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SUMMARY

Neural circuit formation relies on interactions
between axons and cells within the target field. While
it is well established that target-derived signals act
on axons to regulate circuit assembly, the extent to
which axon-derived signals control circuit formation
is not known. In the Drosophila visual system,
anterograde signals numerically match R1-R6 pho-
toreceptors with their targets by controlling target
proliferation and neuronal differentiation. Here we
demonstrate that additional axon-derived signals
selectively couple target survival with layer speci-
ficity. We show that Jelly belly (Jeb) produced by
R1-R6 axons interacts with its receptor, anaplastic
lymphoma kinase (Alk), on budding dendrites to con-
trol survival of L3 neurons, one of three postsynaptic
targets. L3 axons then produce Netrin, which regu-
lates the layer-specific targeting of another neuron
within the same circuit. We propose that a cascade
of axon-derived signals, regulating diverse cellular
processes, provides a strategy for coordinating cir-
cuit assembly across different regions of the nervous
system.

INTRODUCTION

The nervous system comprises local circuits, containing diverse
neuronal cell types interlinked by synaptic connections. These
are assembled into networks through additional connections
established between neurons located in different local circuits.
Both intrinsic mechanisms and intercellular signals specify
different cell types and many different intercellular signaling
pathways pattern connections between neurons.

Two broad classes of interactions have been characterized
between growth cones and their environment. It is well estab-
lished, for instance, that signals produced by cells influence
axons through interactions with receptors on growth cones.
This includes the production of signals by intermediate targets
(Bate, 1976; Ou and Shen, 2010; Palka et al., 1992), the numer-
ical matching of axons and target neurons through retrograde
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action of trophic factors (Harrington and Ginty, 2013; Levi-Mon-
talcini, 1987), and topographic map formation through graded
expression of targeting cues (Cheng et al., 1995; Flanagan,
2006).

Signals released by axons also regulate circuit assembly. For
example, agrin, secreted by motor axons, regulates develop-
ment of the postsynaptic membrane at the vertebrate neuromus-
cular junction (Burgess et al., 1999; Gautam et al., 1996; Kummer
et al., 2006; Lin et al., 2005; Misgeld et al., 2005; Nitkin et al.,
1987), and brain-derived neurotrophic factor (BDNF), produced
by sympathetic axons, induces pruning of less active neigh-
boring sympathetic axons (Singh et al., 2008). In addition, within
the Drosophila visual system, anterograde signals regulating cell
proliferation and differentiation control the numerical matching of
photoreceptors with their synaptic targets (see below). While it is
clear that axon-derived signals contribute to circuit assembly
and maintenance in some isolated contexts, whether they act
in a broader fashion to coordinate neural circuit assembly is
not known. Here, we demonstrate that a sequence of signals
released by different axons couples neural circuit development
between different regions of the Drosophila visual system in a
cell-type-specific manner. We suggest that integration of such
anterograde signaling pathways may provide a general scheme
for coordinating circuit assembly.

The fly visual system comprises photoreceptor neurons (R
cells) in the compound eye or retina and a large collection of
neurons that process visual information in the optic lobe (i.e.,
in the lamina, medulla, lobula, and lobula plate) (see Figure 1).
These neurons are organized in a modular fashion. The retina
comprises some 750 modules called ommatidia, each contain-
ing eight photoreceptor neurons (R1-R8) that fall into three
classes (R1-R6, R7, and R8) based on spectral sensitivity and
synaptic specificity. R1-R6 neurons form synapses within mod-
ules called cartridges aligned in a parallel fashion in the lamina, a
thin structure that lies directly below the retina. R7 and R8 neu-
rons project axons through the lamina that terminate in discrete
layers within medulla modules referred to as columns. Each col-
umn also receives input from R1-R6 neurons indirectly, through
the projections of lamina neurons L1-L3. As a consequence of
the pattern of connections between neurons, lamina cartridges
and medulla columns are topographically matched and process
information collected by R1-R8 neurons that “see” the same
point in visual space. Within medulla columns, different visual
features are computed within specific layers.
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A detailed description of the cellular complexity and pattern of
synaptic connections between neurons in the lamina and me-
dulla has been determined by a series of studies over the past
100 years, culminating with the recent assembly of a dense
connectome of synaptic connections determined by serial elec-
tron microscopic reconstruction (Cajal, 1915; Fischbach and
Dittrich, 1989; Meinertzhagen and O’Neil, 1991; Rivera-Alba
et al., 2011; Takemura et al., 2008, 2013). In each lamina car-
tridge the processes of some 19 different neurons are interlinked
by thousands of synaptic connections, and each matched
medulla column contains the processes of approximately 60
different neurons, which arborize in specific layers and form
over 10,000 synaptic connections. As in the vertebrate visual
system, neurons in the fly visual system form multiple contact
synapses (Dowling and Boycott, 1966; Meinertzhagen and Han-
son, 1993). These synapses comprise a single presynaptic
release site that juxtaposes multiple postsynaptic elements
(i.e., dendritic processes). The best characterized of these are
tetrad synapses within the lamina (Meinertzhagen and Hanson,
1993), comprising a presynaptic release site on R1-R6 axons
and four tightly opposed postsynaptic elements, typically from
L1, L2, and L3 neurons within each cartridge and from an
amacrine cell spanning multiple cartridges (see Figure 1) (Mei-
nertzhagen and O’Neil, 1991). L1, L2, and L3 neurons convey
information to different layers in medulla columns comprising
ON (L1) and OFF (L2) circuits regulating motion detection and
what is likely to be a color processing pathway (L3) (Takemura
et al., 2013). The developmental strategy underlying the forma-
tion of these columnar circuits and the underlying molecular
mechanisms remain poorly understood.

Classical genetic studies indicated that the patterning of
neuronal processes within the lamina relies on R-cell-derived
signals (Meyerowitz and Kankel, 1978; Power, 1943). In the
late 1990s, Kunes and colleagues identified signals released
from R cell growth cones that regulate lamina neuron develop-
ment. As R cell growth cones enter the developing lamina, they

B Lamina Cartridge
(cross section)

25 .L4L3
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Figure 1. The Drosophila Visual System

(A) The visual system is organized in a modular
fashion with an array of topographically matched
units called ommatidia, cartridges, and columns
in the retina, lamina, and medulla, respectively. The
morphologies of representative cells found within
these repeated modules are shown separately.
(Adapted from Fischbach and Dittrich 1989.)

(B) Schematic of a lamina cartridge shown in cross
section. The positions of the neurons within the car-
tridge are based on an electron microscopy-based
reconstruction of a lamina cartridge (Meinertzhagen
and O’Neil, 1991; Rivera-Alba et al., 2011).

