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Summary

Understanding how complex brain wiring is produced during development is a daunting challenge.
In Drosophila, information from 800 retinal ommatidia is processed in distinct brain neuropiles,
each subdivided into 800 matching retinotopic columns. In the Lobula Plate there are four T4 and
four T5 neuronal subtypes. T4 neurons respond to bright edge motion while T5 neurons to dark
edge motion, and each is tuned to motion in one of the four cardinal directions, effectively
establishing eight concurrent retinotopic maps to support wide-field motion. We discovered a
mode of neurogenesis where two sequential Notch-dependent divisions of either a horizontal or a
vertical progenitor produces matching sets of two T4 and two T5 neurons retinotopically
coincident with pair-wise opposite direction selectivity. We show that retinotopy is an emergent
characteristic of this neurogenic program and derives directly from neuronal birth order. Our work
illustrates how simple developmental rules can implement complex neural organization.

In Brief

The circuit for motion perception emerges out of the developmental program that specifies the
identity of the neurons
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Two consecutive Notch decisions
specify neuronal identity
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Introduction

A central question in neuroscience is how individual neurons are assembled into functional
neural networks. In both vertebrates and invertebrates, visual input from the retina is
retinotopically mapped onto the brain such that neighboring pixels are represented as
neighboring regions on the retinotopic map. An example of such complex organization is
found in the Drosophila optic lobe, which receives retinotopic input from photoreceptors in
the eye (Fischbach and Dittrich, 1989; Morante and Desplan, 2008). The compound eye of
the fly is made up of ~800 ommatidia (unit eyes). Photoreceptors from each ommatidium
send their axons into the optic lobe, which is comprised of four neuropiles that each contains
~800 columns: the Lamina, Medulla, Lobula and Lobula Plate (Figure 1A-C) (Bausenwein
et al., 1992; Fischbach and Dittrich, 1989; Morante and Desplan, 2008; Takemura et al.,
2008). Each column processes visual information from one point in space, maintaining
retinotopy (Morante and Desplan, 2004, 2008).

The retinotopic organization of the fly visual system is crucial for circuit function, as
exemplified by motion detection circuits. Within the optic lobe, visual motion information is
processed in two parallel pathways, the ON pathway detecting bright edge motion, and the
OFF pathway that processes dark edge motion (Clark et al., 2011; Eichner et al., 2011,
Joesch et al., 2010; Joesch et al., 2013). The two pathways bifurcate early since distinct
lamina neurons, the first to make contact with photoreceptors, connect to different sets of
Medulla neurons, which themselves then synapse onto dendrites of T4 neurons (ON) in the
Medulla, or T5 neurons (OFF) in the Lobula (Figure LA-C) (Behnia et al., 2014; Clark et
al., 2011; Rister et al., 2007; Shinomiya et al., 2014; Silies et al., 2013; Takemura et al.,
2013). T4 and T5 neurons are the first neurons in each pathway that are direction selective
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(Maisak et al., 2013). They process the visual signal originating from one main column and
integrate it with ~7 neighboring columns to compute local motion (Fisher et al., 2015; Leong
et al., 2016; Strother et al., 2017; Takemura et al., 2013; Takemura et al., 2017).

Both T4 and T5 neurons exist in four subtypes (termed a,b,c,d), directionally tuned to one of
the four cardinal directions (front-to-back, back-to-front, upward, downward) (Figure 1B).
Thus, for each column, four T4 and four T5 neurons, one of each subtype, represent eight
independent motion detectors. T4 (ON) and T5 (OFF) neurons with the same directional
tuning project retinotopically to one of the four layers of the Lobula Plate (Maisak et al.,
2013) that is organized into two layers for horizontal motion (layer a: front-to-back; layer b:
back-to-front) and two layers for vertical motion (layer c: upward; layer d: downward)
(Figure 1B). Within each layer, T4 and T5 neurons synapse with the dendrites of Lobula
Plate Tangential Cells (Mauss et al., 2014; Schnell et al., 2012) that integrate the retinotopic
local motion signals from T4 and T5 neurons to produce direction selective wide-field
motion responses. Thus, the retinotopy of the T4/T5 circuit is crucial for detecting broad
field motion: at the level of T4 (Medulla) and T5 (Lobula) dendrites, where the retinotopic
organization of the inputs onto T4/T5 dendrites allows direction selectivity to first emerge
(Fisher et al., 2015; Strother et al., 2017; Takemura et al., 2013), and at the level of their
axons, where retinotopic organization allows for efficient, selective coding of specific global
motion patterns (Barnhart et al., 2018; Mauss et al., 2015). It is therefore critical that the
correct number of each T4 and T5 neuronal subtype be produced so that each Medulla
column is innervated by the four T4 neuronal subtypes and each Lobula column by the four
T5 subtypes. Furthermore, all eight subtypes of T4 and T5 neurons must project
retinotopically to individual layers of the Lobula Plate.

The four neuropiles of the optic lobes develop during the larval and early pupal stages from
two crescent-shaped neuroepithelial domains: the Outer Proliferation Center (OPC), which
produces neurons of the Lamina and Medulla, and the Inner Proliferation Center (IPC),
which generates neurons of the Lobula and Lobula plate (Figure 1D,E,F and Movie 1)
(Apitz and Salecker, 2015; Egger et al., 2007; Hofbauer and Campos-Ortega, 1990; Nassif et
al., 2003; Ngo et al., 2017). The IPC crescent is localized between the OPC and the
developing central brain (Figure 1D,E and Movie 1). It is divided into three domains: the
surface IPC (sIPC) marked by Wingless expression (which will not be discussed further in
this work) that is attached to the proximal IPC (pIPC), and a distal domain (dIPC) (Figure
1D). T4/T5 neurons are produced by progenitors that originate from the pIPC (Apitz and
Salecker, 2015). Unlike the OPC neuroepithelium that is sequentially converted by a
proneural wave into neuroprogenitors (neuroblasts (NBs) in the fly) (Egger et al., 2007;
Egger et al., 2010; Reddy et al., 2010), the pIPC-neuroepithelium produces Dichaete*
migrating progenitors that move distally to generate the dIPC (Figures 1D,E,G,H and Movie
2) (Apitz and Salecker, 2015). Once migrating progenitors reach the dIPC, they acquire a
NB identity and divide to produce neurons (Figure 1E,l,J,K,L).

dIPC NBs progress through two temporal windows (Apitz and Salecker, 2015). First,
Dichaete* NBs divide to self-renew and produce the distal C2, C3, T2 and T3 neurons (C/T
neurons) to the outside of the dIPC crescent (Figure 1H, J, L) (Apitz and Salecker, 2015). In
the second temporal window, these NBs express Atonal (Ato) and Dachshund (Dac), and
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produce T4 and T5 neurons to the inside of the crescent (Figure 11,J,K,L) (Apitz and
Salecker, 2015; Oliva et al., 2014).

We investigated the developmental program that establishes the identity of the four T4 and
four T5 neuronal subtypes and how this program leads to their eight coincident retinotopic
maps. We identified a causal link between a mode of neurogenesis and retinotopy in which a
single NB produces two ON and two OFF neurons with opposite motion direction selectivity
(along the horizontal or the vertical axis) that innervate a single column in three neuropiles.
We also show that vertical and horizontal T4/T5 motion detectors are produced by different
NBs distinguished by Decapentaplegic (Dpp) activity. We conclude that retinotopy results
from the features of this neurogenic program, which depends on neuronal birth order and a
unique mode of NB division to pattern a complex and highly organized neural network.
Thus, simple developmental rules can generate a complex neural organization across three
neuropils of the optic lobes.

