisrequiredfor itsfunctioninR-cellaxonguidance.A,
Overexpression of wild-type Sema1a under control of GMR-GAL4 caused the hyper-fasciculation of
R-cell axons. B, Overexpression of sema1a � cyt driven by GMR-GAL4 did not induce the formation of
thicker bundles, but instead disrupted the organization of R1–R6 growth cones in the lamina plexus,
which was indistinguishable from that in sema1a P1 mutants (Fig. 2 B). C, Neuronal-specific expres-
sion of wild-type Sema1a under control of elav-GAL4 in a sema1a P1 hemizygote (i.e., sema1a P1/
Df(2)N22–5) restored the normal R-cell projection pattern in 14 of 22 mutant hemispheres. The re-
maining eight mutant hemispheres displayed the axonal hyper-fasciculation phenotype (data not
shown), likely caused by an above threshold expression level of the sema1a transgene in these indi-
viduals. D, No rescue was observed when the sema1a � cyt transgene was expressed in a sema1a P1

hemizygote. Note the discontinuous lamina plexus and the aberrant projections of some R-cell axons
(arrow) at the bottom of lamina. Scale bar: (in A) 20 �m.
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