(C) Schematic of a tetrad synapse. The blue “T”
represents the T-bar structure characteristic of
presynaptic specializations in the visual system,
and the black circles symbolize synaptic vesicles.
Am, amacrine cells.

produce Hedgehog, which induces lamina
neuron precursor cells to undergo a termi-
nal cell division and express the EGF
receptor (Huang and Kunes, 1996; Huang et al., 1998). R2 and
R5 growth cones then locally secrete the EGF ligand Spitz
(Yogev et al., 2010), which is required for the differentiation of
all five lamina neuron subclasses (L1-L5) within each developing
cartridge (Huang et al., 1998). Thus, anterograde signals deliv-
ered by R cell growth cones to precursors within the developing
target field provide a way of matching R1-R6 photoreceptors to
the appropriate number of target neurons (Kunes, 2000). These
findings raised the possibility that additional anterograde signals
might regulate target neuron development.

More recently, a third R-cell-derived signal Jelly belly (Jeb), a
secreted protein produced by R cell growth cones, and its recep-
tor anaplastic lymphoma kinase (Alk), a receptor tyrosine kinase
expressed in the optic lobe, were shown to be required for the
targeting of R cell axons within the lamina and medulla (Bazigou
et al., 2007). Disrupting Jeb/Alk signaling reduced the expres-
sion of several cell adhesion molecules, and it was proposed
that the R cell targeting defects were a consequence of these
changes rather than abnormal development of neurons within
the target region (Bazigou et al., 2007). Here, we demonstrate
that anterograde Jeb/Alk signaling is essential for the survival
of L3 neurons and that R cell mistargeting is a consequence of
L3 loss. Moreover, we show that Jeb is part of a sequence of
axon-derived signals, also involving the secreted protein Netrin,
which selectively control assembly of a layer-specific circuit. We
consider these findings within the broader context of circuit
assembly.

RESULTS

Alk s Required Cell Autonomously for Lamina Neuron L3
Development

As a step toward understanding intercellular signaling mecha-
nisms regulating the development of L3 neurons, we screened
RNAI constructs directed to all genes in the Drosophila genome
predicted to encode cell surface and secreted proteins (Pecot
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Figure 2. Jeb/Alk Signaling Is Required for L3 Development
(A-C) Alk is required for L3 development.

Reftina jeb RNAI

Retinal jeb™" mosaic

(A) In wild-type adult animals, the cell bodies and dendritic processes of L3 neurons (red) were visualized in the lamina, and L3 axons terminated within the M3
layer in the medulla. R1-R8 axons (blue) allow visualization of the lamina and medulla.

(B) L3 neurons were eliminated by the expression of an Alk RNAIi construct in the developing lamina.

(C) MARCM experiments demonstrate that Alk regulates L3 development in a cell-autonomous manner. The cell body and dendritic arbor (top left) and the axon
terminal (top right) of a single GFP-labeled wild-type L3 neuron in an adult brain are shown. Table shows the quantification.

(D-F) jeb is required for L3 development. Wild-type (i.e., a different “wild type” genotype from [A], as an appropriate control for [E]).

(E) Selective expression of jeb RNAI in the retina eliminated L3 neurons.

(F) L3 neurons were missing in regions of the adult lamina innervated by jeb mutant photoreceptor axons in genetically mosaic animals. L3 neurons (green); jeb
mutant axons (RFP negative; cartridges innervated by jeb/jeb photoreceptors are demarcated by dotted white lines). Yellow lines demarcate a single cartridge
containing a wild-type R cell axon(s) associated with an L3 neuron. Neighboring cartridges did not contain L3 neurons (i.e., RFP negative), demonstrating that Jeb
acts locally. All R1-R6 axons were labeled with the mAb24B10 antibody (purple). Asterisks indicate portions of L3 neurons (e.g., cell bodies) within RFP positive

cartridges in different focal planes. (See also Figure S1.)

et al., 2013). RNAI constructs were expressed in lamina neuron
precursor cells and the neurons derived from them, L1-L5, us-
ing a specific GAL4 transgene, and phenotypes in L3 were as-
sessed using an L3-specific marker expressed by the LexA/
LexAop system. Strikingly, no L3 neurons were detected in an-
imals expressing an Alk RNAi construct (Figures 2A and 2B),
which significantly reduced Alk protein in the lamina (Figures
S1A and S1B available online). To determine if Alk acts in a
cell-autonomous fashion, we generated single Alk-null mutant
lamina neurons (Alk") (Lorén et al., 2003) using mosaic analysis
with a repressible cell marker (MARCM) (Lee and Luo, 2001)
and assessed L3 morphology in adult animals using an L3-spe-
cific marker, different from that used in the RNAi experiments
(see Experimental Procedures). In 25 control adult animals,
56 L3 neurons homozygous for a control chromosome were
generated and displayed wild-type morphology (Figure 2C).
By contrast, no L3 neurons homozygous for an Alk-null muta-
tion were found in 29 experimental adult animals (Figure 2C).
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Thus, Alk is required for L3 development in a cell-autonomous
fashion.

Jeb Is Required in R Cells for L3 Development and Acts
Locally

We next sought to assess whether the Alk ligand Jeb (Englund
etal., 2003; Lee et al., 2003) is also required for L3 development.
As Jeb is expressed by R cells and not by lamina neurons (Bazi-
gou et al., 2007), we selectively knocked down Jeb protein levels
in R cells through the targeted expression of a jeb RNAi construct
(Figures S1C and S1D) and assessed L3 morphology with a
specific marker in adult animals. No L3 neurons were seen in
laminas innervated by Jeb-deficient R cells (Figures 2D and
2E). L3 neurons were also missing in regions of genetically
wild-type laminas innervated by jeb mutant R cells generated
by mitotic recombination. In these mosaics, axons from wild-
type and heterozygous R cells expressed RFP, whereas axons
from R cells homozygous for a jeb-null mutation did not
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(Figure 2F). Large regions of the lamina and medulla innervated
by homozygous mutant R cells were devoid of L3 neurons (Fig-
ure 2F). There was a strict correlation between the genotype of
the R cells innervating a lamina cartridge and the presence of
L3. Indeed, single isolated L3 neurons were invariably associ-
ated with RFP expressing (i.e., wild-type or heterozygous) R
cell axons (Figure 2F). These experiments demonstrate that
R-cell-derived Jeb acts locally, in a nonautonomous fashion, to
control L3 development. Moreover, this indicates that, within
this context, Jeb interacts with Alk expressed on the surface of
L3 neurons.