Vertical and horizontal motion sensitive T4 and T5 neurons originate from two distinct
populations of progenitors

The dIPC is formed by migrating progenitors produced by distinct pIPC-neuroepithelial
domains expressing either Dpp or Brinker (Brk) (Apitz and Salecker, 2015). The two Dpp-
neuroepithelial domains are labeled by dgpp-Gal4 (Apitz and Salecker, 2015) (Figure 2A,B)
and by R45H05-Gal4 (termed Dpp-plPC-Gal4) (Figure S1). The complementary Brk (a
negative regulator of the Dpp pathway) domain sits between the two Dpp domains and is
labeled by brk-lacZand brk-Gal4, but does not express app-Gal4 (Figure 2A,B and Figure
S1). Mosaic analysis with a repressible cellular marker (MARCM) and live imaging
revealed that, even though cells delaminated from specific pIPC-neuroepitelial locations
(Figure 1D,E,G and Movie 1), they spread along the entire dorso-ventral axis when reaching
the dIPC such that Brk and Dpp derived NBs distributed along the entire dIPC dorsal-ventral
axis (Figure 2A-D).

We hypothesized that Dpp signaling compartmentalizes the neuroepithelium and that the
Brk and Dpp domains produce distinct subsets of T4 and T5 neurons. Upon binding Dpp, its
receptor Thickveins (Tkv) phosphorylates the transcriptional effector Mad (pMad) that in
turn regulates target gene expression. A /acZreporter for Tkv was expressed within both the
Dpp- and Brk-positive neuroepithelial domains (Figure 2E,F). However, pMad was only
present in the Dpp domains, showing that the Dpp pathway is only active in the Dpp
compartments of the neuroepithelium (Figure 2G,H). To test the role of Dpp in the
specification of neuroepithelial identity, we used dpp-Gal4to express a UAS-dpp-RNAI
transgene; this led to the loss of pMad and to the expansion of the brk-/acZ reporter into the
Dpp domains (Figure 21). We also overexpressed a constitutively active form of the Tkv
receptor (UAS-Tkv*) in the entire pIPC-neuroepithelium using the pIPC-specific driver line
R35B01-Gal4 (termed p/PC-Gal4) (Figure S1). This resulted in the loss of brk-lacZ
expression and the expansion of pMad to the Brk domain (Figure 2J).
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To test the contribution of the Brk- and Dpp-neuroepithelial domains to the production of T4
and T5 subtypes, we used memory cassettes (Bertet et al., 2014) in combination with the
TA/TS specific line R42F06-lexA (termed 74/T5-lexA) (Schnell et al., 2012). Activation of
the memory cassette in early larvae (L2) within the Brk-neuroepithelial domain (using brk-
Gal4) labeled all T4/T5 neurons of the horizontal system (subtypes a and b) (Figure 3A,C),
while activation in the Dpp-neuroepithelial domains (using gpp-p/PC-Gal4) labeled all
T4/T5 neurons of the vertical system (subtypes ¢ and d) (Figure 3B,C). This demonstrates
that the motion-detecting T4/T5 neurons of the horizontal and vertical systems derive from
distinct neuroepithelial domains.

Given that Dpp signaling established neuroepithelial identity, we hypothesized that Dpp
signaling specifies the identity of horizontal and vertical system neurons. To test this
hypothesis we overexpressed 7kv*in the entire pIPC-neuroepithelium from late L2 until
early pupae using the pIPC-specific driver line R17B05-Gal4 (Figure S1) and visualized the
neurons produced using 74/T5-lexA. Expression of Tkv* resulted in pMad expression in the
entire pIPC neuroepithelium and in all migrating chains (Figure 3D,E), and in the production
of a Lobula Plate consisting of only ¢ and d layers (compare Figure 3F to 3G) that are
specifically labeled by the cell adhesion molecule Connectin (compare Figure 3H to 3I)
(Gao et al., 2008).

Altogether, these observations show that Dpp signaling establishes the identity of the Brk-
and Dpp-neuroepithelial domains, which give rise to horizontal (Brk) and vertical (Dpp)
motion sensitive T4/T5 neurons, respectively.

Notch signaling specifies T4 (OFF) versus T5 (ON) neuronal identity

Upon delamination, migrating progenitors reach the dIPC where they assume a NB identity
(Figure 1L). dIPC NBs first express Dichaete and divide to self-renew and produce Pros*
GMCs that generate neurons with C/T identity (Figure 1H,J,L) (Apitz and Salecker, 2015).
These NBs then age and express Ato and Dac, and exclusively produce T4 and T5 neurons
(Figure 1,H,1,J,K,L) (Apitz and Salecker, 2015; Oliva et al., 2014). We observed that
newborn Ato*/Dac*/Prost GMCs were distributed in a salt and pepper manner surrounding
T4/T5 Ato*/Pros™ NBs (Figure 4A, Figure S3). The GMCs lost Ato expression by the time
they divided to produce T4 and T5 neurons (Figure S3). During a typical GMC division,
Notch signaling triggers a binary fate decision establishing the distinct identity of its two
neuronal progeny: a NotchON and a Notch©FF neuron (Bertet et al., 2014; Buescher et al.,
1998; Li et al., 2013b; Truman et al., 2010). To test the involvement of Notch in the
specification of T4 versus T5 neuronal identity, we first determined the Notch status of
developing neurons by monitoring the expression of the bHLH-O protein Hairy/enhancer-of-
split-related with YRPW motif (Hey), which is a reliable sensor of Notch activity in optic
lobe neurons (Bertet et al., 2014). We found that Hey was expressed in a salt and pepper
manner in early born T4/T5 neurons (Figure 4B). This suggests that dIPC NBs that are Ato
*/Dac* produce GMCs that divide once to produce two neurons with alternative identities
dictated by their Notch status. To test this hypothesis, we generated MARCM and Twin-Spot
MARCM clones during the larval and early pupal stages that labeled the two progeny of Ato
*/Dac* GMCs with distinct fluorescent proteins (Yu et al., 2009). We visualized them in the
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adult using R42F06-Gal4 (termed T4/T5-Gal4). All 2-cell clones (N=15/15) contained one
T4 and one T5 neuron of the same subtype, /.e. they projected to the same Lobula Plate layer
at the same retinotopic position (Figure 4C,D and Figure S2).

To further test the role of Notch in the specification of T4 vs. T5 identity, we analyzed Ato
*/Dac* GMC Notch mutant MARCM clones, which consistently showed two T4 neurons of
the same subtype projecting to the same retinotopic position (N=32/32). This was true for
GMCs derived from both horizontal and vertical system NBs (Figure 4E,F, S2). This shows
that T4 and T5 neurons of the same subtype (a, b, c, or d) are siblings and that T4/T5
neurogenesis relies on four distinct GMC populations, each producing a T4 and a T5 neuron
of a unique subtype: a or b originating from the Brk region, and c or d originating from the
Dpp region (Figure 4G).

