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Variationin brain wiring contributes to non-heritable behavioral individuality.
How and when these individualized wiring patterns emerge and stabilize
during development remains unexplored. In this study, we investigated the
axontargeting dynamics of Drosophila visual projecting neurons called
DCNs/LC14s, using four-dimensional live-imaging, mathematical modeling
and experimental validation. We found that alternative axon targeting choices
aredriven by a sequence of two independent genetically encoded stochastic
processes. Early Notch lateral inhibition segregates DCNs into Notch®™
proximally targeting axons and Notch®" axons that adopt a bi-potential
transitory state. Subsequently, probabilistic accumulation of stable
microtubulesinafraction of Notch®* axons leads to distal target innervation,
whereas the rest retract to adopt a Notch®" target choice. The sequential
wiring decisions resultin the stochastic selection of different numbers of
distally targeting axons in each individual. Insummary, this work provides
aconceptual and mechanistic framework for the emergence of individually
variable, yet robust, circuit diagrams during development.

Although brain wiring patterns are similar between individuals, they
are not identical. Analyses of neuronal morphology and connectivity
within stereotypic wiring diagramsidentified variations among neurons
of the same types'™*. In all animals, including humans, such structural
variation between brain hemispheres and among individuals sharing
the same genetic and environmental background ensures behavioral
individuality>® while maintaining the population around an optimal
mean for niche exploitation®®, How and when these individualized

wiring patterns emerge and stabilize during development remains largely
unexplored. Drosophila melanogaster is a powerful model to investi-
gate stochastic variation, individual behavior and the relationship. For
example, flies exhibitindividual sense of smell®. Although each olfactory
interneuron class stereotypically innervates the Drosophila antenna
lobe, individual neuron morphology varies across hemibrains*’. Flies
also display individual learning performance'®, and symmetry in the
Drosophila centralnervous system affectsindividual long-term memory?>.
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Our previous work identified variations within the wiring pat-
terns of aDrosophila visual projecting neuron type, called dorsal clus-
tered neurons (DCNs)/LC14s"?, leading to individual visual response
behaviors®. DCNs are commissural neurons divided in two morpho-
logically and functionally distinct subtypes™ **: L-DCNs, whose axons
terminate in the proximal optic lobe neuropile (lobula) (Fig. 1a,c,d),
and M-DCNs, which further innervate distal targets (lobula plate
(LP) and medulla) (Fig. 1b-d(i)). Each hemibrain contains a group of
22-68 DCN cell bodies*". Although both subtypes originate from
a common progenitor'?”, they vary non-proportionally between
hemispheres and among individuals®. DCN subtypes are estab-
lished post-mitotically" in part through a cell-based competition
among immature neurons. However, when and how DCNs become
irreversibly morphologically committed to L-DCN or M-DCN subfate
during development remains unclear.

In this study, we explored the dynamic nature of DCN axon target-
ing using liveimaging'**. We found that two successive decisional steps,
drivenbyindependent stochastic processes, restrict DCN axon poten-
tial to innervate distal targets through time. We previously showed
that Notch lateral inhibition in immature DCNs modulates adult DCN
subtype outcome™. Here we show that early, but not late, activation of
Notch signaling prevents medulla innervation. However, Notch loss
of function does not deterministically convert animmature DCN into
an M-DCN. Unlike classical binary fate choice models'®, Notch®" cells
adopt an intermediate transitory state that can potentially innervate
the medulla, indicating that at least one additional targeting choice
contributes to stabilizing growing axons. Using data-driven math-
ematical modeling and experimental validation, we found that Notch®"*
axon terminals stabilize viaa conserved probabilisticand competitive
accumulation of stable microtubules. This results in the definitive
consolidation of M-DCN morphology in a subset of neurons, whereas
remaining Notch®" axons collapse to the lobula due to the absence of
stable microtubules, thus adopting aNotch®"-like subtype morphology.

Results

Targeting decisions occur before distal target innervation
L-DCN axonsinnervate the lobula, whereas M-DCNs further reach the
medulla (Fig.1a-d)" . Toinvestigate how these two morphologically
distinct subtypes emerge during development, we asked when and
how this differential targeting choice is made. Two models” could
explain DCN medullainnervation: a target-dependent mechanism,
where axons first reach distal targets and retract if they fail to estab-
lish connections, or a target-independent mechanism, where distal
targeting commitment occurs before reaching the medulla. To dis-
criminate between these two hypotheses, we live imaged DCN axon
development using intravital two-photon microscopy in intact ani-
mals® (Fig.1f). We first determined the DCN target innervation timing,
starting from the end of lobulainnervation (30 h after pupaformation
(hAPF)) onward (Fig.1e,gand SupplementaryFig.1a). Wefound that DCN
axons sequentially reachthe LP (-36 h APF) and the medulla (40 h APF)
(Fig.1e,e(i),e(ii)) and stabilize their finaladult M-DCN patternat44-50 h
APF (Fig. 1h, Supplementary Fig. 1b,c and Supplementary Movie 1).

We took advantage of imaging intact animals to trace developing axon
dynamics within the lobula/LP chiasma (Fig. 1d,d(i),d(ii)). We com-
pared their stable developmental stage (44-50 h APF) with their final
adult pattern to identify their final fate (Fig. 1g,h and Supplementary
Fig.1b-d). We found that the final number of M-DCN axons in the chi-
asma is reached before medulla innervation (40 h APF) (Fig. 1h and
Supplementary Fig. 1d). Axons that reached the LP never retracted
to the lobula, whereas others retracted without innervating the LP
or medulla (Fig. 1h and Supplementary Fig. 1d,e,g). Thus, DCN axon
targeting decision is target independent and occurs before future
M-DCNs innervate the LP and medulla (-36-40 h APF).

Transient axon amplification correlates with distal innervation
What, ifanything, distinguishes future L-DCN from M-DCN axons during
development? DCN axons form two transient dynamicstructuresin the
chiasma (Fig.2a-e and Supplementary Movie 2): single filopodia, which
alwaysretract tothelobula (Fig.2a,b and SupplementaryFig.1e,g), and
transient multi-filopodial structures (Fig. 2a,b,e and Supplementary
Fig. 1e,f). Most multi-filopodial structures retract (Fig. 2a), whereas
others lead to medulla-innervating axons (Fig. 2a,c, Supplementary
Fig.1le,gand Supplementary Movies2and 3). Their structural complex-
ity further decreases (Fig. 2a, Supplementary Fig. 2e), stabilizing, on
average, one filopodium (82%) or occasionally two filopodia (18%; here-
after ‘bifurcating axons’) as a future M-DCN axon (Fig. 2d and Supple-
mentary Fig. 1f(i),h-1). Thus, although a single axonal filopodium is not
sufficient to further grow toward the medulla, the formation of transient
multi-filopodial structuresis a prerequisite (Fig. 2e). Live-imaged DCNs
at single-cell resolution in ex vivo brain explants™ (Fig. 2f-i) revealed
that individual axons can amplify to form these multi-filopodial
structures (Fig. 2f,h and Supplementary Movie 4), whereas others
locally explore the lobula and project unstable individual filopodia
into the chiasma (Fig. 2iand Supplementary Movie 5). Thisindicates an
early developmental step controlling transient axonal amplificationin
the chiasma and maintaining a pool of axons in the lobula.

Spatio-temporal variation in post-mitotic Notch signaling
How are these two axonal behaviors regulated? Liveimaging revealed
two types of axonal structures in the chiasma that failed to reach the
medulla: single filopodium and a subset of amplified axons (Fig. 2e and
Supplementary Movie 3). We previously showed that constitutive Notch
activation inimmature DCNs leads to an absence of medullainnerva-
tion in adult brains" (Fig. 3j). To gain temporal insight into Notch activ-
ity, we monitored the expression of the Notch activity marker E(spl)
m7-HLH (m7)'¢, using a GFP-tagged m7 protein (m7-GFP) under the
control of its endogenous promotor. Between L3 and 50 h APF across
fixed individual brains, both the number and proportion of m7* cells
withinaDCN cluster were highly variable through developmental time
and between hemispheres of each individual brain (Fig. 3a-i), withno
expression detected after 50 h APF. Thus, post-mitotic Notch signaling
is both transient and stochastic during DCN axon targeting.

These data do not formally preclude a pre-existing lineage-
based Notch-dependent bias, where hemilineage identity partially

Fig.1| DCN targeting decision precedes distal target innervation. (See also
Supplementary Fig.1). a,b, Single-cell clones (magenta) of L-DCN (n = 5 clones;
N=5opticlobes) (a,a(i)) and M-DCN (n = 5 clones; N =5 brains) (b, b(i)). White
star: LP. Arrowhead: lobula (Lo) and medulla (Me) innervations. Yellow arrow
(high magpnification panel): chiasma. CB, cell bodies. ¢,d, Adult DCN innervation
pathinthe optic lobe from dorsal view (n = 3 brains) (¢) and posterior view (n =10
brains) (d). c(ii), M-DCN axons cross the chiasmain one plane (yellow arrow) to
innervate the LP (black star) and Me. d(i),(ii), M-DCN axons are organized in a fan-
like shape along the dorso-ventral axis. Green: DCNs (CD4-tdGFP). Neuropile/
N-cadherin (N-Cad, magenta). Cell bodies (DAPI, blue). White arrow: chiasma.
d(ii), Cross-section of d(i) showing M-DCN axons in the chiasma. e-e(iii),
Sequential DCN target innervation: Lo, LP (yellow arrow) and Me (blue arrow).

f,Schematics of intravital imaging settings of the intact pupae. g, Intravital live
imaging of DCN axon development and the final adult pattern. Green: DCNs
(CD4-tdGFP). Medulla targeting structures (gray circle); lobula targeting
structures (white circle). The GFP expressionin the LP from 28 h APF +2 h before
DCN axon extension, labels non-DC neurons from the LP (representative time-
lapse of n=3 opticlobes and N = 3 brains) (see also Supplementary Movie 1).