Jeb/Alk Signaling Is Required for Survival of Developing
L3 Neurons

The loss of L3 neurons could be due to a defect in cell fate
determination, differentiation, or cell death. When Alk and Jeb
levels were knocked down by RNAi constructs, lamina neuron
specification was normal, including L3, based on the expression
of subclass-specific markers at an early stage of lamina devel-
opment (Figures S2A-S2D). Furthermore, the morphology of L3
neurons lacking Alk function, including their axonal projections
into the medulla in early pupa, was indistinguishable from
wild-type (Figure 3A). Therefore, we sought to establish at
what stage L3 neurons die in the absence of Alk function. We
performed Alk MARCM experiments and assessed L3
morphology at different stages of pupal development, beginning
at 20-30 hr after puparium formation (APF) when L3 neurons
have projected axons into the medulla. As lamina neurons are
specified in a wave, at this stage there is a gradient of L3
ages across the lamina and medulla (axons). We found that
control and homozygous mutant L3 neurons were generated
with a similar frequency (Figure 3C). Although most Alk mutant
L3 neurons displayed wild-type morphology (Figure 3A), about
20% were degenerating, as indicated by fragmentation and
abnormal growth cone morphology (Figures 3B and 3C; see
below), and these abnormal neurons were preferentially seen
in older regions of the lamina and medulla (see below). In
MARCM experiments at 40 hr APF, only one homozygous
Alk mutant L3 neuron was seen in 17 experimental animals
analyzed, and this cell was degenerating (Figure 3D). By
contrast, in three control animals analyzed at this stage, we
observed 31 L3 neurons all with normal morphology (Figure 3D).
Thus, Alk is required for L3 survival, and L3 neurons lacking Alk
function die between 20-40 hr APF.

To assess whether disrupting jeb in R cells results in L3 death
within a similar period, we specifically labeled L3 neurons within
laminas innervated by jeb mutant R cells between 20 and 40 hr
APF. At 20 hr APF, L3 neurons were present within lamina
cartridges innervated by jeb mutant R cell axons and were
morphologically indistinguishable from L3 neurons within car-
tridges innervated by wild-type or heterozygous R cell axons
(Figure 3E). In mosaics analyzed between 20 and 40 hr APF, de-
generating L3 neurons were observed in cartridges innervated
by jeb mutant R cell axons (Figure S2E), and at 40 hr APF, no
L3 neurons were seen in these cartridges (Figure 3F). Collec-
tively, these findings demonstrate that disrupting jeb in R cells
and Alk in L3 results in L3 death between 20-40 hr APF. Thus,
Jeb/Alk signaling is essential for L3 survival.

Fragmentation of L3 Is Initiated in Budding L3 Dendrites
MARCM analyses at 20-30 hr APF indicated that L3 neurons
lacking Alk function degenerated in a characteristic manner.
Based on morphology, we divided the degeneration pheno-
types observed in these experiments into four classes with
increasing severity (Figures 3G-3J): (1) class | neurons lack
budding dendrites and form elongated growth cones in the
medulla (Figure 3G, arrow) (note that wild-type L3 dendrites
emerge from the proximal region of the axon, as is typical of
most neurons in Drosophila); (2) in Class Il neurons, fragmenta-
tion was observed in the lamina, within the budding dendritic
region (Figure 3H, arrow and asterisk), and blebbing was
seen along the axons projecting into the medulla, although
they remained intact (Figure 3H, arrow); (3) class Ill neurons
lacked intact axons, although the cell body and portions of
the growth cone remained (Figure 3l); and (4) in Class IV neu-
rons, only remnants of the cell remain (Figure 3J, arrows).
The growth cone was consistently the last region to degen-
erate. More severe phenotypes were seen in older L3 neurons
(Figure 3l, old and young neurons). In summary, when Jeb/Alk
signaling is disrupted, L3 neurons degenerate within a discrete
time window (20-40 hr APF) and in a characteristic fashion.
Fragmentation is initiated within the budding dendritic region
in the lamina neuropil, followed by degeneration of the cell
body and axon. Based on previous descriptions of L3 develop-
ment, cell death occurs before the formation of mature den-
drites and prior to the segregation of L3 growth cones into
the M3 layer (Chen et al., 2014; Pecot et al., 2013).

Expression of the Antiapoptotic Protein p35 Suppresses
L3 Death

The cell death phenotype seen in jeb and Alk mutants could
reflect a direct role for this signaling pathway in providing trophic
support for L3, or alternatively, this pathway may control cell sur-
vival indirectly by regulating a specific step in L3 development,
such as dendritogenesis, which may, in turn, be essential for
L3 survival. To address this question we blocked cell death,
induced by disrupting Alk function in the lamina, through tar-
geted expression of the caspase inhibitor baculovirus p35
protein (Chen et al.,, 1996; Grether et al., 1995; Hay et al.,
1994; White et al., 1996; Xue and Horvitz, 1995) in lamina
neurons. P35 expression suppressed the death of most, if not
all, mutant L3 neurons. Furthermore, the morphology of these
“rescued” neurons in the adult, including dendritic arbors and
axon terminals, was indistinguishable from wild-type (Figures
4A-4C). The simplest interpretation of these data is that Jeb/
Alk signaling directly regulates L3 survival.

Jeb/Alk Signaling Indirectly Regulates R Cell Targeting
by Controlling L3 Survival

In a previous study, Salecker and colleagues demonstrated that
loss of function mutations in jeb and Alk disrupted the targeting
of R1-R6 and R8 axons within the lamina and medulla (Bazigou
et al., 2007). They argued that this was due to a requirement for
Jeb and Alk to regulate expression of cell adhesion molecules in
target neurons, thereby shaping “their environment for target
recognition.” In light of our findings, we sought to assess
whether the R cell targeting defects result solely from the loss
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Figure 3. Jeb/Alk Signaling Regulates L3 Survival

(A—-C) Alk MARCM experiments analyzed at 20-30 hr APF.

(A) An Alk/Alk L3 neuron (green) displaying normal morphology. R1-R8 axons (blue) highlight the lamina and medulla neuropils.

(B) An Alk/Alk L3 neuron (green) in the process of degenerating.

(C) Quantification of Alk MARCM experiments at 20-30 hr APF. (Deg, degenerating).

(D) Quantification of Alk MARCM experiments at 40 hr APF.

(E) jeb genetic mosaic experiments at 20 hr APF. L3 neurons (green, left panel) were present in all lamina cartridges, even those innervated by jeb/jeb photo-
receptors (RFP negative). Patch of cartridges innervated by jeb/jeb photoreceptors demarcated by dotted lines. Jeb protein expression (blue) corresponds with
photoreceptor genotype (i.e., jeb/jeb photoreceptors did not express Jeb protein). (Right panel) Jeb protein expression (white) is shown more clearly.

(F) Asin (E), but at 40 hr APF. L3 neurons (green, left panel) were lost from cartridges innervated by jeb/jeb photoreceptors (RFP negative; parallel dotted yellow
lines). L3 neurons were present in cartridges in which Jeb (blue) was expressed (parallel red dotted lines) by wild-type or jeb/+ photoreceptors (RFP positive). L3
neurons were not found within jeb/jeb cartridges (yellow arrow) adjacent to wild-type cartridges demonstrating that Jeb acts locally. Asterisks indicate the cell
bodies of L3 neurons within wild-type cartridges (RFP positive) in a different focal plane. (Right panel) Jeb expression (white) was absent from jeb/jeb cartridges
demonstrating that L3 survival correlates with Jeb expression. The white arrow indicates nonspecific staining.