Atonal NBs undergo a terminal division to produce two GMCs that generate T4 and T5
neurons detecting motion in opposite directions

To investigate how T4/T5a neurons are distinguished from T4/T5b neurons within the
horizontal system, and how T4/T5c neurons are distinguished from T4/T5d neurons within
the vertical system, we characterized the mode of division of dIPC NBs. NBs can proliferate
in distinct modes during development (Kohwi and Doe, 2013; Li et al., 2013a): Most divide
to self-renew and to produce a smaller GMC that divides once to produce two daughter cells
(“type 1” NBs) (Buescher et al., 1998). Others self-renew and generate a ganglion mother
cell (GMC) that does not divide, but differentiates directly into a neuron (“type 0” NBs)
(Bertet et al., 2014; Karcavich and Doe, 2005; Ulvklo et al., 2012). “Type 11” NBs self-
renew and produce intermediate precursors that divide multiple times themselves to generate
GMC:s that then divide only once (Bello et al., 2008; Boone and Doe, 2008; Bowman et al.,
2008).

To divide asymmetrically to self-renew and produce a GMC, NBs rely on the asymmetric
localization of cell fate determinants that are differentially segregated between the two
progeny (Homem and Knoblich, 2012). Prospero is a determinant of GMC identity that
represses the expression of NB determinants (i.e. Deadpan) and of cell cycle genes (Choksi
et al., 2006; Lai and Doe, 2014; Southall and Brand, 2009) to signal terminal differentiation
(Doe et al., 1991). Prospero expression initiates in NBs, where it is kept inactive by the
adaptor protein Miranda that tethers it to the cortex. During a NB division, Miranda and
Prospero form a crescent in the basal cell cortex: In this manner, Miranda and Prospero are
inherited by the GMC after cell division (Shen et al., 1997). Once in the GMC, Miranda is
degraded, allowing Prospero to enter the nucleus to promote cell cycle exit and
differentiation. The GMC then divides only once to produce two mitotically inactive cells
(Choksi et al., 2006; Hirata et al., 1995; Ikeshima-Kataoka et al., 1997; Southall and Brand,
2009).

NB proliferation ends either when the NB undergoes apoptosis, or when the NB itself starts
expressing Prospero and terminally divides. To test how Ato* NBs end their life, we
inhibited apoptosis using a mutation of the initiator caspase-9, dronc. This did not lead to
NB accumulation (Figure S4), suggesting that Ato* NBs stop proliferation by a terminal
division.
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To assess the mode of dIPC NB divisions, we examined the expression of the proneural
factor Asense (Ase), which is expressed in “type I” NBs and their GMCs, as well as the
cellular localization of both Miranda and Prospero. C/T dIPC NBs (Dichaete™) express Dpn
and Ase (Figure S4), and always showed typical asymmetric cortically localized Miranda
and Prospero crescents (N=15) (Figure 5A,B, Figure S4, Figure S5) (Apitz and Salecker,
2015). These NBs self-renewed and produced a smaller GMC that gave rise to C/T neurons
(Figure 5C, Movie 3). In contrast, Ato*/Dac* NBs do not express Ase but instead express
another proneural protein, Ato (Figure 11, Figure S4) (Apitz and Salecker, 2015; Oliva et al.,
2014). Ato*/Dac* NBs showed lower levels of Miranda expression as compared to Dichaete
* NBs (Figure S4). Nevertheless, they formed crescents of both Miranda and Prospero,
although of weaker intensity than Dichaete* NBs (Figure 5A,B, Figure S4, Figure S5). To
unambiguously assess for Prospero crescents, we analyzed NBs at prometaphase/metaphase
in both the Dichaete* and Ato* temporal windows, when crescents are easiest to observe
(Doe et al., 1991; Shen et al., 1997). Virtually all Dichaete* (N=15/15) and Ato* NBs
produced Prospero crescents (N=14/15) (Figure 5B). The formation of Prospero cortical
crescents in Ato* NBs was further confirmed with a Pros::GFP line (Figure S6). However,
these Ato* NBs did not self-renew: their progeny consisted of two Ato*/Dac* cells of similar
size (Figure 5C, Movie 4), a cell that inherited cortical Prospero (and Numb, see below), and
a cell that transiently retained Dpn but also expressed nuclear Prospero immediately after
cell division (Figure 5D), becoming the second GMC product of the Ato™ NB. This shows
that Ato™ NBs divide once to effectively produce two GMCs (Figure 5F).

To identify the progeny of single, terminally dividing Ato* NBs, we analyzed MARCM and
Twin-spot-MARCM clones marked by 74/75-Gal4. In all analyzed clones (N=9/9), two
pairs of T4/T5 neurons, either from the horizontal (a and b) or from the vertical (c and d)
subtypes, projecting to the same retinotopic location, were observed (Figure 5E and Figure
S2). This demonstrates that when horizontal (Brk) and vertical (Dpp) system dIPC NBs
reach the Ato* temporal window, they divide once to end their life, producing two sibling
GMCs with different identities: a or b for Brk and c or d for Dpp (Figure 5F).

Atonal NBs divide to produce a Notch®N and a Notch®FF GMC

When NBs divide, they not only segregate Prospero to the GMC, but also the Notch
signaling inhibitor Numb (Knoblich et al., 1995; Rhyu et al., 1994; Wang et al., 2007)
(Figure 6A). As a consequence, the NB remains Notch®N while the GMC becomes
Notch©OFF. We hypothesized that the distinct identities of sibling T4/T5 GMCs could be the
result of a Notch-mediated binary fate decision: The terminally dividing NB would produce
one Notch@FF GMC and another cell that retains its NotchON identity and becomes the
second GMC. This would establish the subtype identity (a vs. b or ¢ vs. d) of the T4/T5
neurons from each GMC.. Consistent with this hypothesis, we observed that Ato* NBs
asymmetrically segregated Numb together with Prospero only one progeny cell (Figure 6A).
Furthermore, we found that among the Ato*/Pros™ GMC population, we could identify
GMCs that transiently expressed the Notch activity reporter E(spl)myGFP (Almeida and
Bray, 2005), corresponding to the NotchO®N GMC formed from the Ato* NB (Figure 6B). To
further test this hypothesis, we generated MARCM clones of Motch mutant NBs, which
consistently produced clones of four T4 neurons (see above) that were all either of subtype b
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(from Brk* NBs) (N=5) or of subtype c (from Dpp* NBs) (N=9) (Figure 6C,D,E). These
observations are consistent with a mode of neurogenesis in which a T4/T5 NB stops
proliferation by dividing to produce two GMCs with a different Notch status: Notch first
specifies the identity of the two sister GMCs (a vs. b or d vs. ¢), and then later the identity of
sister neuronal progeny (T4 vs. T5) (Figure 6E).

Neuronal birth location and mode of neurogenesis establish a precise retinotopic map

During development, each T4 or T5 neuron must find its correct target location along the
dorsal-ventral and anterior-posterior axes of its target neuropiles: the Medulla and Lobula
Plate for T4 neurons, the Lobula and Lobula Plate for T5 neurons. In the medulla, all uni-
columnar neurons from a single column, such as the Medulla intrinsic 1 (Mil) neuron, are
produced by a single NB located on top of this developing column (Erclik et al., 2017; Li et
al., 2013b). This facilitates establishment of retinotopy as neurons are born within the
column in which they will project. Indeed, the proneural wave that converts the OPC
neuroepithelium into NBs is tightly synchronized with the morphogenetic furrow in the eye
disc such that all NBs along one dorsal-ventral position are produced at the same time,
matching the development of the eye (Egger et al., 2007; Egger et al., 2010; Ngo et al.,
2010; Sato et al., 2016).