h, Number of lobula and medulla targeting events through time from live imaging
data. Those projecting axonal structures can be in the chiasma (white), contact
the LP (gray) orinvade the LP (black). Scale bars: 50 um (a,b); 30 um (d(i), (ii));

20 pm (a(i)-b(i) zoom-in, c(i),g). c(i),d(i),(ii),g, Of note, the GFP in the lobula
labeled mainly the ipsilateral innervating dendrites from DCNs together with the
contralateral L-DCN axons.
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preconfigures one of the two fates?. In the larval central nervous
system, neuroblasts asymmetrically divide to self-renew and pro-
duceasecondary precursor called ganglion mother cell (GMC). Those
GMCsterminally divide into twoimmature neurons with distinct Notch
activities inherited from birth, referred to as Notch®™ and Notch®**
hemilineages®. The bHLH-O protein Hey is transiently expressed in

Notch®" newborn neurons®. To investigate whether Notch®-derived
DCNs originate from a Hey" neuronal population, we used a Hey-GFP
reporter? (Supplementary Fig. 2a). Additionally, we assessed Hey
expression developmental history using a memory cassette® that
marks Hey" hemilineage identity in adult (Supplementary Fig. 2b,c).
Distinct heminileage origins would predict half of the DCN population
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Fig.2|Single DCN axons amplify to form multi-filopodial structures that are
necessary but not sufficient for medulla targeting. (See also Supplementary
Fig.1).a, Representative intravital imaging time-lapse of developing DCN axons
projecting in the chiasma from the lobula (Lo) toward the LP (n =12 axonal
projection; N =2 brains). Multi-filopodial medulla targeting structures (yellow
arrow); single and multi-filopodial lobula targeting structures (magenta and
white arrows, respectively). Green: DCNs (CD4-tdGFP) (see also Supplementary
Movie 2). b-d, Proportion of single and multi-filopodial axonal structures
projecting in the chiasma. They were tracked over time during intravital live
imaging (b) and defined a posteriori as medulla or lobula targeting (c) based
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onthe final adult pattern (d). e, DCN multi-filopodial structures correlate with
medulla targeting (yellow arrow), whereas both multi and single axonal filopodia
structures (white and magenta arrows, respectively) retract to the lobula.

f, Fixed imaging of a DCN amplifying axon clone (green) at 36 h APF. Magenta:
CD4-tdGFP (n=11clones; N =9 opticlobes). g, Schematic of the ex vivo brain
culture setup. h, Ex vivo live imaging of an amplifying DCN axon clone projecting
inthe chiasma (n =3; N=3brains) (see also Supplementary Movie 4). i, Ex vivo
liveimaging of alobula exploring DCN axon clone (n = 3; N =3 brains) (see also
Supplementary Movie 5). Green: DCN clone. Magenta: CD4-td. Scale bars: 30 pm
(h,i); 10 pm (a,f£h(),i(i)).

beingHey"inL3 andinadult. However, no Hey expression was detected
in DCNs using either marker, precluding Notch lineage-based bias.
Instead, lineage-independent stochastic variation of Notch signaling
temporally overlaps with DCN axon targeting decisions.

Notch signaling temporally restricts axonal amplification

How and when does Notch signaling impact DCN axonal behavior?
We expressed an active form of Notch receptor in immature DCNs
and tracked axonal structures through development using intravital

imaging. Although short individual filopodia still extended into the
chiasmafrom 30 h APF, no multi-filopodial axons were observed, sug-
gesting that Notch activation prevents axon amplification and main-
tainsaxonsinthelobula (Fig. 3j-1and Supplementary Movie 6). Fixed
opticlobe analysis at 36 h APF confirmed this using a marker of future
M-DCNs (Supplementary Fig. 21-q; see later Fig. 5).

We next tested whether Notch activation induces axon retrac-
tion. Optogenetic* activation of Notch signaling before axons pro-
jectinto the chiasma prevented medulla innervation (Fig. 3m-n,p

Nature Neuroscience | Volume 28 | May 2025 | 998-1011

1001


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-01937-y

and Supplementary Fig. 2d-h). In contrast, activation during or after
axon amplification had no effect (Fig. 3m,o-p and Supplementary
Fig.2i-k). To determine whether Notch activation reverts committed
M-DCNs into lobula-innervating neurons, we expressed an active form
of Notch receptor in committed M-DCNs using a driver expressed in
adult M-DCNsbutnot L-DCNs (VT037804). No L-DCN fate conversions
were observed (Supplementary Fig. 2r-s). These results indicate that
Notchsignaling plays atemporally restricted role in modulating DCN
targeting decisions from O h APF to 24 h APF, before medullainnerva-
tion. Notch activation maintains a pool of axonsin the lobula, whereas
only Notch®F DCNs project and amplify in the chiasma. Furthermore,
Notch knockdown led to more DCN medulla innervation in the adult
(Fig.3g-s)and acorrespondingincrease inamplified axons at 36 h APF
(Fig. 3t-v), without affecting the total number of filopodia per ampli-
fied axons (Supplementary Fig. 3a). Thus, lateral inhibition among
DCNs defines two subpopulations: Notch®" cells pre-committed to
lobula targeting and Notch® cells with a non-definite state that pro-
ject and amplify their axons in the chiasma. Notably, only a subset
of Notch®* cells eventually becomes M-DCNs (Fig. 2a,c), whereas the
rest revert to L-DCN morphological fate, indicating that additional
developmental steps are required to determine M-DCN identity.

Filopodial dynamics obey an auto-inhibitory feedback rule

Our results indicate that an axon can project one or multiple filopo-
diain the chiasma (Fig. 2a—e). Although Notch®* axon amplification
correlates with medulla innervation (Fig. 30-t), the stabilization of a
single filopodium in an amplified axon is crucial for medullainner-
vationand, thus, for the selection of the future M-DCN axon (Fig. 2c-e,
Supplementary Fig. 1g and Supplementary Movie 3). To understand
the mechanism behind this second specification step, we mathemati-
cally described axonal filopodium dynamics by analyzing the distri-
bution of the number of filopodia per axon from live imaging data
(Fig. 4a,b and ‘Mathematical methods’). At the beginning of chiasma
projection (30 h APF) (Fig. 1a,g), the number of filopodia per axon
follows a Poisson distribution (with mean A, = 0.84), suggesting that
filopodia grow and retract independently from each other. In con-
trast, starting at 32 h APF, the distribution gradually deviates from a
Poissondistribution (Fig.4b). Therefore, although filopodial dynamics
canbedescribed by alinearbirth-death model between 30 h APF and
32 h APF*, additional parameters likely affect filopodial dynamics
afterwards.

We next tested whether the number of filopodia produced by an
axon predicts its probability to target the medulla. A statistical inde-
pendence model (Fig. 4c and ‘Mathematical methods’) assumes that
filopodiaactindependently, with each having the same probability to
stabilize. Thus, the probability of an axon to be selected (P, yivaiaxon)
is a function of the probability of a filopodium to become stabilized

(Psurvivalitopodiumy) @nd should directly be related to the number of filo-
podia within an axon. Experimental data showed that axons with five
or more filopodia had a high probability to innervate the medulla
(Pgurvivaiaxony > 0.60), whereas those with fewer filopodia rarely became
an M-DCN (P vivaiaxon) < 0.20) (Fig. 4¢). However, all statistical inde-
pendence models tested with different probability of a filopodium
to stabilize failed to fit experimental data (one-sample Kolmogorov-
Smirnov test, 5% significance level, D > 0.454 for all models) (Fig. 4c).
Thus, a simple increase in filopodia number within an axon is not
sufficient to explain its later selection. Instead, the sharp increase in
axonselection probability starting from4-5filopodia per axonimplies
the presence of an active regulatory mechanism. We, thus, extended
the initial model to include a putative filopodia stabilization process
(Fig. 4c,d).

We previously showed that awinner-takes-all model with compe-
tition for a limiting resource could explain how stochastic filopodia
exploration of Drosophila photoreceptors leads to the formation of a
restricted number of synapses®. We tested whether a similar phenom-
enon could explain the probability to innervate the medulla (Fig. 4c,d).
A winner-takes-all model leads to alow survival probability for axons
withfewer than five filopodia, whereas the chance of survival increases
rapidly as the number of filopodia increases, reproducing our experi-
mental data (Fig. 4c). This model predicted the final number of stabi-
lized filopodia in adult brains from developmental projecting events
in the chiasma, with 84.7% of M-DCNs forming a single medulla axon,
whereas 15.3% have a bifurcated axon, consistent withiin vivo observa-
tions (82-85.0%single,15.0-18% bifurcated M-DCN axons) (Figs. 2d and
4eand Supplementary Fig.1h-j). This suggests that alocal, cell-intrinsic
competitive regulatory mechanismacting between 30 hAPFand 33 h
APF stabilizes alimited number of filopodia within an amplified axon.