(G-J) Morphological classification of the progression of L3 degeneration in Alk MARCM experiments at 20-30 hr APF. Asterisks indicate budding dendritic regions
of L3 neurons (green) within the lamina neuropil (blue) (except for Class IV neurons, which no longer have even remnants of a lamina spanning region). R1-R8
axons (blue) mark the lamina and medulla neuropils (except in [l]).

(legend continued on next page)
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of L3 neurons. If so, rescuing L3 death in the absence of Jeb/Alk
signaling would abrogate R cell mistargeting. To test this
hypothesis, we expressed p35 in lamina neurons lacking Alk
function due to RNAi and assessed the organization of R1-R6
axons in lamina cartridges and the targeting of R8 axons in the
medulla.

R1-R6 Targeting

Jeb and Alk mutations cause defects in lamina cartridge organi-
zation that result from the abnormal targeting of R1-R6 axons
(Bazigou et al., 2007). These defects can be readily appreciated
in top down views of the cartridge array. P35 expression
suppressed defects in cartridge assembly caused by the lack
of Alk function, leading to a cartridge array indistinguishable
from wild-type (Figures 4D-4F). Thus, R cell targeting defects
in the lamina are an indirect effect of the loss of L3. L3 neurons
may regulate cartridge assembly by directly interacting with
R1-R6 growth cones, by interacting with other lamina neurons
within the cartridge, or by participating in both types of
interactions.

R8 Targeting

Both R8 and L3 axons target to the M3 layer of the medulla. Pre-
vious studies established that L3 neurons target to M3 prior to
R8 (Nern et al., 2008; Pecot et al., 2013; Timofeev et al., 2012).
R8 initially terminates in a temporary region at the outer surface
of the medulla and extends to M3 between 45 and 55 hr APF
(Ting et al., 2005). When jeb or Alk is disrupted, R8 axons fail
to terminate within M3, with most remaining at the temporary
layer (Bazigou et al., 2007). To determine if R8 mistargeting un-
der these conditions correlated with the loss of L3 neurons within
medulla columns, we used RNAi under suboptimal conditions to
generate an optic lobe in which only some L3 neurons were
missing (see Experimental Procedures). In these optic lobes,
loss of L3 occurred in a patchy fashion, and the targeting of R8
axons to the M3 layer correlated with the presence of L3 axons
within the same or an immediately neighboring column (Fig-
ure 4G, yellow asterisk). When L3 neurons were not present
within the same and neighboring columns (Figure 4G, white
arrows), about 75% of the R8 axons failed to terminate within
M3, with 80% of these terminating in more superficial layers
(e.g., MO-M2) and 20% terminating in deeper layers (e.g., M4
and M5) (Figure 4H). Rescuing L3 death through p35 expression
suppressed this phenotype (Figures 41-4K). This supports the
view that L3 neurons are required for R8 targeting.

How Does L3 Regulate R8 Targeting?

Salecker and colleagues reported that Netrin is required for R8
targeting to the M3 layer, provided evidence that L3 neurons
express Netrin, and demonstrated that expression of a Netrin

transgene in L3 neurons is sufficient to rescue R8 mistargeting
in animals lacking Netrin (Timofeev et al., 2012). As shown in
the previous section, we established that L3 neurons are
required for R8 targeting (Figures 4G-4K). Together, these find-
ings led us to predict that the loss of L3 would result in a marked
decrease in Netrin expression within the M3 layer. Furthermore,
since Jeb/Alk signaling indirectly regulates R8 targeting through
control of L3 survival, we anticipated that Netrin expression
would be restored by preventing L3 death through p35 expres-
sion. Indeed, we found that netrin expression in M3 correlated
with the presence of L3 terminals within this layer (Figures 4L—
4M and S3). Thus, together with findings from Salecker and
coworkers, these results are consistent with Netrin expression
in L3 as both necessary and sufficient for R8 targeting. In sum-
mary, we show that Jeb/Alk signaling controls R cell targeting,
only indirectly, through the regulation of L3 survival.

Jeb Expression in R1-R6 Growth Cones in the Lamina ls
Sufficient for L3 Survival

Two lines of evidence support the view that Jeb/Alk signaling
within the lamina neuropil acts locally to provide trophic support
for L3. First, the fragmentation of L3 neurons lacking Alk function
is initially observed in the lamina neuropil within budding L3
dendrites (see Figure 3H) and then spreads to the cell body
and axon. Second, Jeb and Alk proteins are localized in a
complementary fashion within this region (Figure 5A), with Jeb
expressed in R1-R6 growth cones (Figure 5B) and Alk localized
to budding L3 dendrites (Figure 5C). The more restricted locali-
zation of Jeb than the R-cell-specific membrane marker used
in Figure 5B may reflect localization of Jeb to only restricted
regions of the growth cone or alternatively selective expression
in only a subset of them. To test whether Jeb expression within
the developing lamina neuropil is sufficient for L3 survival, we
selectively removed R-cell-derived Jeb protein from the medulla.
This was done using a genetic background in which expression
of the senseless transcription factor (Nolo et al., 2000) is selec-
tively removed from the eye using a senseless transgene, lacking
an eye-specific enhancer (Pepple et al., 2008), to rescue lethality
caused by a senseless-null mutation. In these flies, R8 neurons
are inappropriately specified as R2-/R5-like cells (Frankfort
et al., 2001), and their growth cones terminate within the lamina.
As R7 neurons rely on an inductive signal from R8 (Reinke and
Zipursky, 1988), they do not form. Although R1-R6 neurons are
reduced in number (Frankfort et al., 2001) and their axons are
disorganized, they terminate within the lamina neuropil (Figures
5D and 5E). As a consequence, these growth cones are the
only source of R-cell-derived Jeb (Figures 5D’ and 5E’). Despite

(G) Class I. The white arrow indicates an abnormal L3 growth cone. The lamina portion of the L3 neuron is outlined with a dotted box. In wild-type neurons (wt box)
this region comprises filopodia that represent budding dendritic processes. However, in Class | neurons this region was characteristically lacking these filopodia

(blown up region within the dotted box).

(H) Class II. Degeneration was first observed within budding L3 dendrites (white arrow near asterisk). The white arrow within the medulla highlights blebbing along

the axon.

(I) Class lll. The arrow in the lamina denotes remnants of the cell body associated with the degenerating L3 neuron. The dotted line indicates the path of the axon
before it began to degenerate inferred from the line of fluorescent dots remaining. The arrow within the medulla shows where the medulla portion of the axon
has started to degenerate. Based on its position within the lamina, the degenerating L3 neuron is clearly older (i.e., more medial) than an Alk/Alk L3 neuron

displaying normal morphology (young) that is also visible in this image.

(J) Class IV. Arrows indicate the last few remnants of L3 neurons. Typically, the growth cone region was last to disappear. (See also Figure S2.)