How T4 and T5 neurons project retinotopically to their targets is more difficult to
understand. In contrast to OPC-derived neurons, T4 and T5 neurons are born far away from
their first target neuropile without an obvious wave that could be synchronized with the eye
morphogenetic furrow or OPC proneural wave: NBs delaminate from the pIPC, either from
the Dpp or from the Brk domain, and migrate to establish the dIPC-NB crescent along the
dorsal-ventral axis (Figure 2A-D). Furthermore, T4 and T5 axons have to cross the Lobula
Plate, then project to the Medulla (T4) or Lobula (T5), and then come back to the Lobula
Plate, terminating at the correct retinotopic location.

To address how retinotopy is established by the eight T4 and T5 neuronal subtypes, we
investigated how they synchronize their targeting with target neuropile formation. We
hypothesized that the mode of neurogenesis of Ato* NBs, which we showed synchronously
produces the full complement of T4 and T5 neurons with opposite motion direction
selectivity, allows T4/T5 neurons to establish retinotopic projections. We observed that all
four T4/T5 neurons produced by one NB projected to the same retinotopic position in their
target neuropiles (Figure 5E Figure S2). To understand how a complex system of eight
coincident retinotopic maps (one for each T4 and each T5 of the a, b, ¢, or d subtypes)
comprising a total of 6400 neurons between three neuropiles is established, we visualized
how T4/T5 neurons project along the dorsal-ventral and antero-posterior axes of the
developing target neuropiles. We stochastically labeled developing T4/T5 neurons with
different fluorophore combinations using Multicolor FIpOut (MCFO) (Nern et al., 2015) in
combination with ato-Gal4 that labels T4/T5 neurons during development. This revealed that
newborn T4/T5 neurons project to newly forming columns of their target neuropiles
according to their relative birth position along the dorsal-ventral axis (Figure 7A,B and
Movie 5). Based on these observations, we used ato>GFPto perform live imaging of
developing T4/T5 neurons and visualized how innervation along the dorsal-ventral and
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antero-posterior axes of the neuropiles is coordinated. We focused on T4 neuronal
projections and found that newborn T4 neurons targeted newly formed Medulla columns
along the entire dorsal-ventral axis, a process that is reiterated along the anterior-posterior
axis of the developing Medulla (Figure 7C and Movie 6).

Consistent with these observations, activation of a memory cassette in the pIPC
neuroepithelium using brk-Gala or dpp-plPC-Gal4 in early L2 marked all T4/T5 neurons,
while activation at progressively later development stages marked neurons at more anterior
parts of the visual field (Figure 7D and S7). Thus, NB time of birth establishes a temporal
axis: NBs born early in development produce neurons targeting columns corresponding to
the posterior eye (older columns), while later born NBs produce neurons that process
information from more anterior parts of the eye (younger columns) (Figure 7E). We note
that dIPC NBs do not exhibit spatial organization along the temporal axis since dIPC NBs
are continuously replaced by new NBs originating from the pIPC. In contrast, the proneural
wave in the OPC converts neuroepithelium crescent to NBs from its outer edge towards its
inner edge, building the Medulla along a temporal axis (Figure 1K,L and Figure 7E).
Because the dIPC is located distally to the developing Medulla, newborn T4 neurons find the
youngest Medulla column that was just formed. Therefore, the time of birth of a dIPC-NB
establishes a temporal axis that is synchronous with the conversion of the OPC
neuroepithelium. Because each T4/T5 NB produces the full complement of T4/T5 neurons
for either the horizontal or vertical system, this ensures that as new target columns are added
through time they are supplied with the correct number of each T4/T5 neuronal subtype. Our
results are consistent with a model in which matching of neuronal birth location and a
specific mode of neurogenesis establishes a retinotopic, coherent connection across all optic
lobe neuropiles.

Discussion

As neurons are produced and their identities are specified, they must be precisely
incorporated into neuronal circuits. Understanding how neurons are specified, how the
developing brain orchestrates the correct targeting of a myriad of individual neurons, and in
which way these two developmental processes are related, are difficult problems to solve.
We addressed these by studying how each of the eight T4/T5 neuronal subtypes is specified
and how their eight retinotopic maps are precisely established.

Typically, NBs change their transcription factor identity at each division. Neuronal progeny
inherit this identity through an intermediate GMC to dictate their fate (Doe, 2017; Rossi et
al., 2017). Here we identified a mode of neurogenesis that relies on two consecutive Notch
binary fate decisions to produce four distinct T4/T5 neurons from a single NB temporal
window. Because T4/T5 neurons with opposite motion direction selectivity for one
retinotopic position are produced by a single NB at the same time, these four neurons
innervate their target neuropiles synchronously, connecting with the same, newly-produced
target column to establish retinotopy. If each of the four T4 and T5 neurons were produced
independently, synchronization of their projection patterns between three neuropiles could
be much more difficult to achieve. This would require the establishment of a deterministic
spatiotemporal molecular code, such that each column would use a unique molecular code
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recognized by all the neurons that are supposed to target it. The stepwise, synchronous
production of sibling retinotopic neurons described here reduces the target possibilities at
each time point since the progeny of one NB always find the newest column produced in the
Medulla or Lobula. Our results illustrate how the developmental program that specifies
T4/T5 fate meets the functional requirements of the mation circuit by establishing coherent
retinotopic maps within horizontal and vertical systems.

Such successive divisions that rely on the reutilization of the Notch pathway are reminiscent
of the divisions of Drosophila Sensory Organ Precursors (SOPs). Although these cells are
not bona fide NBs, SOPs divide in a Notch-dependent manner multiple times to first produce
two distinct cells (plla and pllb) that divide once (plla) or twice (pllb) more to give rise to
the full complement of cells that form the sensory organ, only one of which is a neuron
(Schweisguth, 2015). In olfactory sensilla, a similar precursor also appears to divide several
times in a Notch-dependent fashion to produce up to four olfactory neurons, as well as
sensilla cells. In this case, some of the four progeny die, producing 1, 2, 3 or in some rare
cases four neurons per sensillum (Endo et al., 2007).

In the case of T4/T5 neurogenesis, we demonstrated that Notch signaling is used in two
consecutive divisions: After the final NB division, the Notch target in one of the two GMCs
is E(spl)my (but not Hey), while in the GMC division, Hey (but not E(spl)my) marks only
one of the early born neurons (T5). How Notch differs in these distinct contexts, and how
such precise temporal control is established is not known. However, the observation that
Notch signalling activates different reporters in different contexts and cell types
(Zacharioudaki and Bray, 2014) supports the notion that differential transcriptional programs
are activated in different cell types. Furthermore, Notch activity is rather transient, which
helps explain how Notch signalling instructs different gene expression programs at each
round of division.

A recent preprint on a similar topic (Apitz and Salecker, 2018) is in line with our findings on
the role of Dpp and Notch in the specification of the eight T4/T5 subtypes and shows that
both Dac and Ato are required for the transition between neuroblasts competence states in
the dIPC and for the switch to T4/T5 neuron formation. Another upcoming report (Mora et
al., 2018) addresses the role of the temporal transition from Ase™ to Ato* in dIPC
neuroblasts and shows how Ato expression is required for subsequent neuronal
differentiation of T4/T5 neurons. It further suggests that Ato™ neuroblasts divide
symmetrically to self-amplify before producing the T4/T5 progeny. However, the data
reported above, including our precise lineage analysis, do not support such an amplification
step that would disrupt the stoichiometry of production of the C/T neurons and eight T4/T5
subtypes.