Microtubule growth probabilistically selects distal axons

Filopodia growth and retraction are driven by cytoskeletal dynamics®.
To gain molecular insight into the selection of a future M-DCN axon,
we genetically labeled filamentous actin (F-actin) using Lifeact” and
microtubules with the alpha-tubulin84B subunit fused with GFP (tubu-
lin-GFP)?®in DCNs. F-actin was present in all filopodia of an amplified
axon (Fig.5a).In contrast, even though the alpha-tubulin84B::GFP con-
struct was expressed using the GAL4/UAS system?®’, microtubule levels
varied in time and space (Fig. 5b-d, Supplementary Fig. 5a,b and Sup-
plementary Movies 7,8 and 12). A cytoplasmic-GFP control distributed
equallyinall filopodia (Supplementary Fig. 4a-c and Supplementary
Movies 9-11). An initially thick and stable microtubule network (high
intensity, Tub"*) at the base of anamplified axon splits within filopodia
into alabile network® (low intensity, Tub*") that grows, retracts and
eventually resorbs (Fig.5b,d, Supplementary Fig. 5aand Supplementary
Movies 7 and 10). Starting at 32 h APF, a stable microtubule (Tub®**)

Fig. 3| Notchsignaling temporally restricts axonal amplification. (See also
Supplementary Figs. 2 and 3). a-f, Developmental expression of e(spl)-m7-GFP
Notchreporter (green, blue and yellow arrows) in left and right DCN cluster
(magenta) (maximum projection of DCN clusters). g-i, Number (g) and
percentage (h) of e(spl)-m7-GFP cells (m7*) within DCN clusters. i, Left/right
paired number of m7* per cluster and individual brains (one color equals one
brain). j, Constitutive Notch activation (Notch*®") during DCN development
prevents adult medulla (Me) innervation. Green: CD4-tdGFP. Neuropile/
N-cadherin (N-Cad, magenta).L3 (n=15,s.d.=2.9,5.d.% =4.6); ShAPF (n=6,
s.d.=2.9,5.d.%=4.2); 20 hAPF (n=8,s.d. =2.8,5.d.% =5.6); 25 hAPF (n=8,s.d.=5.1,
s.d.%=7.3);30hAPF (n=5,s.d.=2.2,5.d.% =3.9); 40 hAPF (n=4,s.d.=2.5,
s.d.%=5.5);45hAPF (n=4,s.d.=0.5,5.d.% =1.6); 50 hAPF (n =6, s.d.=0.90,

s.d.% =0.94). Median, whiskers and interquartile ranges are shown. For detailed
statistics, see the ‘Statistics and reproducibility’ section. k, Chiasma view from
intravital live imaging of developing DCNs upon Notch*** (time-lapse, N =2 brain
observations). White arrowheads: single filopodium (see also Supplementary
Movie 6). 1, Number and length of axon projections over time upon Notch*,

compared to genetic control in Fig. 1h. m-p, Optogenetic temporal activation

of Notch signaling during DCN development and associated adult phenotypes.
m-o, The split LEXA-CRY system was activated through blue light (blue line) to
express a constitutive active form of Notch (N'?) in DCN before (0 h APFto 27 h
APF) (n) or after (24 h APF to 51 h APF) (o) axon amplification. p, Quantification
of the number of M-DCN axons per adult optic lobes after developmental
temporal Notch overactivation. W= 0, P=0.004624. q-v, Downregulation of
Notch through development impacts medullainnervation. q-s, Quantification
of the number of M-DCN axons per adult optic lobes upon Notch®™* compared to
control (Ctrl). W=37.5, P=4.851x 107°. Green: CD4-tdGFP. t-v, Tracking of the
single (blue) and multi (magenta) DCN axonal filopodiain the chiasma at 36 h APF
upon Notch™* compared to control (Ctrl). Green: CD4-tdGFP. v, Quantification
of the number of multi-filopodial structures (amplified axons) per lobe at36 h
APF in control (Ctrl) versus Notch™* (W =3.5, P=0.0003528). Scale bars: 30 pm
(#);20 pm (n,0,q,1,t,u); 15 pm (k); 10 pm (a-f). p,s,v, All bar plotsin these panels
show mean and standard error. Two-sided Mann-Whitney U-test, (**) P< 0.01;
(***) P<0.001; (***) P<0.0001.
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Fig. 4| Anauto-inhibition winner-takes-all feedback model describes DCN
axon filopodia dynamics. a,b, Filopodia dynamics analysis. a, Histogram

ofthe number of filopodia per axon at 30 h APF, 33 h APF and 36 h APF. Gray:
experimental data. Red curve: prediction of a Poisson distribution that was fitted
to the data. The deviation of the Poisson fit from data was measured by the
Kolmogorov-Smirnov distance, D. b, Deviation from the Poisson fit through
time. ¢, Modeling of filopodium dynamics. The probability of axon survival was
plottted as a function of the maximum number of filopodia in an axonal structure
over time. Gray plot: experimental averages and interquartile ranges of the data.
Blue plot: independence model of filopodia in an axonal structure, for a range of
filopodium survival probabilities (different brightness levels of the curves). Red

plot: simulation average from the ‘winner-takes-all’model (50,000 simulations,
simulation time of 20 biological hours) with simulation parameters k = 0.520,
6= 0.535, y = 0.08and Bsy = 4.d, The winner-takes-all model describes the
process of the extension, retraction and stabilization of filopodia withina DCN
axoninthe chiasma and relies on three main reactions: R, and R,, respectively,
define the data-derived filopodia extension and retraction parameters, and R;
introduces the auto-inhibitory dynamics that reduces the chances of a
filopodium to become stable (see ‘Mathematical methods’). e, Simulation of
the proportion of adult M-DCNs with one or more filopodia from the winner-
takes-allmodel (50,000 simulations, simulation time of 20 biological hours)
compared to fixed experimental data.

network sporadically innervates one or two filopodia, grows and never
retracts (Fig. 5b—f, Supplementary Fig. 5c,d and Supplementary Movies
7 and 8). This correlates with when filopodial dynamics deviates from
the Poisson distribution (Fig. 4b). Therefore, microtubules stabilize a
subset of multi-filopodial axonal structures (Fig. 5f).

Both experimental evidence and computational simulations
demonstrate that microtubule stabilization emerges from stochastic
growthand collapse dynamics®**.. Live imaging of the Tub®** network
showed a gradual increase in the number of Tub®**-labeled filopodia
until approximately 36 h APF when it becomes constant, whereas the
total filopodianumber decreases due to resorption back to the lobula
(Fig. 5e,g,hand Supplementary Fig. 5c,d). Finally, the number of stable
Tub®* filaments at approximately 36 h APF predicts the final M-DCN
axon numbers (Fig. 5i-k and Supplementary Fig. 5d), before medulla
innervation (40 h APF) (Fig.1le-gand Supplementary Fig.1) and synap-
togenesis (50 h APF)*’. Therefore, microtubule stabilization defines a
future M-DCN axon. Notably, the probability of anamplified axonto be
stabilized by microtubules does not vary along the dorso-ventral axis
of the lobula (Fig. 5g,h; two-sided z-test for proportions, all P> 0.18),
highlighting the stochastic nature of this selection process.

We then tested whether alpha-tubulin84B overexpression could
rescue the lack of medulla innervation caused by Notch constitutive
activation and found that it did not (Fig. 5I-p and Supplementary
Fig. 21-q). Therefore, microtubule stabilization and Notch signal-
ing act independently at the molecular level. This is consistent with
DCNs becoming unresponsive to Notch signaling from 20 h APF, before
axon amplification (Fig. 3m-p).

Finally, to test whether microtubule-dependent filopodium
stabilization is conserved, we live imaged Atohl + dIl interneurons
during floor plate (FP) crossing in chicken embryo spinal cord®.
Atohl + dI1 neurons originate from a common progenitor pool and
are post-mitotically determined®* into two subpopulations thatinner-
vate either the ipsilateral or the contralateral ventricular funiculus
of the spinal cord. At the FP border, we observed two axon-terminal
behaviors. Some terminals contact the FP border, extend and retract
short and dynamic axonal protrusions into the FP, to then turn ipsi-
laterally (Supplementary Movie 13, magenta arrowhead). In contrast,
other terminals enter and cross the FP (Supplementary Movie 13,
green arrowhead). While crossing the midline, these axon terminals
amplify into two branches; one branchlater retracts, whereas the other
stabilizes and grows (Supplementary Movie 14), aphenomenon remi-
niscent of Drosophila DCN Notch®" axons in the chiasma. Live imag-
ing of tubulin dynamics in ex vivo intact spinal cords showed that a
microtubule network invades both branches and then gradually
disappears from one branch before its full retraction, whereas it
accumulates and stabilizes the other that continues to grow to
become the future dlic axon (Fig. 5q and Supplementary Movie 15).
Thus, like Drosophila DCN Notch® axons, dIl interneurons stabi-
lize one branch through a similar microtubule-based process during
midline crossing.

Microtubule stoichiometry impacts distal axon selection
Altogether, our observations on labile and stable microtubule dyna-
mics suggest that filopodia within an amplified DCN axon may compete

Nature Neuroscience | Volume 28 | May 2025 | 998-1011

1004


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-01937-y

Fixed development

Tubulin

o ©
" N R S SN
Stabilized  f o NN NN
° M-DCN pattern 100
5 8 g
] o 6 42%
£ £ 0 £
(] 1 . .
s 3 Total filopodia g 78% 87%
Q o 50
9] . el
o 9]
S v
S 40 &
§ ~ o 22% . 13%
o ] T N A% XY NN
£ ——— YO O YO O
2 o SN TP
E 30 32 3 3 38 40
o o
2 Pupal stage (% h APF) Single filopodium  [] Tub® neg.
o e ) P
fd Multi-filopod Tub .
< h ulti-filopodia E Tu pos
= 0.077
3
0 2
s 2= 0.062 11
= Ex vivo culture % [ 0.3 0.12 ? o
S i
5 Seg
fin 25 E 0.093
5 @ 0.082
025 02 0.078 0.059
523 0.030
=0 0.0012 |\s
2 ses NS '
Q.= .
© g5 NS NS NS NS NS
Q g8 NS
£ S NS
2 0
z n=13 n=64 n=33 n=64 n=16 n=43 n=49 n=33 n=51 n=35
Tubulin k 20 -NS
[T
g R
< ] |
© &
™ Qg
=}
el [ Q 10 4
(9] « 8
= oT
i S a
Z 9 b
=