Neuron 82, 320-333, April 16, 2014 ©2014 Elsevier Inc. 325

CellPress




Cell’ress

Neuron

Axon-Derived Signals Coordinate Circuit Assembly

Alk RNAI, UAS-Control

Alk RNAIi, UAS-p35

Alk RNAI, uAS-Control

Lamina
(cross section)

Alk RNAi, UAS-p35

R8 targeting in

Layer | s s
M3 wt)| 25.8
MO 38.1
M1/2 21.6
M4/5 14.4
M6 n.d.

(n=94, 3 brains)

“Medulla \Nheetree
BN Jo

LA AR
ety PV 4»"

e

R7-R8 axons

Alk RNAi, UAS-p35

(50h APF)

Medulla

Lobula

Lobula

Retina jeb RNAI
(50h APF

Medulla

Figure 4. Expression of p35 Suppresses L3
Death and R Cell Mistargeting in the Absence
of Jeb/Alk Signaling

(A) As a control, expression of p35 in lamina neurons
did not affect the morphology of L3 neurons (red) in
adult animals. R1-R8 axons (blue) highlight the
lamina and medulla neuropils.

(B) L3 neurons were lost in Alk RNAi experiments in
the presence of a gratuitous UAS transgene (CD8-
GFP) included here as a control for UAS-P35.

(C) The expression of p35 in lamina neurons rescued
L3 death when Alk was disrupted in the lamina
through RNAI. The morphology of L3 neurons (red)
under these conditions was indistinguishable from
wild-type L3 neurons.
(D-F) Cross section of
50 hr APF.

(D) Based on the organization of R cell axons (red,
mAb24B10), lamina cartridges appeared qualitatively
normal when p35 was expressed in lamina neurons.
(E and F) (E) Disrupting Alk in lamina neurons
through RNAI caused mild disorganization of lamina
cartridges that was corrected by rescuing L3 death
through the expression of p35 in the lamina (F).

(G) An RNAI construct specific for Alk was weakly
expressed in lamina neurons (see Experimental
Procedures) to remove some but not all L3 neurons.
The targeting of R8 axons (green) to the M3 layer
correlated with the presence of L3 neurons (red)
within the same or directly adjacent columns
(yellow asterisk), indicating that L3 acts locally to
control R8 layer specificity. White arrows indicate
mistargeting R8 axons in columns lacking L3 neu-
rons that were not adjacent to L3-containing col-
umns. The layer specificity of R7 neurons (blue) was
not affected by the loss of L3 neurons.

(H) Quantitation of (G). Mistargeting to M6 was not
determined (n.d.) as a small subset of R7 neurons
(which terminate in M6) were labeled with the R8
marker (see Experimental Procedures). The target-
ing of R8 neurons within columns not containing L3
neurons that were also adjacent to L3-lacking col-
umns (n = 94; 3 brains) was assessed.

(I-K) Images are from (A)—~(C). R7 and R8 axons are
shown more clearly in green and in the absence of
L3 labeling.

(I) R8 targeting to the M3 layer was normal (yellow
arrow) in UAS-p35 control animals.

(J) In the absence of L3 neurons, induced by dis-
rupting Alk in the lamina, R8 axons mistargeted and
were observed near the top of the medulla (white
arrows). The yellow arrow indicates an R8 axon
targeting correctly to M3.

(K) R8 targeting was restored (yellow arrow) in the
absence of Alk function when L3 death was rescued
by expressing p35 in lamina neurons.

lamina cartridges at

(L) In wild-type animals at 50 hr APF, Netrin (red) was concentrated within the developing M3 layer and the lobula. R7 and R8 axons (blue) outline the medulla

neuropil.

(M) Netrin expression within the M3 layer, but not the lobula, was strongly reduced when L3 neurons were lost due to the disruption of jeb in the retina through
RNAI. Some residual Netrin was seen indicating other neurons may weakly express Netrin within the medulla or remnants of L3 axons may remain. (See also

Figure S3.)

these abnormalities, many L3 neurons survive (Figures 5F
and 5G). Interestingly, L3 neurons did not project axons into
the medulla under these conditions, suggesting that L3 axons
may extend along the surface of R7 and R8 axons from the
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lamina into the medulla. In summary, these data support a
model in which Jeb, released from R1-R6 growth cones in
the lamina, binds to Alk on budding L3 dendrites to promote

survival.
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Figure 5. L3 Survival Relies on Jeb/Alk Signaling in the Lamina

(A) Endogenous Alk (red) and Jeb (green) were expressed in complementary patterns within the lamina neuropil at 24 hr APF.
(B) Endogenous Jeb (green) colocalized with R1-R6 growth cones (red) within the lamina neuropil at 24 hr APF.
(C) Endogenous Alk (red) was localized on budding L3 dendrites (green) within the lamina neuropil at 24 hr APF (white arrow). Alk was also localized on the

processes of other neurons within the neuropil.

(D) In early pupae heterozygous for senseless (sens®/+) (Nolo et al., 2000) carrying a sens transgene lacking the F2 fragment (AF2) required for expression in the
eye, R1-R6 axons (green) projected into the lamina and R7 and R8 neurons projected axons (green) into the medulla. Jeb expression (blue) was observed in the

lamina and medulla.

(D) Jeb expression (white) more clearly shown than in (D) was found in both the lamina and medulla neuropils associated with R cell growth cones.
(E) In early sens/sens mutant pupae, R7 and R8 neurons were not specified and R1-R6 neurons, the only remaining R cell source of Jeb (blue), projected axons

into the lamina.
(E') Jeb expression (white) is more clearly visualized.

(F) L3 neurons (red) were morphologically normal in adult animals heterozygous for sens® (same genotype as [D] and [D']).
(G) In adult animals lacking Jeb expression in the medulla (same genotype as [E] and [E']) L3 neurons are present (white arrow indicates cell bodies), although the

lamina was disorganized (see text).

Jeb/Alk Signaling Selectively Regulates L3

Development

As each cartridge comprises five lamina monopolar neurons
(L1-L5), we sought to determine whether Jeb/Alk signaling
was selective for L3 or whether it also provides trophic support
for the remaining neurons. The survival of L1 and L2 neurons
was not affected by the knockdown of jeb mRNA in the retina
(Figures 6A-6D), although some subtle differences in the
morphology of some L2 axon terminals were observed. The
knockdown of Alk mRNA in the lamina resulted in a mild
decrease in the number of L4 neurons and some morphological
defects (Figures 6E and 6F). As L3 and L4 axons occupy neigh-
boring positions within lamina cartridges (see Figure 1B)

(Meinertzhagen and O’Neil, 1991; Rivera-Alba et al., 2011),
however, these effects may result nonautonomously from the
loss of neighboring L3 neurons. We have not been able to
distinguish between an autonomous or nonautonomous role
for Alk in L4 using MARCM experiments due to technical limita-
tions. And finally, to determine if Alk is required in L5 neurons,
we performed MARCM analysis using an L5-specific GAL4
marker to identify single homozygous Alk-null mutant L5 neu-
rons in adults. A similar number of control and homozygous
Alk mutant L5 neurons were generated in these experiments,
and the Alk mutant L5 neurons were morphologically indistin-
guishable from wild-type (Figure 6G). In conclusion, Jeb acts
as an anterograde signal produced by R1-R6 growth cones
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Figure 6. Jeb/Alk Signaling Does Not Control the Survival of Other Lamina Neurons

(A) In wild-type adult animals, L1 neurons (green nuclei) were visualized in the lamina via anti-Svp staining (Z. Chen and C. Desplan, personal communication). L3
neurons are shown in red and F-actin (blue) highlights the lamina.