The lineage of the T4/T5 direction-selective neurons suggests how motion circuitry and the
optic lobe neuropiles themselves might have evolved. We found that horizontal and vertical
motion selective neurons originate from two distinct pIPC-neuroepithelial domains whose
identity is established by Dpp signaling. In the absence of Dpp signaling, Brk expression
was expanded to the Dpp domains, suggesting that the default status of the neuroepithelium
is to express Brk. Horizontal and vertical motion-selective neurons were produced by
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distinct progenitor pools and both rely on the special type of neurogenesis described above
to produce their complement of T4/T5 neurons. The most parsimonious evolutionary history
for this developmental program is that the Notch-mediated binary fate decisions that specify
layers of the Lobula Plate with opposite tuning, as well as T4 (moving bright edges) vs. T5
(moving dark edges) fate, was implemented before the specification of horizontal and
vertical motion-selective subtype identity. The ancestor might have only responded to
horizontal motion (Brk) before splitting of the neuroepithelium occurred, allowing the
acquisition of vertical motion vision (Dpp), perhaps when the animals developed the
capacity for flight.

T4 and T5 neurons share morphological and functional similarities (Haag et al., 2017), but
also important differences, such as the organization of their dendritic processes in the
Medulla (T4) vs. Lobula (T5) where each subtype (a,b,c, and d) must be oriented according
to its local motion direction preference (Fisher et al., 2015; Strother et al., 2017). Dpp
signaling and the two Notch binary fate decisions establish the specification of the four T4
and four T5 subtypes. Future studies will be required to understand how the dendrites of
each subtype are properly organized.

Sensory maps and neural circuits are largely genetically “hard-wired” in Drosophila and are
usually activity-independent (Hassan and Hiesinger, 2015; Hiesinger et al., 2006; Jefferis et
al., 2001; Kolodkin and Hiesinger, 2017; Langen et al., 2015). Despite this developmental
rigidity, we have a very limited understanding of how genetic programs drive developmental
processes that are able to establish precise neural circuits. This study shows that the
neurogenic program that specifies the identity of the eight T4/T5 neuron subtypes is also
sufficient to establish the coherent retinotopy that supports global motion perception in the
fly. It provides an example of how the establishment of connectivity within a neural circuit
can only be fully understood in its developmental context. The existence of a causal link
between the genetic program that specifies cell fate and the circuit these cells build provides
an example of how a complex hard-wired neuronal circuit can be built from simple
developmental rules.

STAR Methods

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Claude Desplan (cd38@nyu.edu).

Experimental Model and Subject Details

Fly Stocks—Flies were raised at 25°C and 60% humidity on standard cornmeal agar
medium at a 12h light/dark cycle. Male and Female L3 larvae and 2-5 day old adult flies
were analysed. No differences were observed between sexes. We used the following
transgenic flies in this study (See Table S1 for more details); {} enclose individual
genotypes, separated by commas: {yw;;}, {UAS-CD8::GFP; T4/T5-Gal4 (R42F06)},
{;Ato-Gal4;} a gift from Bassem Hassan; {;Ato-Gal4; UAS-redStinger}, {;Ato-Gal4;
20XUAS-6XGFP}, {; UAS-redStinger; pIPC-Gal (R35B01)}, {; UAS-nls-GFP; pIPC-Gal
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(R35B01)}, {brk*¥7; UAS-redStinger; DPP-Gal4}) (brk*#7 is a gift from Andrew
Tomlinson), {brk**UAS-nIsGFP; DPP-pIPC-Gal4 (R45H05-Gal4)},{ Brk-Gal4(brk3sB):;
UAS-redStinger;}, {;tkvk16713; UAS-redStinger; DPP-Gal4}, {brk**, UAS-DCR2; UAS-
dppRNAI}, {brk*#Ca-T2A-Uas-TKV";Ca-8B3-Uas-TKV"} (TKV* lines are a gift from
Julian Ng), {; Tubgal80®;DPP-Gal4}, {;Tubgal80'; pIPC-Gal4 (R35B01)}, {UAS-

Flp; Tubgal80ts; act > y[+] > LHV2-86Fb,13XlexAop2-myr::GFP/TM6B (Flexamp)};
{;UAS-redStinger; Dpp-pIPC-Gal4 (R45H05)}; {Brk-Gal4(brk3sB): T4/T5-Lexa
(R42F06);), {UAS-Flp; Tubgal80ts; LexAop<>CD8::GFP}, {yw,hsFlp122;Twinspot
(BL56184); T4/T5-Gal4 (R42F06)}, {hsFIpPEST2; Twinspot (BL56184); T4/T5-Gal4
(R42F06)}, {;Twinspot (BL56185); T4/T5-Gal4 (R42F06)}, {hsFlp122, Tubgal80 Frt19;
Uas-CD8::GFP; T4/T5-Gal4 (R42F06)}, {Frt19;;}, {Notch (N55¢11) FRT19A;:},
{hsFIp122, Tubgal80 Frt19; UAS-lacZ, Tubg-Gal4}, {MCFO-1},
{;LexaopCD8::GFP;T4/T5-Lexa (R42F06); R17B05-gal4}, {Tubgal80';;Ca-8B3-Uas-
TKV*}Y, {;E(spl)my-GFP} (a gift from Sarah Bray), {;Pros::GFP;}, {GFpbazCC0194L.1,
{;UAS-redStinger; R17B05-gal4}

Method Details

Antibodies—The following antibodies were used for this study: Guinea pig anti-
Bruchpilot (Desplan Lab) (1:300), Guinea pig anti-Dichaete (1:50) (a gift from J. Nambu),
Guinea pig anti-DPN (1:500) (Desplan Lab), Rabbit anti-DPN (1:500) (from Y.-N. Jan),
Sheep anti-Ato (1:1000) is a gift from Bassem Hassan (Originally from by A. Jarman),
Guinea pig anti-Ato (1:1000) (a gift from Daniel Marenda), Guinea pig anti-Hey (1:1000) (a
gift from C. Delidakis), Rabbit anti-Ase (1:5000) (a gift from Y. Jan), Rat anti-Miranda
(1/1000) and Mouse anti-Prospero (1/1000) (gifts from C. Doe); Guinea pig anti-pMad (a
gift from Jessel Lab). Commercial antibodies used were: Goat anti-Numb (1:50) (Santa Cruz
Biotechnology), Chicken anti-B-gal (1:2500) (Abcam), Rabbit anti-GFP (1:300) (Life
technologies), Sheep anti-GFP (1:500) (Bio-Rad), Mouse anti-RFP 1/200 (MBL
international), AlexaFluor405 conjugated Goat Anti-HRP (1:100; Jackson
Immunochemicals). The following antibodies were obtained from the Developmental
Studies Hybridoma Bank: Mouse anti-Dachshund (1:20), Mouse anti-Abnormal
chemosensory jump 6 (1:20), Rat anti-DE-Cadherin (1:20), Mouse anti-Connectin (DSHB).

Secondary antibodies used at 1:200/1:500. Please view the Key resource table for additional
information and providers.

Immunostaining Protocol—Larval or adult brains were dissected in 1XPBS and fixed in
4% Formaldehyde at room temperature for 20 min. Brains were then rinsed 3X times in
PBX (1% PBS, 0.3% triton) and left to wash for at least 2 hours and then incubated in
primary antibody solution overnight at 4°C. Brains were then rinsed 3X times and left to
wash for at least 2 hours and then incubated in secondary antibody solution in PBX 2 hours
(with added 2% horse serum) at room temperature. They were finally rinsed 3X and left to
wash overnight in PBX and mounted in Slowfade.