Tomato

Notch”ct 40 min

NotchA°t

No. of M-DCN axons
per adult lobe

CtrlN™ Ctrl N
+UAS-aTub84B

+UAS-aTub84B.GFP
dI1 axon crossing the floor plate

Nature Neuroscience | Volume 28 | May 2025 | 998-1011

1005


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-01937-y

Fig. 5| Microtubule growth selects future M-DCN axons. (See Supplementary
Fig.5).a-c, DCN amplifying axons in fixed developing brains. a, F-actin (Lifeact,
magenta) and membrane (CD4-tdGFP, green). b, Two intensity levels of
microtubules (green): high (white arrow) and low (black arrow). F-actin (Lifeact,
magenta). ¢, Single-cell clone of an amplifying DCN axon (magenta). Tubulin
filaments (green, white arrow). d, Ex vivo liveimaging of a DCN amplified axon
with growing microtubule filaments (green, white arrow) (Supplementary
Movie 7) and alow amount of dynamic microtubules (black arrow). Membrane:
magenta. e, Quantification of the number of axonal filopodia and tubulin
filaments (Tub®"*) over time per chiasma. f, Proportion of single (purple) and
multi-filopodial (green) axonal structures in the chiasma that are stabilized (dark
gray) or not (light gray) by microtubules. g,h, Quantification of the proportion
(stated above the bars) of axonal structures with tubulin filaments as a function
of space across the lobula. Data are splitinto five spatial bins from dorsal to
ventral (see h). 95% confidence intervals (black error bars) were estimated by
the Clopper-Pearson method. All pairwise comparisons are not significant

(NS, two-sided z-test for proportions, all P> 0.18). i-k, Quantification of the
number of microtubule filaments (green) per chiasma at 36 h APF (i-i(i) k) and
inadult (j-j(i),k). Bar plots show mean and standard error. Two-sided Mann-
Whitney U-test (W =23, P=0.6733).1-p, Alpha-tubulin84B overexpression

upon Notch constitutive activation (Notch*®"). Membrane (CD4-tdTomato,
magenta); tubulin (GFP, green). p, Quantification of the number of M-DCN axons
per adult optic lobes. Bar plots show mean and standard error. Kruskal-Wallis
test, chi-squared = 87.521, df =3, P=2.2 x 107 (for exact Dunn test Pvalues, see
the ‘Statistics and reproducibility’ section), (****) P< 0.0001. q, Live imaging of
tubulin (green) in transient dI1 axon growth cone splitting crossing the midline.
Tubulin-GFP appears at low intensity (black arrowhead), accumulates in the
stabilized branch (white arrowhead) and resorbsin the retracting one. Magenta:
tdTomato-F. Heat map shows tubulin intensity: Hi, high; Lo, low. Time-lapse of
n=3observations, N =3 animals (see Supplementary Movie 15). Scale bars: 10 um
(a-¢); 5 um (bzoom-in, k); 20 pum (d,i); 30 pm (f,g, k—-n). ROI, region of interest.

formicrotubule resources (Fig. 6a-a(i)), explaining the winner-takes-all
distribution (Fig. 4c). We tested whether our model could predict
the number of M-DCN axons in the UAS-alphaTubulin84B::GFP back-
ground, previously used to visualize microtubules and estimate filo-
podial dynamics. Our liveimaging data showed that 8.1% of filopodial
projection led to a Tub®*" marked axon and, hence, a selected axon
(Fig. 6b). In fixed adult brains, we observed an average of12.7 M-DCN
axons per opticlobes (Fig. 6d and Supplementary Fig. 6a,b). Similarly,
our simulations estimated that 7.9% of developmental projection events
are selected (Fig. 6b), generating an average of 12.2 M-DCN axons per
adultopticlobes (Fig. 6¢, red bar). We further compared the simulated
outcome of a gradual decrease in the stabilization rate parameter y,
which mimics the reduction of a limiting stabilization factor (Fig. 6¢
and ‘Mathematical methods’), to the effect of a downregulation
of tubulin elements using RNA interference (RNAi) against different
Drosophila alpha-tubulin isotypes®: alphal (alphaTub84B), alpha2
(alphaTub85E) or alpha3 (alphaTub84D) in developing post-mitotic
DCNs (Fig. 6d-h). Both led to fewer M-DCN axons in adult (Fig. 6¢,d).
Overexpression of alpha-tubulin84Bin developing DCNs did increase
medullainnervation (Fig. 6d and Supplementary Fig. 6a,b) and rescued
the different alpha-tubulinisotype knockdowns (Fig. 6d-1). Therefore,
alpha-tubulin level, but not isotype specificity, is critical for axonal
targeting. Notably, tubulin overexpression did not substantially
affect the number and the percentage of bifurcated M-DCN axons
(Supplementary Fig. 6¢,d), supporting the notion that tubulin levels
mainly regulate the probability of a single filopodium to be stabilized
within each multi-filopodial structure. Therefore, tubulin acts as
alimiting resource in the selection of future M-DCNs (Fig. 6a-a(i)),
and additional factors may regulate the asymmetric stabilization of
microtubules.

Differential microtubule flow reveals asymmetric instability
Toidentify the molecular process underlying this asymmetric micro-
tubule polymerization in amplified axons, we first examined the
distribution of the microtubule plus-end binding protein EBlas a
read-out of microtubule polymerization using EB1-GFP>°. Its distri-
bution fluctuates between filopodia (Fig. 6m,n(i), Supplementary
Fig.7 and Supplementary Movies 16 and 17), even when stable tubu-
lin starts to accumulate in amplified axons (32-34 h APF) (Fig. Se).
Thus, EB1 distribution alone does not predict future microtubule
stabilization in a single filopodium. However, we did observe asym-
metric EBI-GFP dynamics: EBI-GFP moved toward the axon tip
of some filopodia, whereas others exhibited bidirectional flow,
suggesting microtubule instability in non-stable filopodia (Fig. 6n).
This differential microtubule flow may drive asymmetric tubulin
stabilization.

Changesin microtubule flow and orientation are critical for axon
specification in primary cultured neurons”. In Drosophila, the actin-
microtubule crosslinker Spectraplakin ACF7/Short Stop (Shot) regu-
lates axonal growth, cargo transport and microtubule biogenesis®**°.
During DCN axonselection, Shot proteinisoforms (Shot** and Shot'€)
initially localize at the base of several filopodiain an amplified axonin
agreement with previous Shot localization observations* but, later,
asymmetrically accumulate in a single filopodium (Fig. 60-r). Both
shot knockdown and overexpression led to an increase in the initial
number of amplified axons at 36 h APF (Fig. 6s-u,y-z).In contrast, shot
knockdownreduced adult M-DCN axons (Fig. 6v-t,AA,AB), indicating
that Shot is essential for filopodial selection but not initial forma-
tion. Furthermore, shot overexpression increased both selected and
bifurcated axons (Fig. 6u,x,AA,AB). Therefore, Shot is a regulator of
asymmetric microtubule stabilization.

Fig. 6 | Tubulin acts as alimiting resource in the selection of future M-DCNs.
(See Supplementary Figs. 6 and 7). a-a(i), Winner-takes-all biological model
(Fig.4d).a, 30-32 h APF: actin-rich filopodia stochastically extend (R,) and
retract (R,) in the chiasma. a(i), At 32 h APF, microtubule-based stabilization
changes global filopodium dynamics with tubulin as a limiting resource for
filopodium stabilization. Five or more filopodia axons show higher microtubule
stabilization probability per filopodium (R;), restricting stabilization material in
neighboring filopodia. b, Prediction of the proportion of axonal projection
events (tracked axons) in the chiasma leading to medulla or lobula targeting
recapitulates experimental observations of microtubule-stabilized axons
(Tub®™). ¢, Number of adult M-DCN axons predicted per optic lobes when
decreasing the stabilization rate parameter y, mimicking limiting stabilization
factor reduction. d, Quantification of adult M-DCN axons in the chiasmaupona
developmental alpha-tubulin84B overexpression (yellow, W=144.5, P=0.02331)
(d(i)), alpha-tubulin isotype downregulation (gray, chi-squared = 27.6905, df =3,
P=0) (d(ii)) or alpha-tubulin isotype downregulation in an alpha-tubulin84B
overexpression background (green, chi-squared =1.75, df = 3, P= 0.6259) (d(iii)).
e-1, Effect of developmental alpha-tubulin downregulation monomers on adult

medullainnervation (e-h) and its rescue by alpha-tubulin84B isotype
overexpression (i-1). m-n(i), EBI-GFP ex vivo live imaging in DCN amplified axon
(Supplementary Movie 16). n—-n(i), Kymographs showing anterograde (n) and
anterograde/retrograde (n(i)) movement of EBL. o-r, Localization of Shot-LC®*
(0,p) or Shot-LA®* (q,r) proteins in amplified axons. Fixed brain. Membrane:
magenta; Shot: green. Scale, 10 pm (s-x) shot knockdown (shot™*) or
overexpression (UAS-shot'‘) impact on single filopodium (blue) and

amplified axon (magenta) formation at 36 h APF (s-u) and on adult medulla
innervation (v-x). y-AB, Quantification of the number of amplified axons
(chi-squared =9.1171, df =2, P= 0.01048) (y) and filopodia (chi-squared = 8.7343,
df=2,P=0.01269) (z) per lobe at 36 h APF and number of adult M-DCN axons
(chi-squared =39.452, df =2, P=2.71x10"%) (AA) and bifurcated axons (chi-
squared =5.6277,df =2, P=0.05997) (AB). d(i), Two-sided Mann-Whitney
U-test; d(i), (ii), Y-AB, Kruskal-Wallis test (for exact Dunn test Pvalues, see the
‘Statistics and reproducibility’ section). m,p, Two-sided Mann-Whitney U-test,
(*) P<0.05; (**) P<0.01; (***) P< 0.001; (****) P< 0.0001. All bar plots of the panels
show mean and standard error. Scale bars, 10 pum (0-r); 20 pm (s-u); 30 pm
(e-L,v-x).
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Fig. 7| Microtubule stabilization selects future M-DCNs during a specific
developmental critical period. (See also Supplementary Fig. 8).a-c, Ex vivo
cultured brains treated with Nocodazole (Ncdzl) or DMSO from 30 h AFP to

36 h APF during axon extension in the chiasma. Quantification of the number of
tubulin filaments (W= 216, P= 0.01403) (d), the total number of filopodia per
lobe (W =257, P=0.000113) (e) and the number of amplified axons in the chiasma
in control (DMSO) versus Nocodazole treatment (W =249, P=0.0003074) (f).

g-i, Exvivo cultured brains treated with Nocodazole or DMSO after M-DCN
pattern stabilization from 48 h APF. Quantification of the number of tubulin
filaments (j) and the total number of filopodia per lobe in the chiasmain control
(DMSO0) versus Nocodazole treatment (k). Scale bars: 30 um (a-c(i),h-i(i)).
Green: tubulin. Magenta: membrane (CD4-tdGFP). Bar plots show meanand
standard error. Two-sided Mann-Whitney U-test, (****) P< 0.0001.