(B) Selectively disrupting jeb in the retina through RNAI, resulted in the loss of L3 neurons, but not L1 neurons.

(C) L2 neurons (red) in adult wild-type animals. R1-R8 axons (blue) mark the lamina and medulla neuropils.

(D) Disrupting jeb function in the retina through RNAI did not affect L2 survival, although the morphology of some L2 axon terminals was slightly abnormal.

(E) L4 neurons (red) in adult wild-type animals. L4 and L5 nuclei (blue) were labeled with anti-Bsh.

(F) When Alk function was disrupted in lamina neurons through RNAi, some L4 neurons were lost, although the vast majority survive, and moderate morphological
defects were seen (see Results).

(G) Alk MARCM experiments in L5 neurons. In adult animals, morphologically normal L5 neurons (green) homozygous for a control chromosome or an Alk-null
mutation were observed with similar frequencies. L5 neurons project axon terminals into the M5 layer and also elaborate branches that span the M1 and M2

layers.

to specifically regulate, through the Alk receptor, the survival of
L3 neurons.

DISCUSSION

Here we demonstrate that Jeb/Alk signaling regulates the sur-
vival of L3 neurons, one of several postsynaptic targets of R1-
R6 neurons. Jeb is expressed in R1-R6 growth cones and acts
at short range, prior to synapse formation (see below), through
the Alk receptor tyrosine kinase localized on budding L3
dendrites within the lamina neuropil. Jeb/Alk signaling is highly
selective, as the survival of other R1-R6 postsynaptic targets
(i.e., L1 and L2) is not affected when signaling is disrupted. We
also show that, at a later stage of development, L3 growth cones
produce Netrin within the medulla, which is required for the
targeting of R8 growth cones to the M3 layer. We speculate
that a cascade of growth-cone-derived signals acting across
different brain regions provides a general strategy for the assem-
bly of neural circuits.

Anterograde Jeb/Alk Signaling Controls the Survival of a
Subset of Synaptic Targets

In many regions of the developing nervous system, neurons are
produced in excess, and significant cell death occurs after axons
innervate their targets (Oppenheim, 1991). In vertebrates, it is
well established that target-derived neurotrophins, such as
nerve growth factor, regulate neuronal numbers (Levi-Montal-
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cini, 1987). These factors are produced by target neurons in
limiting amounts and locally promote survival in a retrograde
manner through receptors localized on axon terminals, providing
a mechanism for matching the number of axons to targets (Levi-
Montalcini, 1987; Lewin and Barde, 1996). In recent years,
diverse classes of molecules have been shown to control
neuronal survival during development (de Araujo et al., 2009;
Vanderhaeghen and Cheng, 2010). Anterograde sources of
trophic factors may also regulate survival, as denervation has
been shown to induce excessive target neuron cell death
(Linden, 1994). Indeed, several signals, including BDNF, are
transported, in some contexts, in an anterograde manner within
axons (Altar et al., 1997; Caleo and Cenni, 2004; Caleo et al.,
2000). In addition, the overexpression of BDNF in afferents can
rescue cell death within the target field (Alonso-Vanegas et al.,
1999; Caleo et al., 2000; Spalding et al., 2002), and the disruption
of BDNF through function blocking antibodies has been reported
to decrease the number of target neurons within the rat superior
colliculus (Caleo et al., 2000). As BDNF may be produced by both
axons and cells within the superior colliculus, it remains unclear
whether endogenous axon-derived BDNF, and thus anterograde
signaling, is required to regulate neuron survival.

Although a role for target-derived retrograde trophic factors in
vertebrate neural development was established many decades
ago, trophic factors have only recently been shown to regulate
neuronal development in Drosophila. Three Drosophila proteins,
Neurotrophin 1, Neurotrophin 2, and Spatzle, are distantly
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related to vertebrate neurotrophins (Mizuguchi et al., 1998; Zhu
et al., 2008), and it has been shown that, like their vertebrate
counterparts, they function as target-derived retrograde survival
signals (Zhu et al., 2008). Unlike their vertebrate homologs, how-
ever, which act through receptor tyrosine kinases, fly neurotro-
phins promote cell survival through Toll-like receptors (Mcllroy
et al., 2013; Morisato and Anderson, 1994).

Although Jeb bears no significant homology to fly or vertebrate
neurotrophins, Jeb acts through a receptor tyrosine kinase, Alk,
which is distantly related to vertebrate neurotrophin receptors or
Trks (Englund et al., 2003; lwahara et al., 1997; Lorén et al., 2003;
Morris et al., 1997). Alk was originally identified as part of a fusion
protein associated with large cell anaplastic lymphoma (Morris
et al.,, 1994). Its role in mammals remains poorly understood.
Drosophila Alk was initially found to regulate visceral mesoderm
development through interaction with Jeb (Englund et al., 2003;
Leeetal., 2003; Lorénetal., 2001, 2003), and subsequently, Jeb/
Alk signaling has been shown to regulate diverse cellular pro-
cesses. Recent studies in vertebrates and Drosophila demon-
strated that disrupting Alk function causes a decrease in the
number of neurons (Cheng et al., 2011; Weiss et al., 2012; Yao
et al., 2013). While in the vertebrate studies Alk’s mechanism
of action was not established, in Drosophila, Alk was shown to
antagonize pathways that restrict neurogenesis under condi-
tions of nutrient deprivation (Cheng et al., 2011). Whether Jeb
and Alk regulate neuronal survival in contexts outside of L3
development is not known, although Alk is widely expressed in
the developing visual system (Bazigou et al., 2007), and Jeb is
expressed by several populations of neurons, in addition to pho-
toreceptors (data not shown).