For the staining of Miranda, Prospero and Numb crescents, an optimized fixation protocol
and immunostaining was used:
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Larval brains were fixed in 4% formaldehyde with 0.1 M PIPES (pH = 6.9), 0.3% Triton
X-100, 20 mM EGTA, and 1 mM MgS0O4 for 20 min at room temperature. Brains were then
rinsed 3X times in PBX (1% PBS, 0.3% triton) and incubated in primary antibody solution
in PBX (with added 2% horse serum) for 48 hours at 4°C. Brains were then rinsed 3X and
left to wash for at least 8 hours and incubated in secondary antibody solution in PBX (with
added 2% horse serum) overnight at 4°C. Brains where finally rinsed 3X wi th PBX and left
to wash overnight at 4°C before mounting in Slowfade.

Multicolor Stochastic Labelling (MCFO)—*“Multicolor FIpOut” (MCFO) labelling
was carried out as described before (Nern et al., 2015). Briefly, FLP recombinase expression
was used to excise FRT-flanked transcriptional terminators from UAS reporter constructs
carrying HA, V5 and FLAG epitope tags. L3 Larvae carrying Ato-Gal4 and MCFO-1 were
raised at 25°C and heat shocked at 37°C for 15min, 8-12 hours before dissection and
staining.

Live Imaging—Live imaging was performed in Eye-brain complexes from late L3 {;Ato-
Gal4>20XUAS-6XGFP} or {;UAS-nls-GFP; pIPC-Gal (R35B01, BL49898)}. Larvae were
dissected in imaging medium (Schneider’s medium supplemented with 10% Fetal Bovine
Serum, 1% Penicillin-Streptomycin and 0.25% Insulin) on ice. Eye-brain complexes were
transferred to a cell culture petri dish, embedded in 0.4% low temperature gelling agarose.
Once agarose solidified, eye-brain complexes were incubated in imaging medium for the
duration of image acquisition. Image acquisition was done using an Olympus FV1000MPE
multi-photon laser-scanning microscope (at 920nm).

Quantification and Statistical Analysis

Sample sizes were based on the standard of the field. Control or experimental specimens of
the correct stage and genotype were randomly and independently selected from a pool of
animals. Unless otherwise noted, we examined at least 10 brains for every genotype. In the
main text “N” represents the number of samples analysed. Phenotypes were fully penetrant
at all conditions. Data acquisition and analysis were not performed blinded as samples were
identified based on their genotypes that were not limited in repeatability. When statistical
analyses were performed the experimenter was blind to the genotypes analysed. The
calculation of 95% confidence interval error bars and unpaired two-tailed Student’s ftest P
values (Welch-corrected, not assuming equal s.d.) was performed using Prism 7.00 for Mac,
GraphPad Software, La Jolla California USA. Data met the assumption of normality

(D’ Agostino-Pearson omnibus normality test).

Image Acquisition and Processing—Images were acquired using a Leica SP5
confocal using a 20X, 40X or 60X objective. When acquired, Z-stacks sections were of 0.6—
2 um intervals. Images were processed with Fiji (Schindelin et al., 2012) software package.
Image processing, when applied, was limited to correct global images brightness, global
background subtraction and Despeckle. To allow the full visualization of the cell bodies and
neuronal projections of adult MARCM and TWINSPOT T4/T5 Clones in a 2D image, stacks
are shown as maximum intensity Z-projections. Z-projections were processed with the Fiji
software package (Schindelin et al., 2012). Images were compiled in lllustrator (CC2014).

Cell. Author manuscript; available in PMC 2019 April 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pinto-Teixeira et al.

Page 14

The Supplementary Movie 2 depicting the development of the IPC was processed in Fiji
(Schindelin et al., 2012) by selecting the z-slice of interest for each time point and saving as
an AVI file. The Supplementary Movies 3 and 4 depicting the division of Dichaete and Ato
Neuroblasts, respectively, were processed in Fiji (Schindelin et al., 2012). For each movie
the Z-slices of interest were concatenated as a stack and saved as an AVI file. The
Supplementary Movie 5 depicting the 3-D view of MCFO labeled T4/T5 neurons was
processed using Fiji 3D viewer (Schindelin et al., 2012). The Supplementary Movie 6 of a
L3 larva optic lobe highlighting T4 projections in the developing Medulla was processed
with Fluorender (Wan et al., 2017) and Fiji (Schindelin et al., 2012) software packages. The
Z-stack was initially opened in Fluorender to create a 4D view of the Data. The resulting
TIFF File was opened in Fiji to add labels and saved as AVI file.

Generation of Three-dimensional Model of Developing Optic Lobe—Ato>Stinger
optic lobes of third instar larvae were dissected and labeled with Dpn and E-cad. The optic
lobe used for generating the three-dimensional model (Figure 1d) was mounted in a
Posterior orientation. Sections at 0.6-um intervals were collected with a Leica Sp5 Confocal.
Isosurfaces were produced with Fiji/TrakEM2 by manually outlining the regions of interest
throughout the stack: Opc neuroepithelium, IPC, progenitors cell streams, dIPC neuroblasts
and T4/T5 neurons cell bodies. Segmented objects were visualized into a model using the
Fiji 3D viewer (Schindelin et al., 2012).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

A neuroblast produces 4 neurons detecting 2 directions of bright or dark edge
motion

Distinct progenitors produce neurons processing vertical vs. horizontal
motion.

Notch specifies neurons responding to bright or dark edge motion.

This mode of neurogenesis establishes retinotopy in the fly global motion
system.
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Figure 1. Development of the dIPC
(A) Schematic of an adult optic lobe highlighting the ON (T4) and OFF (T5) pathways of

the motion detection circuit. Visual input propagates retinotopically via T4 and T5 neurons
to the four layers of the Lobula Plate. Dashed line shows detail in panel (B).

(B) Four subtypes of T4 and of T5 neurons, each directionally tuned to one of the four
cardinal directions, converge onto layers a and b of the horizontal system, or layers ¢ and d
of the vertical system in the Lobula Plate.

(C) Dorsal cross-section of an adult brain in which R42F06-Gal4 (T4/T5-Gal4) drives
membrane-GFP (green) expression in T4 and T5 neurons. T4 dendrites project to the
Medulla and T5 to the Lobula (neuropiles labeled in grey by anti-Brp). (A, B, C) anterior is
to the left.

(D) Posterior view of a 3-D model of the developing larval Outer (purple) and Inner (grey)
Proliferation Centers (OPC and IPC). Dashed arrow marks the boundary between the
proximal-IPC (pIPC) and the surface IPC. Progenitors delaminate from the pIPC (grey) to
become neuroblasts (NBs) in the distal-1IPC (dIPC) (red). T4 and T5 neurons (green) are
generated by dIPC NBs and form inside the dIPC crescent. See also Movie 1.

(E, F) Red-Stinger driven by Afo-Gal4 labels T4/T5 neurons.

(E) Posterior cross- section of a developing larval optic lobe. The pIPC-neuroepithelium is
localized between the OPC and the central brain. Cells delaminating from the pIPC
(arrowheads) migrate to form the dIPC-NBs (Dpn, red) that will generate T4 and T5 neurons
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(green). In the OPC, a proneural wave converts the OPC-neuroepithelium into Medulla NBs
(Dpn, red) from proximal to distal (open arrow).

(F) dIPC-NBs form a U-shaped cluster (Dpn, red) along the dorsal-ventral axis that
surrounds T4 and T5 neurons (green). Anterior is to the left.