A microtubule stabilization developmental critical period
Finally, toidentify the temporal window of microtubule stabilization,
we treated ex vivo cultured brains with Nocodazole—a drug known to
bind free tubulin dimers*—during axon amplification (30-36 h APF)
(Fig. 7a-f and Supplementary Fig. 8). This treatment reduced Tub®**
filaments as well as the total number of filopodia and amplified axonsin
the chiasma (Fig. 7d-f, Supplementary Fig. 8 and Supplementary Movies
18 and 19), indicating impaired axon selection. However, Nocodazole
treatment after the final M-DCN pattern stabilization (48 h APF) had
no effect on M-DCN axon number, suggesting that microtubule-based
axon selection is irreversible after this point (Fig. 7g-1). Therefore,
during a critical developmental period, filopodia within an amplified
axon compete to establish a stable microtubule network, determining
the future M-DCN axon.

Discussion

Our work explores the developmental origin of individual morpho-
logical variation in adult brain wiring. In the fly visual system, DCN/
LC14 wiring varies between left and right hemispheres and among
isogenicflies”, leading to individualized object response behavior®. This
variation relies on differential innervation of proximal (lobula) versus
distal (medulla) optic lobe neuropiles by DCN axons. We previously
showed that medulla innervation probability involves a Notch cell-
based competition among post-mitotic immature DCNs and is not
instructed by lineage-inherited factors™. Our current work reveals
two successive stochastic developmental decisions distinct in space

and time that progressively restrict DCN potential to innervate the
medulla. Initially, while DCN axons innervate the lobula, a stochastic
Notch activation (Notch®") retains most axons proximally, whereas
Notch®" status permits the formation of transient amplifying struc-
turesinthe chiasma.Inasubsequent Notch-independent step, micro-
tubules stabilize 1-2 filopodia within some Notch®F amplified axons
throughintra-neuronal competition, whereas axons that fail to stabilize
afilopodium collapse. The statistical distribution of 0-2 stabilized
filopodia within a neuron underscores the probabilistic nature of
this underlying selection process. This leads to medulla innervation
by a small subset of DCN axons that, thus, become M-DCNs.

Early Notchactivation was sufficient toinstruct L-DCN fate, hence
preventing M-DCN formation, but did not retract amplified axons
or reverse M-DCN commitment. Axon development involves mul-
tiple signals that modulate immature neuron intrinsic states until a
final state is reached*. JNK signaling acts downstream of Notch to
impact DCN medulla innervation potential” and is modulated by
Wnt and FGF signaling*’. We imagine that, as a DCN axon explores
its microenvironment, it also navigates its intrinsic temporal states.
Sequential spatial and temporal activation of local signals such as
Wnt and FGF may drive potential changes in chromatin accessibility
as shown in the developing mouse cortex**, rendering DCNs non-
responsive to further Notch activation. This would explain why specific
signals can act only in specific temporal windows.

During the second phase of medulla targeting, we showed
that Notch®F DCN axons amplify into several long parallel actin-rich
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Fig. 8| Model. A developmental succession of probabilistic steps creates
individualized axonal wiring patterns. First, Notch lateral inhibition between
immature post-mitotic DCNs defines a pool of axons that stay in the lobula
(Notch®), whereas Notch®* axons project in the chiasma with an intermediate
undefined fate. The second selection step relies on the capacity for the remaining

Notch®* DCNs to amplify to form multi-filopodial structures. A competitive
microtubule-dependent process then stabilizes 1-2 filopodia from an amplifying
axon—a future M-DCN axon shaft—whereas an absence of microtubule leadsto a
collapseto thelobula. Lo, lobula; Me, medulla.

filopodia generated from single cells. This phenomenon extends
beyond DCNs****¢; chicken dl1 axons transiently amplify while crossing
the spinal cord FP*?,and mouse corticospinal axons form filopodia-like
extensions when navigating into the basilar pons*®. Such conserved
growth cone behavior may arise from spatial confinement or achange
in substrate, when growth cones migrate from a dense neuropileto a
sparser environment organized into open channels**, This radical
change in morphology could also reflect a bet-hedging strategy as a
growth cone crosses less adhesive environments, whereby the exten-
sion of multiple long parallel filopodia in the same direction would
increase the probability of at least one filopodium reaching a more
adhesive target*. We found that amplified DCN axons with more than
five long filopodia have a significant chance to stabilize and cross the
optic chiasma. However, the sole increase in filopodia number does
not recapitulate the axon selection process, arguing against a simple
bet-hedging model.

Our model predicts that filopodia within an amplified axon
intrinsically compete for resources that drive microtubule growth and
stabilization. Within an axon, filopodia share acommon pool of tubulin
elements and regulatory proteins at the labile microtubule domain,
between the actin-rich filopodia and axon shaft (stable microtubule).
Assupported by our EB1 data, microtubule dynamic instability occurs
in these regions®®and can be influenced by cell compartment volume
or free tubulin concentration®*', Axons with fewer than five filopodia
may lack the critical concentration required for microtubule assembly.
Conversely, more filopodia would expand axonal subcellular volume,
providing more stable microtubule nucleation sites™, therefore pro-
moting growth. This would also generate local fluctuation of free
tubulin and building block components*°, leading to competition for

alimiting resource and, thus, a winner-takes-all scenario. As a result,
each axon would act as an autonomous agent, making a local target-
ing decision. Notably, altering alpha-tubulin monomer expression
impacts M-DCN selection, whereas overexpression still results in sta-
bilization of 1-2 filopodia per axons. Thus, tubulin serves as a permis-
sive factor for filopodia stabilization®, predicting involvement of
microtubule-regulating factors.

Weidentified Short Stop (Shot), aSpectraplakin protein, asaregu-
lator of asymmetric stable microtubule localization during DCN axon
selection. Although Shot enrichment in axon shaft and single filopo-
dium of amplified axons would suggest a potential role in microtubule
stabilization, its presence at the base of filopodia is reminiscent of its
known role in microtubule organization®**. In that context, an attrac-
tivemodelis that Shot regulates microtubule orientation among filopo-
diain DCN amplified axons. This would send an asymmetric signal that
affects catastropherate®, promoting selective microtubule stabiliza-
tioninasingle filopodium, priming it for M-DCN fate. In agreement with
thisscenario, loss of shot function reduces filopodia stabilization. More
notably, our data suggest that distinct microtubule regulatory mecha-
nisms operate during DCN axon selection. Our Nocodazole experiment
(Fig. 7) suggests that microtubule polymerization can affect either the
formation or the dynamics of transient filopodia, similarly to what has
been observed duringinitial axon extensionin cultured neurons®. The
dynamically unstable nature of microtubules, along with actin network
regulators*, would mechanistically reflect the R,—R, reactions of our
mathematical model (Fig. 6a). Second, increased axonal amplification
during development followed by reduced adult M-DCNs upon shot
knockdown (Fig. 6s-ab) suggests that axons without Shot can generate
butfailto stabilize transient filopodia, reflecting the R, reaction of our
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model. Although our work addressed cell-intrinsic and axon-intrinsic
mechanisms that result in stereotypic growth patterns, we speculate
that these mechanisms are influenced by extrinsic factors such as Wnt
and FGF, previously identified as potential sources of the regulation of
extrinsic axon targeting®. Future work will elucidate the link between
intrinsic and extrinsic mechanisms.

Finally, like Drosophila DCNs, we showed that dI1 contralateral
interneurons in the chick spinal cord amplify and then stabilize one
branch througha probabilistic microtubule-based process while cross-
ing the midline. This suggests that both Notch®* DCN axons and dI1
axonsrely onaconserved stochastic targeting process. Like DCNs, dI1
neurons originate fromacommon progenitor pool and are divided into
two subpopulations, namely the ipsilateral (dIli) and the contralateral
(dl1c)**, with distinct innervation sites. Although extracellular mol-
ecules influence dI1 axon targeting®, further investigation will shed
light onwhether and how Notch post-mitotically specifies dl1 subtypes.
dIli and dlic determinants and markers are dynamically expressed
during dI1 development®**®. Together with our study, this highlights
theimportance of addressing the spatio-temporal dynamic aspects of
developmental processes to understand how neurons generated from
the same progenitor diverge over time.

Overall, our work supports a model (Fig. 8) whereby final inner-
vation patterns, and, thus, the stabilization of neuronal terminal fate,
cannot be predicted from cell birth. Instead, a final wiring pattern
emerges gradually ineachbrain throughiterative algorithmic growth,
where the output of each developmental step provides the input for
the subsequent, but mechanistically independent, step. Perhaps most
remarkably, we found that the final innervation pattern is variable
across individual brains and cannot be precisely predicted from the
mechanism but must, instead, be observed live until it is stabilized,
consistent with the most salient prediction of the concept of wiring
by algorithmic growth®.
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Methods

Fly stocks and experiments

For all experiments, pupae were aged at 25°C, and female
D. melanogaster were selected at O h APF (white pupae) based on
the absence of male gonads. The following fly stocks were used:
ato.14A-GAL4 (BDSC#6480)", UAS-CD4-tdGFP on 2nd and 3rd chro-
mosomes (BDSC#35839 and BDSC#35836)°%, UAS-CD4-tdTomato
(111) (BDSC#35837)°%, pBPhsFIp2::PEST (X)*°, UAS-FRT-STOP-FRT.
CD4-tdGFP, hey-GFP.FPTB (llI) (BDSC#64826), [Hey:T2A:FLP,
UAS-myr:GFP, UAS-FRT-STOP-FRT-myr:sfGdP:HA] (gift from the Doe
laboratory)®, [e(spl)-C-GFPm7],c (gift from the Schweisguth labora-
tory)', UAS-Notch®™™ (BDSC#7077), UAS-Notch™*% (BDSC#52008)°,
lexAop-Notch™ ', UAS-CIBN::LexA-mcherry-p65::CRY2 (gift from
the Kravitz laboratory)*, UAS-LifeAct.RFP* (llI) (BDSC#58362),
UAS-Lifeact-Ruby” (1) (BDSC#35545), UASp-GFPS65C-alphaTub84B
on 2nd and 3rd chromosomes (BDSC#7374 and BDSC#7373)%,
UAS-EGFP (X) (BDSC#5428), pBPhsFIp2::PEST:;:10UAS-HA_V5 FLAG>,
UAS-EB1-GFP*¢ (11l) (BDSC#35512), shRNA control (VDRC#60200),
UAS-tub84B RNAi (VDRC#33427), UAS-tub84D RNAi (VDRC#330509),
UAS-tub85E RNAi (VDRC#330369), UAS-shot.L(C)GFP (BDSC#29042),
UAS-shot.L(A)GFP (BDSC#29044) and UAS-shot shRNA
(VDRC#330586).