The cellular specificity of the Jeb/Alk requirement is particu-
larly surprising. Indeed, at all R1-R6 synapses containing L3
postsynaptic elements, L1 and L2 neurons each contribute a
single postsynaptic element juxtaposing the same presynaptic
site on R cell axons (Meinertzhagen and O’Neil, 1991). In the
absence of Jeb/Alk signaling, however, only L3 neurons die.
The mechanisms that underlie this selectivity are not known.
Alk is broadly expressed in the lamina (see Figure S1A), suggest-
ing specificity may be controlled at the level of downstream
signaling or that other trophic signals act redundantly with Jeb
to control L1 and L2 survival. Collectively, the findings reported
here demonstrate that anterograde Jeb/Alk signaling acts selec-
tively to control L3 survival, providing direct evidence that anter-
ograde signaling regulates target neuron survival in vivo.

Jeb/Alk Signaling Is Required for L3 Survival during a
Discrete Step in Circuit Assembly

Several lines of evidence indicate that signaling between Jeb,
expressed by R1-R6 growth cones, and Alk, localized to
budding L3 dendrites, controls L3 survival between 20-40 hr
APF. First, Alk mutant L3 neurons, or wild-type L3 neurons inner-
vated by jeb mutant R1-R6 axons, die between 20-40 hr APF
(see Figure 3). Second, R cell populations containing only R1-
R6 neurons are sufficient for L3 survival (see Figures 5D-5G).
Third, Alk and Jeb are expressed in a complementary fashion
at the appropriate time on budding L3 dendrites and R1-R6
growth cones, respectively (see Figures 5A-5C). And finally, L3
degeneration begins within budding L3 dendrites juxtaposed to

R1-R6 growth cones (see Figure 3H). The temporal requirement
for Alk/Jeb signaling corresponds to a critical and fascinating
phase of lamina circuit assembly.

R1-R6 growth cones form connections with lamina neurons in
three discrete steps. First, R1-R6 growth cones from the same
ommatidium associate with a single cartridge of differentiating
lamina neurons. Second, through a highly stereotyped reassort-
ment process occurring between 24-38 hr APF (Clandinin and
Zipursky, 2000), these six growth cones diverge from one
another and project locally to six different developing cartridges
(Braitenberg, 1967; Meinertzhagen and Hanson, 1993; Trujillo-
Cenoz, 1965). As a consequence of this rearrangement, the
R1-R6 cells that “see” the same point in space form connections
with L1, L2, and L3 neurons within the same cartridge. And third,
R1-R6 then commence synapse formation at 45 hr APF, and this
process continues until eclosion (~96 hr) (Chen et al., 2014).
Thus, L3 death in jeb and Alk mutants occurs prior to synapse
formation, during the process of R1-R6 growth cone rearrange-
ment. The suppression of L3 death by expression of the caspase
inhibitor p35 argues that during normal development Jeb/Alk
signaling acts to inhibit caspase activity. Which caspases
contribute to L3 death, and whether caspases antagonize other
cellular processes necessary for wiring, is not known. Regard-
less of how Jeb/Alk signaling functions at the molecular level, it
acts to ensure that visual input from R1-R6 neurons is trans-
mitted to the L3 pathway.

A Cascade of Intercellular Interactions Regulates

Circuit Assembly in the Fly Visual System

Our findings and the work of others (Kunes, 2000; Salecker et al.,
1998) suggest a logic underlying neural circuit assembly within
the Drosophila visual system. The retina, lamina, and medulla
are distinct yet interconnected regions comprising columnar
modules (i.e., ommatidia, cartridges, and columns, respectively)
that are matched topographically between each region. Within
each module, intrinsic mechanisms and intercellular interactions
control cell fate determination. For instance, R8 neurons provide
a discrete locally acting signal to induce R7 development in the
developing retina (Reinke and Zipursky, 1988), while in the
medulla, Notch/Delta interactions between daughter cells gener-
ated from the same ganglion mother cell promote acquisition of
distinct cell fates (Li et al., 2013). Superimposed upon these
interactions are axon-derived signals that coordinate develop-
ment between matched modules from different regions (Fig-
ure 7). Together, these mechanisms organize the assembly of
columnar units in multiple regions (i.e., super columns), each
processing visual information captured from a discrete region
of the visual field. Indeed, the modular assembly of these super
columns spanning different regions of the visual system reflects
the function of these circuits in the parallel processing of visual
information.

R cell growth cones produce signals that regulate diverse
cellular processes in the developing lamina. Hedgehog drives
lamina neuronal precursors through their final division (Huang
and Kunes, 1996); cell adhesion proteins promote the associa-
tion of columns of lamina neurons with R cell axon fascicles
(Sugie et al., 2010); EGF induces lamina neuron differentiation
(Huang et al., 1998); a yet-to-be-identified signal regulates the
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Figure 7. Signals Released by Growth Cones Coordinate Development between Different Regions of the Visual System

(Left panel, left side) R-cell-derived Hedgehog (Hh) and Spitz (EGF) regulate the proliferation of lamina precursor cells (dark green circles) and the differentiation of
lamina neurons (light green circle, L1-L5), respectively, thereby matching R cells within each ommatidium to the appropriate number of target neurons within each
developing lamina cartridge. For simplicity, we have not shown R7 neurons. While it is clear that R2 and R5 produce EGF, it is not clear whether R1-R6 or R8
produce Hh. (Left panel, right side) After they are specified lamina neurons project axons into the outer medulla. L3 growth cones are initially spear-like and span
several developing layers within the outer medulla. (Center panel) Jeb and Netrin act sequentially to couple target neuron survival in the lamina with layer
specificity in the medulla in a cell-type-specific manner. As the growth cones of R1-R6 neurons that “see” the same point in visual space converge upon the same
set of target neurons within each lamina cartridge (see Discussion), they release Jeb which interacts with Alk, localized on budding dendrites in the lamina, to
control the survival of L3, but not L1 or L2, neurons. While it is clear that, in the absence of Jeb/Alk signaling, L3 neurons die during growth cone rearrangement, it
remains possible that Jeb released from R cell growth cones prior to this step may contribute to L3 survival. Subsequently, L3 growth cones, which have
segregated into the developing M3 layer, secrete Netrin (Net, dark circles), which becomes concentrated within the layer. Interaction between Netrin within M3
and Frazzled (Fra) expressed in R8 growth cones is required for the targeting of R8 axons to the M3 layer. (Right panel) When Jeb/Alk signaling is disrupted, L3
neurons degenerate in a characteristic manner with fragmentation initiated within the budding dendritic region and then spreading to the axon and cell body. L3

neurons die before secreting Netrin, which in turn causes defects in the layer-specific targeting of R8 axons.

development of lamina glia (Suh et al., 2002); and Jeb selectively
regulates L3 survival. Thus, axon-derived signals act at multiple
levels and in a cell-type-specific manner to regulate target
development.