(G) pIPC-MARCM clone (green). Migrating cells (arrowheads) delaminate from specific
neuroepithelial locations and form dIPC NBs (Dpn, red) that spread along the dorso-ventral
axis (see (F) and Movie 1).

(H,1,J) dIPC-NB:s transit trough two temporal stages: Migrating cells (arrowheads) and
newly produced NBs express Dichaete (D) [green in (H)] that produce distal C/T neurons
(closed dashed arrow); Older NBs express Ato [blue in (1)] and Dac (green) and produce
Dac™ T4/T5 neurons (open dashed arrow).

(J) Schematic summarizing neurogenesis of the dIPC.

(K) T4/T5 neurons project to their target Medulla, Lobula or Lobula Plate (Ecad, red)
neuropiles during development.

(L) Schematic summarizing the development and neurogenesis of the dIPC. In this and
subsequent figures scale bar is 20 pm.
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(A) Lateral view of the pIPC-neuroepithelial Brk domain marked by brk-/acZ (red) flanked

by Dpp domains marked by gpp-p/PC>GFP (green). Anterior is to the left.
(B) Chains of migrating progenitors (arrows) emerging from the Dpp (green) or Brk

domains (red).

(C) Lateral view of the dIPC. Anterior is to the left. Dpp-derived NBs (arrows, green) and

Brk-derived NBs (arrowheads, red) spread equally within the dIPC. T4/T5 neurons are

located in the inside of the crescent.
(D) Schematic summarizing the development of the dIPC.

(E,F) The Dpp receptor Tkv is expressed in both the Dpp (E) and Brk domains (F).

(G,H) Dpp signalling was active (pMad) in the Dpp (G), but not in the Brk domain (H).

() Expression of app-RNA. in the Dpp domains lead to the expansion of brk-lacZ

expression in the Dpp domain and loss of pMad.

(J) Expression of an activated form of Tkv (Tkv*) downregulated brk-lacZ and leads to

ectopic pMad in the Brk domain.
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Figure 3. Horizontal and Vertical motion detection systems originate from distinct
neuroepithelial domains

(A,B) Memory cassette for brk-Gal4 (A) and gop-p/PC-Gal4 (B): The horizontal system
(layers a and b of the Lobula Plate, arrowhead in (A)) emerged entirely from the Brk
domain, while the vertical system (layers ¢ and d, arrowhead in (B)) was generated from the
Dpp domain.

(C) Schematic of an adult brain representing horizontal, Brk-derived (red), and vertical
sensing, Dpp-derived (green), T4 and T5 neurons.

(D,E) R17B05-Gal4was used to drive the expression of an activated form of Tkv (Tkv*) in
the entire pIPC neuroepithelium, resulting in the expression of pMad (Red) in the entire
pIPC neuroepithelium, migrating chains and dIPC progenitors.

(F,G) Dorsal cross section of an adult wild type optic lobe (F) and an optic lobe where Tkv*
was expressed in the pIPC neuroepithelium during development using R17B05-Gal4 (G). In
(F) and (G) T4/T5-/exA drives the expression of membrane-GFP (green) in T4 and T5
neurons.

(H,1) Overexpression of Tkv* in the pIPC produced a Lobula Plate neuropile with only two
layers that express Connectin (Con) (arrowheads; magenta) (1), which specifically labels
neurons innervating layers ¢ and d (H).
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Figure 4. A binary, Notch-mediated cell fate decision specifies T4 vs. T5 neurons
(A) Ato*/Prost GMCs (arrowheads; blue and green) were distributed in a salt-and-pepper

manner in the dIPC.

(B) T4/T5 neurons marked by Acj6 (cyan) expressed the Notch sensor Hey (arrow; red) in a
salt-and-pepper manner.

(C,D) T4 and T5 neurons of the same subtype are sibling neurons and projected to the same
retinotopic position in their target neuropiles (Brp, white). Twin-spot MARCM clone
visualized with 74/75-Gal4 of sibling T4 and T5 neurons of the horizontal (subtype b)
[arrow in (C)], and vertical system (subtype d) [arrow in (D)]. See also Figure S2.

(E,F) Notch mutant MARCM clones visualized with 74/T5-Gal4 of a dividing GMC
produced two sibling T4 neurons of the same subtypes (arrow) for both the horizontal (E)
and vertical systems (F). The two T4 neurons projected to the same retinotopic position. See
also Figure S2.

(G) Ato* NBs (yellow) produce GMCs that divide once to produce sibling T4 (Notch©FF)
and T5 (NotchON) neurons of the same subtype.
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Figure 5. Ato*/Dac™ NBs divide symmetrically to produce two GMCs
(A,B) First temporal window Dichaete* and second temporal window Ato* NBs localized

Miranda (A) and Prospero (B) to the basal cortex during cell division. See also Figures S4
and S5.

(C) Quantification of the mean size of the two progeny of Dichaete* and Ato™ NBs at the
end of telophase. Dichaete* NBs divided to self-renew (Bazooka, red) and produce a smaller
GMC (Prospero, green)(see Movie 3). Ato* NBs produced two progeny (Bazooka, red and
Prospero, green) of the same size that both assumed a GMC fate (see Movie 4). Data are
represented as a scattered plot £ SD. Unpaired two-tailed Student’s #test with Welch’s
correction. Dichaete* NBs progeny (t=10.79 df=7.338) and Ato* NBs progeny (t=1.164
df=9.994), Asterisk indicates P value<0.0001.

(D) Division of an Ato* NB produced a GMC (not shown in image) and a cell that expressed
perduring Deadpan and nuclear Prospero (arrowheads; green), becoming the second GMC.
(E) A vertical system twin-spot MARCM clone of sister GMCs visualized with 74/T5-Gal4
showed two pairs of sibling T4/T5 neurons of opposite motion direction sensitivity,
projecting to the same retinotopic position in the neuropile. Arrow points to layer a and
arrowhead to layer b of the Lobula Plate (See also Figure S2).

(F) Schematic illustrating dIPC neurogenesis. Ato* NBs divide to produce a GMC and a
small cell that becomes a GMC.
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Figure 6. Ato*/Dac™ neuroblasts terminally divide to produce two sister GMCs with different
Notch identities

(A) First temporal window Dichaete* and second temporal window Ato* NBs localized the
Notch inhibitor Numb to the basal cortex during cell division.

(B) Newborn Ato*/Prost GMCs that did not inherit Numb transiently expressed the Notch
reporter myGFP (arrowheads).

(C,D) Notch mutant MARCM clones visualized with 74/T5-Gal4 produced four T4 neurons
projecting to the same retinotopic location, both of subtype b in the horizontal system (C), or
subtype d for the vertical system (D) (see also Figure S2).

(E) Schematic illustrating Ato*/Dac* neurogenesis. Two Notch binary fate decisions specify
neuronal identity.
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Figure 7. Neurogenesis mode and neuronal birth location establish retinotopy
(A,B) In a developing L3 larval brain, T4/T5 neurons projected to the neuropiles along the

dorso-ventral axis according to their birth location.

(A) Posterior view of MCFO labeled T4/T5 neurons. Ventral is to the left.

(B) Anterior 3-D view of MCFO labeled T4/T5 neurons. Proximal is to the bottom. Neurons
projected in the neuropiles along the dorsal-ventral axis according to their birth position.
Ventrally born T4/T5 neurons projected ventrally in the neuropiles [arrow in (A)]. See also
Movie 5.