Genotypes
Thelist of genotypes for all figures and supplementary material:

Figurel

Figurela-b: pBPhsFIp2::PESTinattP3/w;+/+;ato.14 A.GAL4,UAS-CD4.
td-GFP/ pJFRC201-10XUAS-FRT > STOP > FRT-myr::smGFP-HA in
VKOO0O0S, pJFRC240-10XUASFRT > STOP > FRT-myr::smGFP-V5-THS-
10XUAS-FRT > STOP > FRT-myr::smGFP-FLAG

Figure1c-d,g-h: w/w; UAS-CD4.td-GFP /+; ato.14 A.GAL4, UAS-CD4.
td-GFP /+

Figure 2

Figure 2a-d: w/w; UAS-CD4.td-GFP/+; ato.14 A.GAL4, UAS-CD4.td-GFP
Figure 2f: pBPhsFIp2::PEST inattP3/w; +/+; ato.14 A.GAL4, UAS-CD4.
td-GFP/ pJFRC201-10XUAS-FRT > STOP > FRT-myr::smGFP-HA
in VKOOOS, pJFRC240-10XUASFRT > STOP > FRT-myr::smGFP-V5-
THS-10XUAS-FRT > STOP > FRT-myr::smGFP-FLAG

Figure 2h-i: pBPhsFIp2::PEST inattP3/w; UAS-FRT > STOP > FRT-CD4.
td-GFP/+; ato.14 A.GAL4, UAS-CD4.td-Tomato/+

Figure3

Figure 3a-i: w/w; [e(spl)-C-GFPmM7];,c /+; ato.14 A.GAL4, UAS-CD4.
td-Tomato

Figure 3j-1: w/w; UAS-Notch™"%/+; ato.14 A.GAL4, UAS-CD4.td-GFP /+
Figure 3m-p: w/w; LexAop-Notch™? /UAS-CD4.td-GFP; ato.14 A.
GAL4, UAS-CIBN::LexA-mcherry-p65::CRY2/+

Figure 3c,e: w/w; + /+; ato.14 A.GAL4, UAS-CD4.td-Tomato, UAS-CIB
N::LexA-mcherry-p65::CRY2/+

Figure 3q,s,t,v: w/w; +/+; ato.14 A.GAL4, UAS-CD4.td-GFP/ +
Figure 3r,s,u,v: w/w; +/+; ato.14 A.GAL4, UAS-CD4.td-GFP /
UAs_NOtChdsRNA#7O77

Figure 4
Figure4a-b, e:w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.GAL4,
UAS-CD4.td-Tomato /+

Figure5

Figure 5a: w/w; UAS-Lifeact-Ruby/+; ato.14 A.GAL4, UAS-CD4.td-GFP /+
Figure 5b: w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.GAL4/
UAS-LifeAct.RFP/+

Figure S5c: pBPhsFIp2::PEST in attP3/w; UASp-GFPS65C-
alphaTub84B /+; ato.14 A.GAL4/ pJFRC201-10XUAS-FRT > STOP >

FRT-myr::smGFP-HA, pJFRC240-10XUASFRT > STOP > FRT-myr::
SMGFP-V5-THS-10XUAS-FRT > STOP > FRT-myr::smGFP-FLAG
Figure 5d-k: w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.GAL4,
UAS-CD4.td-Tomato/+

Figures 51,5p: w/w; +/+; ato.14 A.GAL4, UAS-CD4.td-Tomato/+
Figures 5n,5p: w/w; UAS-Notch™?S /+; ato.14 A.GAL4, UAS-CD4.
td-Tomato/+

Figures 50,p: w/w; UASp-GFPS65C-alphaTub84B / UAS-Notch™<S;
ato.14 A.GAL4, UAS-CD4.td-Tomato/+

Figure 6

Figure 6d(i): w/w; +/+; ato.14 A.GAL4, UAS-CD4.td-Tomato/+

Figure 6b,d(i): w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.GAL4,
UAS-CD4.td-Tomato/+

Figure 6d(ii),e: w/w; UAS-CD4.td-GFP / P{VDRCsh60200}attP40;
ato.14 A.GAL4, UAS-CD4.td-GFP/ +

Figure 6d(ii),f: w/w; UAS-CD4.td-GFP /+; ato.14 A.GAL4, UAS-CD4.
td-GFP/ P{aTub84B RNAi.GD9679}v33427

Figure 6d(ii),g: w/w; UAS-CD4.td-GFP/P{aTub85E shRNA VSH330369}
attP40; ato.14 A.GAL4, UAS-CD4.td-GFP

Figure 6d(ii),h: w/w; UAS-CD4.td-GFP / P{ aTub84D shRNA
VSH330509}attP40; ato.14 A.GAL4, UAS-CD4.td-GFP

Figure 6d(iii),i: w/w; UASp-GFPS65C-alphaTub84B/P{VDRCsh60200}
attP40; ato.14 A.GAL4, UAS-CD4.td-Tomato/ +

Figure 6d(iii),j: w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.GAL4,
UAS-CD4.td-Tomato/P{aTub84B RNAi.GD9679}v33427

Figure 6d(iii), k: w/w; UASp-GFPS65C-alphaTub84B / P{ aTub85E
shRNA VSH330369}attP40; ato.14 A.GAL4, UAS-CD4.td-Tomato
Figure 6d(iii),l: w/w; UASp-GFPS65C-alphaTub84B / P{ aTub84D
shRNA VSH330509}attP40; ato.14 A.GAL4, UAS-CD4.td-Tomato
Figure 6m-n(i): w/w;+/+; UAS-EB1-GFP /ato.14 A.GAL4, UAS-CD4.
td-Tomato

Figure 60-p, U,X, Y-AB: w/w; UAS-shotL(C)-GFP /+; ato.14 A.GAL4,
UAS-CD4.td-Tomato/+

Figure 6q-r: UAS-shotL(A)-GFP /w; +/+; ato.14 A.GAL4, UAS-CD4.
td-Tomato/+

Figure 6t,w, Y-AB: w/w; UAS-shot*"®™ /+; ato.14 A.GAL4, UAS-CD4.
td-Tomato/+

Figure 6s,v, Y-AB: w/w; UAS-shot®"™™A /+: ato.14 A.GAL4, UAS-CDA4.
td-Tomato/+

Figure7
Fig. A-K: w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.GAL4,
UAS-CD4.td-Tomato/+

Supplementary Figures:

Fig.1a-h: w/w; UAS-CD4.td-GFP/+; ato.14 A.GAL4, UAS-CD4.td-GFP/ +
Fig.2a:w/w; +/+; hey-GFP.FPTB/ato.14 A.GAL4, UAS-CD4.td-Tomato
Fig. 2b-c: w/w; +/+; Hey:T2A:FLP, UAS-myr:GFP, UAS-FRT-STOP-
FRT-myr:sfGdP:HA / ato.14 A.GAL4

Fig.2d, f: w/w; +/+; ato.14 A.GAL4, UAS-CD4.td-Tomato, UAS-CIBN::
LexA-mcherry-p65::CRY2/+

Fig. 2d, g-k: w/w; LexAop-Notch™™? /+; ato.14 A.GAL4, UAS-CD4.
td-Tomato, UAS-CIBN::LexA-mcherry-p65::CRY2/+

Fig. 2I: w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.GAL4,
UAS-CD4.td-Tomato/+

Fig. 2m: w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.GAL4,
UAS-CD4.td-Tomato/ UAS-Notchi"r¢s

Fig.2r:w/w; +/+;VT037804.GAL4, UAS-CD4.td-GFP /+

Fig.2s:w/w; +/+;VT037804.GAL4, UAS-CD4.td-GFP/UAS-Notchi""¢S
Fig.3a: w/w; +/+; ato.14 A.GAL4, UAS-CD4.td-GFP /+

W/W; +/+; at0.14.GAL4, UAS-CD4.td-GFP / UAS-Notch®srNA#7077
Fig.4a: UAS-EGFP /w; +/+; ato.14 A.GAL4, UAS-CD4.td-Tomato

Fig. 5a-d: w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.GAL4,
UAS-CD4.td-Tomato
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Fig. 6a, c-d: w/w; + /+; ato.14 A.GAL4, UAS-CD4.td-Tomato

Fig. 6b, c-d; S6B-E: w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.
GAL4, UAS-CD4.td-Tomato

Fig. 7a: w/w;+/+; UAS-EB1-GFP /ato.14 A.GAL4, UAS-CD4.td-Tomato
Fig.8:w/w; UASp-GFPS65C-alphaTub84B /+;ato.14 A.GAL4, UAS-CD4.
td-Tomato

Movies:

Movie1-3: w/w; +/+; ato.14 A.GAL4, UAS-CD4.td-GFP / +

Movie 4, 5: pBPhsFIp2::PEST in attP3/w; UAS-FRT > STOP > FRT-CD4.
td-GFP/+; ato.14 A.GAL4, UAS-CD4.td-Tomato/+

Movie 6: w/w; UAS-Notch™5/+; ato.14 A.GAL4, UAS-CD4.td-GFP /+
Movie 7-8-10-16-17: w/w; UASp-GFPS65C-alphaTub84B /+; ato.14 A.
GAL4, UAS-CD4.td-Tomato

Movie 9: UAS-EGFP / w; +/+; ato.14 A.GAL4, UAS-CD4.td-Tomato
Movie 14, 15: w/w;+/+; UAS-EB1-GFP /ato.14 A.GAL4, UAS-CD4.
td-Tomato

Clonalinduction

To induce multi-color flip-out (MCFO)* clone for fixed analysis
(Figs. 1a,b and 2f) and CD4-tdGFP flip-out clone induction for live
imaging (Fig. 2h,i), white pupae were collected and heat shocked for
15minat37°C, and thengrown until the indicated developmental age
oradulthood.