Axon-derived signals also coordinate circuit assembly across
topographically matched modules. Within medulla columns, L3
growth cones produce Netrin in the M3 layer, which controls the
targeting of R8 growth cones to MS3. Importantly, Netrin
production by L3 occurs after Jeb, released from R1-R6 cells in
topographically corresponding lamina cartridges, promotes L3
survival. Thus, Netrin indirectly relies upon prior Jeb signaling.
As the L3 and R8 axon terminals within each medulla column
transmit information captured from the same point in space to
the same layer (M3) and share several postsynaptic targets (Gao
et al., 2008; Takemura et al., 2013), the developmental mecha-
nisms giving rise to this circuit may reflect functional relationships
between these neurons. Thus, signals produced by axons coordi-
nate assembly of circuits between different brain regions.
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We envision that intercellular signaling cascades, analogous
to what we have described here, organize other circuit modules
in the fly visual system (e.g., ON (L1) and OFF (L2) circuits) (Take-
mura et al., 2013) comprising different cell types. As many re-
gions of the vertebrate nervous system, including the neocortex,
spinal cord, and retina, are also arranged in a hierarchically re-
petitive fashion, this raises the intriguing possibility that similar
strategies may coordinate the development of these structures.

EXPERIMENTAL PROCEDURES

General

Unless otherwise, indicated flies were grown at 25°C and newly eclosed flies
were sacrificed. For developmental analyses, white prepupae were collected
and incubated for the indicated number of hours at 25°C. Fly brains were fixed
with PLP (4% paraformaldehyde, 75 mM lysine, and 37 mM sodium phosphate
buffer [pH 7.4]) for 25’ at RT. Samples were incubated with primary and sec-
ondary antibodies for 2 days each at 4°C. Brains were mounted in Slow
Fade Gold anti-Fade Reagent (Molecular Probes).
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Reagents

Primary antibodies were as follows: chicken pAb o-GFP (abcam; 1:1,000),
mADb24B10 (Van Vactor et al., 1988) (1:20), rabbit pAb «-DsRed (Clontech;
1:200), guinea pig anti-Jeb (Englund et al., 2003) (1:1,000), rabbit anti-Alk
(Lorén et al., 2003) (1:1,000), rabbit anti-NetrinB1 and rabbit anti-NetrinB3
(kindly provided by Dr. Benjamin Altenhein, ICGEB Trieste) (Timofeev et al.,
2012) (1:50), guinea pig anti-Bsh (Hasegawa et al., 2011) (1:200), and mAb
anti-Svp (Kanai et al., 2005) (1:50). Secondary antibodies were as follows:
goat a-rabbit 568 (Molecular Probes; 1:500), goat a-mouse 647 (Molecular
Probes; 1:500), goat a-chicken 488 (Molecular Probes; 1:500), and goat anti-
guinea pig 647 (Molecular Probes 1:500). Phalloidin-647 (protein, Molecular
Probes; 1:100).

Lamina Neuron GAL4 and LexA Drivers

R9B08-GAL4 drives GAL4 expression in lamina neurons L1-L5 and their
precursors (Pecot et al., 2013) and was identified by screening a database
of GAL4-line expression patterns (Jenett et al., 2012; Pfeiffer et al., 2008).
9-9-GAL4 was previously shown to specifically drive expression in L3 neurons
in the lamina throughout development (Nern et al., 2008; Pecot et al., 2013).
6-60-GAL4 was previously shown to specifically drive expression in L5
neurons in the lamina throughout development (Nern et al., 2008; Pecot
et al., 2013). R22E09-nIsLexAGADf| drives LexA expression specifically in L3
neurons in adult animals (Pecot et al., 2013) and was constructed as previously
described (Pfeiffer et al., 2010). R31C06- nIsLexAGADfl drives LexA expres-
sion specifically in L4 neurons in adult animals and was generated as
described previously (Pfeiffer et al., 2010). R39D12-nIsLexAGADfl drives
LexA expression in L2 neurons in adults and was generated as previously
described (Pfeiffer et al., 2010).

Alk RNAi Experiments
Experimental genotype (L3) Figures 2A, 2B, S1A, S1B, and S2D:
UAS-Dcr2/+(Y); R22E09-nIsLexAGADfl, LexAop-myrtdTOM/+; R9B08-
GAL4/UAS-Alk RNAi (Control animals did not have the Alk RNAi transgene).
Experimental genotype (UAS-p35 rescue) Figures 4A-4F, 41-4K, and S3:
UAS-Dcr2/+(Y); R22E09-nIsLexAGADfl, LexAop-myrtdTOM/UAS-p35(UAS-
CD8-GFP); ROB08-GAL4/UAS-Alk RNAI (Control UAS-P35 only animals did
not have the Alk RNAI transgene). Experimental Genotype (L4) Figures 6E
and 6F: UAS-Dcr2/+(Y); LexAop-myrtdTOM/+; R9B08-GAL4, R31C06-
nisLexAGADfI/UAS-Alk RNAI.

Weak Alk RNAi Experiments

Experimental genotype Figures 4G and 4H: sens-FLPg5d/+; GMR-GAL4,
UAS-FRT-STOP-FRT-UtrnCHGFP/R22E09-nIsLexAGADfl,  LexAop-myrtd-
TOM; R9B08-GAL4/UAS-AIKkRNAI. sens-FLP drives expression of FLP re-
combinase in R8 neurons. UAS-UtrnCHGFP, which comprises the calponin
homology domain of Utrophin fused to GFP, labels F-actin.

Jeb RNAi Experiments

Experimental genotype (L3) Figures 2D, 2E, 4L, 4M, 6A, 6B, S1, and S2C: UAS-
Dcr2/+(Y); R22E09-nIsLexAGADfl, LexAop-myrtdTOM/UAS-jeb RNAi (VDRC
v103047); GMR-GAL4/+. Experimental genotype (L2) Figures 6C and 6D:
UAS-Dcr2/+(Y); LexAop-myrtdTOM/UAS-jeb RNAi; GMR-GAL4, R39D12-
nisLexAGADfl (L2)/+.

MARCM Experiments

Experimental genotype (L3) Figures 2C, 3A-3D, and 3G-3J: R27G05-
FLP1(attP18)/+(Y); FRT42D, Tub-GAL80/FRT42D, Alk'; 9-9-GAL4, UAS-
CD8-GFP/UAS-myrGFP. R27G05 is expressed in the developing lamina
(Pecot et al., 2013; Riddiford et al., 2010). Experimental genotype (L5)
Figure 6G: R27G05-FLP1(attP18)/+(Y); FRT42D, Tub-GAL80/FRT42D, Alk';
6-60-GAL4, UAS-CD8-GFP/UAS-myrGFP.

Jeb Genetic Mosaic Experiments
Experimental genotype Figures 2F, 3E, 3F, and S2E: Ey3.5 FLPg5d/+(Y);
FRT42D, GMR-RFP/FRT42D, jeb'®SH0422, 9_9_GAL4, UAS-CD8-GFP/+.

Colabeling of L3 Neurons Axons and Endogenous Alk

Figure 5C shows 9-9-GAL4 expressed UAS-CD8GFP in L3 neurons and Alk
protein was visualized though antibody staining. For a more detailed descrip-
tion of experiments, see Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.neuron.2014.02.045.
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