(C) Still pictures of a time-lapse movie highlighting T4 projections in the Medulla. Anterior
view with proximal to the bottom. Neurons innervating columns along the same dorso-
ventral plane projected at the same time in the neuropiles. Dashed line follows the position
of neurons that were targeting the medulla at TO (see Movie 6). Arrows indicate the
development along the anterior-posterior axis of the Medulla neuropile.

(D) Activation of a memory cassette in the Brk-pIPC domain at late L2, mid-L3 and Late L3
and visualized in the Adult with 74/T5-Gal4 labeled neurons of the horizontal system along
the antero-posterior axis (Arrowheads) depending on their time of birth (see also Figure S7).
(E) 3-D Schematic illustrating the establishment of the retinotopy of T4 and T5 neurons.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Guinea pig anti-Bruchpilot Desplan Lab N/A
Guinea Pig anti-Dichaete J. Nambu N/A
Guinea pig anti-DPN Desplan Lab N/A
Rabbit anti-DPN Y.-N. Jan N/A
Sheep anti-Ato B. Hassan N/A
Guinea pig anti-Ato D. Marenda N/A
Guinea pig anti-Dichaete J. Nambu N/A
Guinea pig anti-Hey C. Delidakis N/A
Rabbit anti-Ase Y. Jan N/A
Rabbit anti-Miranda C. Doe N/A
Mouse anti-Prospero C. Doe N/A
Guinea pig anti-PMad T. Jessel N/A
Chicken Anti-p-gal Abcam Code #9361
Rabbit Anti GFP Life Technologies Catalog #11122

Sheep Anti GFP

Bio-Rad

Code #4745-1051

AlexaFluor405 conjugated Goat Anti-HRP

Jackson Immunochemicals

Code #123-475-021

Mouse Anti-Dachshund DSHB Name: mAbdac2-3
Mouse Anti Abnormal chemosensory jump 6 DSHB Name: Anti-Acj6

Rat Anti DE-Cadherin DSHB Name: DCAD2

Mouse Anti Connectin DSHB Name: Connectin C1.427

Goat anti-Numb

Santa Cruz Biotechnology

Catalog #B0504

Donkey Anti Sheep A488

Jackson Immunochemicals

Code #713-545-147

Donkey Anti Chicken A488

Jackson Immunochemicals

Code #703-545-155

Donkey Anti Rabbit A488

Jackson Immunochemicals

Code #711-545-152

Donkey Anti Mouse A488

Jackson Immunochemicals

Code #715-545-151

Dichaete Anti Guinea pig 488

Jackson Immunochemicals

Code #706-545-148

Donkey Anti Mouse A555

Thermo Scientific

Catalog #A-31570

Mouse Anti RFP

MBL

Code #M155-3

Rabbit Anti RFP

MBL

Code #PMO005

Donkey Anti Rabbit A555

Thermo Scientific

Catalog #A-31572

Donkey Anti Guinea pig Cy3

Jackson Immunochemicals

Code #706-165-148

Donkey Anti Rat Cy3

Jackson Immunochemicals

Code #712-165-153

Donkey Anti Guinea pig A647

Jackson Immunochemicals

Code #706-605-148

Donkey Anti Rabbit A647

Jackson Immunochemicals

Code #711-605-152

Donkey Anti Mouse A647

Jackson Immunochemicals

Code #715-605-151

Donkey Anti Rat A647

Jackson Immunochemicals

Code #712-605-153

Donkey Anti Rabbit 405

Jackson Immunochemicals

Code #711-475-152
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Donkey Anti Mouse 405

Jackson Immunochemicals

Code #711-475-150

Experimental Models: Organisms/Strains
Fly: D. melanogaster: T4/T5-Gal4 (R42F06) BDSC Stock #41253
Fly: D. melanogaster: Ato-Gal4 B. Hassan N/A
Fly: D. melanogaster: 20XUAS-6XGFP BDSC Stock #52262
Fly: D. melanogaster: pIPC-Gal (R35B01) BDSC Stock #49898
Fly: D. melanogaster: brkX47 A. Tomlinson N/A
Fly: D. melanogaster: DPP-pIPC-Gal4 (R45H05) BDSC Stock #46529
Fly: D. melanogaster: Brk-Gal4(brk3:8) BDSC Stock #53707
Fly: D. melanogaster: tky*16713 BDSC Stock #11191
Fly: D. melanogaster: UAS-Dcr-2 BDSC Stock #24650
Fly: D. melanogaster: UAS-dppRNAI BDSC Stock #36779
Fly: D. melanogaster: DPP-Gal4 BDSC Stock #1553
Fly: D. melanogaster: Ca-T2A-Uas-TKV* Julian Ng N/A
Fly: D. melanogaster: Ca-8B3-Uas-TKV* Julian Ng N/A
Fly: D. melanogaster: Flexamp Cassette Desplan Lab N/A
Fly: D. melanogaster: UAS-Flp BDSC Stock #8208
Fly: D. melanogaster: T4/T5-Lexa (R42F06-Lexa) BDSC Stock #54203
Fly: D. melanogaster: Lexaop<>CD8::GFP BDSC Stock #57588
Fly: D. melanogaster: Twinspot BDSC Stock #56184
Fly: D. melanogaster: Twinspot BDSC Stock #56185
Fly: D. melanogaster: hsFIpPEST2 A.Nern N/A
Fly: D. melanogaster: {Notch (N55¢11) FRT19A BDSC Stock #28813
Fly: D. melanogaster: hsFlp,Tubgal80 Frt19a;; BDSC Stock #55132
Fly: D. melanogaster: Frt19a;; BDSC Stock #1709
Fly: D. melanogaster: MCFO-1 A.Nern Stock #64085
Fly: D. melanogaster: GFpPaz-CC01941 BDSC Stock #51572
Fly: D. melanogaster: Canton S BDSC Stock #64349
Fly: D. melanogaster: {;E(spl)my-GFP;} S. Bray N/A
Fly: D. melanogaster: Pros::GFP BDSC Stock #66463
Fly: D. melanogaster: Tubgal80® (x) BDSC Stock #7016
Fly: D. melanogaster: UAS-CD8::GFP (l1) BDSC Stock #32186
Fly: D. melanogaster: Tubgal80® (11) BDSC Stock #7108
Fly: D. melanogaster: UAS-RedStinger (111) BDSC Stock #8547
Fly: D. melanogaster: UAS-RedStinger (I1) BDSC Stock #8546
Fly: D. melanogaster: lexaop-CD8::GFP (x) BDSC Stock #32204
Fly: D. melanogaster: UAS-nIsGFP BDSC Stock #4775
Fly: D. melanogaster: UAS-lacZ BDSC Stock #3955
Fly: D. melanogaster: hsFlp BDSC Stock #1929
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins
SlowFade Gold Thermo Scientific Catalog #S36936

Low Melting Agarose Sigma SKU #39346-81-1
Schneider’s Medium Sigma SKU #S0146
Fetal Bovine Serum Sigma SKU #12003C
Penicillin-Streptomycin Sigma SKU #P4333
Insulin Sigma SKU #19278
Software and Algorithms
Fluorender (Wan et al., 2017) http://www.sci.utah.edu/software/fluorender.html
Fiji (Schindelin et al., 2012) https://fiji.sc
Prism 7 GraphPad N/A https://www.graphpad.com/scientific-software/prism/
Other

Cell Culture Petri Dish

Thermo Scientific

Catalog #171099
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