Temporal optogenetic activation of Notch
We used the UAS-LEXA.CRY system® to control the expression of the
Notchreceptorintracellular domain (NICD). The split LEXA-p65tran-
scription factor (TF) is expressed in the DCN under the control of the
atol4A.GAL4 driver and is inactive in dark. Upon blue light exposure,
the CIBN/CRY system reconstitutes a functional LEXA-p65 TF, which
activates the transcription of NICD.

Fly crosses were kept in dark at 25 °C. Female F1 white pupae
(0 h APF) were collected under red light and raised in dark at 25 °C
until the indicated timepoint of blue light exposure. For optogenetic
induction, pupae were transferred to a vial and exposed to constant
blue light (Blue LED, tension 24 V, from LED-motion, ref. 6302) for the
indicated duration and then put back into dark at 25 °C, with the fol-
lowing parameters: photons per surface unit per second: Np = 3.5 x 107
photons m?s™;irradiance: 1=1.5 x 102 W m%, wavelength: 470 nm.

Immunostaining and fixed imaging

Immunostaining was done for all the fixed datasets. Pupal and adult
brains were dissected in PBS and fixed 20 min in 3.7% paraformalde-
hyde (PFA). Washes were done in PBS, 0.4% Triton-X (PBST). Antibody
incubations were performed in PBST and normal donkey serum1:200
(Sigma-Aldrich, S30-100ML) overnight at 4 °C for primary antibodies
and for 3 h at room temperature for secondary antibodies. Samples
were mounted in VECTASHIELD (Vector Laboratories) and imaged
using a x63 glycerol objective (numerical aperture (NA) =1.3) with a
Leica TCS SP8-X white laser confocal microscope.

Antibodies. The following antibodies were used: anti-GFP (chicken;
Abcam, ab13970; 1:500), anti-mCherry (rabbit; Abcam, ab167453;
1:500) or anti-DsRed (rabbit; ClonTech; 1:300) to stain against Tomato,
anti-N-cadherin (rat monoclonal; Developmental Studies Hybridoma
Bank; DN-Ex 8; 1:50), anti-Flag DYKDDDDK Epitope (rat monoclonal;
Novus Biologicals, NBP1-067-12 clone L5;1:200), anti-HA (rabbit mono-
clonal; Cell Signaling Technology, C29F4;1:300), anti-V5 clone SV5-Pk4
(mouse monoclonal; Bio-Rad, MCA1360;1:500), Alexa Fluor 488 Affin-
iPure donkey anti-chickenIgY (IgG) (H + L) (1:500; Jackson ImmunoRe-
search, 703-545-155, AB_2340375), Alexa Fluor 647 AffiniPure donkey
anti-rat IgG (H + L) (1:500; Jackson ImmunoResearch, 712-605-153,
RRID: AB_2340694), Cy3 AffiniPure donkey anti-mouse IgG (H + L)
(1:500; Jackson ImmunoResearch, 715-165-151, RRID: AB 2315777),

DyLight 405 AffiniPure donkey anti-rabbit IgG (H + L) (1:500, Jackson
ImmunoResearch, 711-475-152, RRID: AB_2340616), Cy3 AffiniPure
donkey anti-rabbit IgG (H + L) (1:500; Jackson ImmunoResearch, 711-
165-152, RRID: AB_2307443) and Alexa Fluor 488 AffiniPure donkey
anti-goat IgG (H + L) (1:500; Jackson ImmunoResearch, 705-545-003,
RRID: AB_2340428).

Drosophila intravital mounting

Pupae expressing two copies of the UAS-CD4.td-GFPtransgene under
the control of the promoter ato14A-GAL4 (ref.12) were staged and aged
at25°Cfrom O h APF until the indicated hour forimaging. The cuticle
surrounding the pupal head was then removed. Pupae were mounted
by following the protocol described in Langen et al.” to image the
DCNs through the right eye. To compare the developing and adult
DCN patterns from the same brain, pupae were then removed from
the chamber afterimaging and keptat 25 °C until adulthood. The cor-
responding 1-week-old adults were dissected, fixed and stained for
further confocal imaging.

Drosophilabrain culture

Ex vivo Drosophila brain cultures were performed according to the
methods described by Ozel et al.* using 0.4% low-melting agarose and
Schneider’s culture medium supplemented with 20-hydroxyecdysone
(1 pg mi™ final) (Sigma-Aldrich, 5289-74-7), insulin HUMAN (10 pg ml™
final) (Gibco, 12585014), penicillin-streptomycin (1:100) (Gibco,
15140122) and FBS (1:10) (Gibco, 16141-061). Pupal brains were dissected
1h before the imaging timepoint in Schneider’s Drosophila Medium.
Two layers of 1 x 1-mm squares of 200-mm tape were used as spacers.

Nocodazole treatment

Pupal brains were dissected in Schneider’s Drosophila Medium 30 min
beforetheindicated timepoint (30 h APF or 48 h APF) of drug treatment
and embedded at the indicated timepoint into 0.4% low-melting aga-
rose in culture medium (see Ozel et al."*) further complemented with
10 pg mI™ (33 uM) final concentration of Nocodazole (Sigma-Aldrich,
SML1665-1ML) or DMSO (Sigma-Aldrich, D8418-50ML). Embedded
brains were then kept at 25 °Cin DMSO or Nocodazole supplemented
culturemedium for 6 h. After treatment, brains were removed from the
low-melted agarose and fixed and immuno-stained as described above.
For ex vivo live imaging, brains in low-melted agarose were mounted
astheregular protocol with drug-supplemented culture medium and
wereimaged 30 minto1h after the drugs were added.

Live imaging acquisitions (Drosophila)

Drosophila live imaging experiments were performed at 25°C and
acquired onaleicaSP8 MP two-photon microscope with a x40 IRAPO
water objective (NA=1.1),aChameleonTi:Sapphirelaser and aresonant
scanner with asingle excitation laser at 896 nm for one-colorimaging
(GFP) or at 920 nm for two-color imaging (GFP/Tomato). Intravital
imaging parameters were as follows: image resolution: 1,024 x 1,024;
resonantscanner, laser power: 40%; gain: 40%. Ex vivoimaging param-
eterswereas follows: image resolution: 1,024 x 1,024; resonant scanner,
laser power: 5%; gain: 40%, dwell time: 0.8 ps.

The Nocodazole and EB1-GFP ex vivo live imaging experiments
were acquired onan Ultima 2Pplus Bruker two-photon microscope with
an N20X-PFH x20 Olympus XLUMPLFLN objective (NA=1.00,2.0 mm
working distance (WD)) and a 920-nm excitation laser (image resolu-
tion:1,024 x 1,024; galvo scanner, laser power:120%; dwell time: 0.8 us).

Live imaging acquisition benchmarking (Drosophila)

(See ‘Mathematical methods’). The targeting process we are following
takes over20 hfrom 30 h APF to 50 h APF. Intravital live imaging neces-
sitatesimaging the total z-stack (-200 stacks) of approximately 300 pm
over more than24 h, where an entireimaged individual develops andis
keptuntiladulthood. Thisallowed us to intravital live image withaframe
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rate of 30 min, inabsence of photobleaching or damaged sample, as we
discardedall recordings of animals that did not develop into adults. With
these parameters, we were able to discriminate between single filopo-
diumthat always remainsingle and single filopodia that would further
contactother filopodia through time to form multi-filopodia structures.
More notably, we could identify that the key structures to follow and,
thus, to benchmark are the multi-filopodia axons (Fig. 2a). Using ex
vivo liveimaging witha20-minframerate and intravitalimaging with a
30-minframerate, we analyzed the likelihood of amulti-filopodiastruc-
tureto havealifespan under our timescale (20-30 min) and found that
85% and 82%, respectively, of the observed multi-filopodia structures
have a longer lifespan of 20 min or more (Supplementary Fig. 9¢c,d).
Although we cannot rule out that there is a second population of fast
and dynamic multi-filopodia transient structures, we are confident
that our imaging captures the vast majority of these events. Of note,
in the current setup, we are focusing on the projecting events rather
than the axon identity itself, meaning that transient single filopodia
can originate from the same axon. Second, we estimate the power of
detection of the multi-filopodiastructures according to different frame
rates (Supplementary Fig. 9¢,f). With a 40-min frame rate, approxi-
mately 88% of the multi-filopodia structures can be detected, in con-
ditions that do not damage our samples. Reducing by twice the frame
rate from 40 min to 20 min only increases the proportion of detected
multi-filopodia structures by 7-10%. Therefore, we consider that
our intravital 30-min frame rate is sufficient to capture the projection
of multiple filopodia structures—key events of distal axon targeting.

Image processing and analysis

Images were processed and analyzed on Imaris 10.1.0 (2023 Nov 15)
(Bitplane). During pupal development, the optic lobe undergoes a
global rotation during the first half of the metamorphosis®. Similarly,
the medullarotatesand is pulled by the lamina from 25 h APF**, These
rotations could be observed during our in vivo intravital live imaging
and were corrected using the ‘Image Alignement’ module from Imaris.
ThelImaris oblique-slice tool was used to visualize the DCN axonin the
chiasma area. Removal of the non-specific background for Fig. 6i-1in
the green channel was performed based on the DCN CD4-td.Tomato
channel (magenta) using the Imaris mask option. To quantify the num-
ber of total axons (single and multi-filopodia), the number of filopodia,
the percentage of amplified axons and the number of filopodia per
axons forour fixed dataset and each timepoint of our four-dimensional
datasets, axonal structuresin the lobula/LP chiasma were skeletonized
using the ‘Filament Tracer’ module from Imaris. During development,
an axonal structure was defined as ‘multi-filopodia’ (that is, an ampli-
fied axon) when two or morefilopodia shared atleast one contact point.
To track axonal structures through time, which refers to a ‘projecting
event’, we used the ‘TrackingLineage’ module from Imaris. To quantify
the number of M-DCN axons in adult, each ‘Filament’ was counted as
an axon regardless of shared contact point. To quantify the number
and percentage of ‘bifurcated’ axons in adult, we defined ‘bifurcated’
axons group of ‘filaments’ that share a contact point. The percentage
of ‘bifurcated’ axons was, thus, quantified over the sum of single and
grouped filaments’ withinan opticlobe. A tracked axonal structure was
identified as tubulin-GFP positive (Tub®"") if it showed a continuous
andsimilar level of tubulin-GFP labeling as its axon shaft (where stable
tubulin proteins are located). Figures were assembled using Adobe
Photoshop 2022 (23.0.0 release).

Notch activity quantification

Enhancer-of-split (E(spl)) genes are well-characterized direct targets of
Notch®%8, Although we previously identified that the E(spl)mbeta-CD2
reporter was expressed in a DCN subset at 32 h APF, it showed a weak
expression. We, therefore, used the E(spl)m7-GFP Notch reporter'®*’
that showed a strong GFP signal in one copy, which allowed robust
and accurate quantification. Using immunostaining against GFP, we

analyzed each DCN cell body cluster through z-stacks using Fiji: we
defined a two-dimensional area of interest on stacks centered on the
cell body for each DCN of a cluster. Cells showing intense GFP signal
were scored as ‘Notch positive’.

Inovo electroporation

We used a plasmid encoding membrane-bound farnesylated td-Tomato
(td-Tomato-F) under the control of the Mathl enhancer and the -globin
promoter? to specifically label dI1 commissural axons in the chicken
spinal cord. The chicken tubulin-GFP sequence was subcloned from
a pCAG tubulin-GFP plasmid into one with the Math1 enhancer and
the B-globin promoter. pCAG tubulin-GFP was a gift from Felicitas
Proels and Martin Scaal (Addgene plasmid, 66105; http://n2t.net/
addgene:66105; RRID: Addgene_66105)"°. In ovo electroporation was
performed as described previously inavideo protocol”. In brief, plas-
mids were injected alone (td-Tomato-F plasmid) or together with the
tubulin-GFP plasmid at a concentration of 700 ng pul*eachin the cen-
tral canal of the neural tube of stage HH17-18 chicken embryos™. Afinal
concentration of 0.01% (v/v) of Fast Green was added to the plasmid mix
to trace injection site and volume of the mix. Plasmids were unilater-
ally electroporated using a BTX ECM830 square-wave electroporator
(five pulses at 25 V with 50-ms duration each). After electroporation,
embryoswere covered with sterile PBS, and eggs were sealed with tape
andincubated at 39 °Cfor 26-30 h until embryos reached stage HH22.

Live imaging of intact chicken spinal cords

Dissection, mounting and imaging of intact spinal cords were per-
formed as previously described®. Intact spinal cords were dissected
from HH22 embryos and embedded, with the ventral side down, in a
drop (100 pl) of 0.5% low-melting agarose (FMC) containing a 6:7 ratio of
spinal cord medium (MEM with GlutaMAX (Gibco) supplemented with
4 mg ml™ AlbuMAX (Gibco), 1 mM pyruvate (Sigma-Aldrich),100 U ml™
penicillinand 100 pg ml™ streptomycin (both Gibco)) ina35-mm ibidi
p-Dishwith aglass bottom (ibidi, 81158). Once the agarose polymerized,
200 pl of spinal cord medium was added to the drop, and live imaging
was started. Liveimaging recordings were performed withan Olympus
IX83 inverted microscope equipped with aspinning disk unit (CSU-X1,
10,000 r.p.m.; Yokogawa). Cultured spinal cords were kept at 37 °C
with 5% CO,and 95% airinaPeCon cell vivo chamber. Temperature and
CO, levels were controlled by the cell vivo temperature controller and
the CO, controller units (PeCon). Spinal cords were incubated for at
least 30 min before imaging was started. We acquired 35-40 planes
(1.5-umspacing) of 2 x 2 binned z-stack images every 5 min or 10 min for
12-24 hwitha x40 silicon oil objective (UPLSAPO S40x/1.25; Olympus)
and an Orca-Flash 4.0 camera (Hamamatsu) with Olympus CellSens
Dimension 2.2 software. Maximum projections of z-stack videos were
generated and modified using Fiji/Image)”. Heat maps of tubulin-GFP
intensities were generated with the ‘Royal’ lookup table, and growth
coneboundaries were traced using the wand tool in Fiji/ImageJ. Kymo-
graphs were made with the KymoResliceWide plugin in Fiji/Image].

Mathematical methods

We aimed to mathematically describe the stochastic processes under-
lying the selection of the future M-DCN axons while they project into
the chiasma. Our approach consisted of three phases: (i) the analysis
ofthe dynamics of axonal filopodia that projectinto the chiasmafrom
ex vivo live imaging data; (ii) the formulation and parametrization of
parsimonious models to describe the experimental data; and (iii) the
simulation of the biological processes using these models to reproduce
the data and make biologically testable predictions.

1. Initial filopodium growth dynamics

Filopodium extension and retraction. As showninFig.4a,b, the
number of filopodia per axons can be described by a Poisson distribu-
tion (with mean A; = 0.84) at the initial timepoints of axon projection
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into the chiasma (30 h APF and 31 h APF). We, thus, assumed that the
initial filopodium dynamics can be described by asimple (linear) birth-
deathmodel*:

Rl : A(f) - A(f+1),l'1 =K (Sll)

Ryt Ap — A(fﬂ),rz =6f (S1.2)

where the reactions R, and R, describe the processes of emergence of
anew filopodium and the retraction of an existing filopodium within
anaxonalstructure A. These reactions occur withreactionrates r,and
r,. The parameters kand § are the corresponding reaction parameters,
and A, denotes an axonal structure with fnumber of filopodia. At the
steady state, assuming the distribution of the number of filopodia
follows a Poisson distribution P(A), we have that:

/l=§=E[f] (S13)

Parameter estimation. Next, we aimed to estimate the parameters
of themodel kand 6. Tothatend, we defined the number of filopodium
events as the number of changes (through emergence or retraction)
in the number of filopodia in an axon between two consecutive time-
points. The probability to have a certain number of filopodium events
#events =x can be written as:

P =Y P(Ay)-P(xIf), (S1.4)
f

where P(A ) is the probability that an axon has ffilopodia, and P(x|f)
is the conditional probability of the number of x filopodium events in
anaxonwithffilopodia. At timepoints 30 h APF and 31 h APF, the prob-
ability of the number of filopodia P(A ;) follows a Poisson distribu-
tion with mean A,, P(A ) - Poisson(4,). Assuming that the probability
distribution for the ‘number of filopodium events’ given the number
of filopodia in an axon also follows a Poisson distribution, we have

P(x| f) ~ Poisson (A,),withA, = (k + f- 6) - At. (SL.5)

Using S1.3, we canrewrite the previous expression for A, as:

A, = (k +f- 5) A (SL6)
A
The probability density for P(x|f) then reads:
(k45 £)- At]x ke )
P(x\f) = : (SL7)

X!

The probabilities Py,,(x) and Py,.,(A ) were taken directly from
the data by plotting the histograms of the number of filopodium
events x and the number of filopodia per axons, as shown in Supple-
mentary Fig.4aand Supplementary Fig. 4b, respectively. We can, thus,
obtain estimates for kand 6 by:

K+, 6% = argTin Dy (Pdata ), 2 Paaca (A(s)) - P(xI f)) , (SL.8)
K f

where Dy, refers to the Kullback-Leibler divergence’™.

2. Filopodium stabilization dynamics

From 32 h APF, the measured distribution gradually deviates from
thetheoretical Poisson distribution (Fig. 4b). Although the initial filo-
podium dynamics can be described by a simple (linear) birth-death
model reflecting filopodium extensions and retractions, other parame-
tersmight affect the filopodium dynamics at later timepoints. We, thus,

assessed the survival probability of an axon related toits correspond-
ing maximum number of filopodia throughout the observation time.
Data. The frequency of axon survival related toits corresponding

maximum number of filopodia over time Niosodia Was calculated as:

nSeIectecleon\N’ﬁ’;“x .
lopodia

(S1.9)

"Survivaleorl\Ng;g"odia = n
P TotalAxon|Ng2x '
opodia

Where nSelectedAxonle:’udia

denotes the number of selected axons (axons
that target the medulla) given a certain Niosodia* Correspondingly,
MTotalAxonINg denotes the total number of all axons projecting into

the chiasmagiven a certain value of N> _ _Toaccount for the statis-

filopodia
tical uncertainty of the estimated survival frequencies of axons,
the interquartile ranges were calculated using the Clopper-Pearson
method”.

Testing for independence. The frequencies for axon survival
based on the data show a sharp increase in the survival probability
for axons that contained a minimum of five filopodia (Fig. 4c). We
compared the data-derived axon survival to asimple model assuming
independence between the filopodia of an axon. Each filopodium has
a fixed probability Ps,ryival ritopodium tO Stabilize. We can write the prob-
ability for axon survival in the case where at least one filopodium of
the structure survives as:
=1— (1= Psyrvival Filopodium)Ng:z’;odiﬂ (SL1.10)

PSurvival Axon|Ngex
opodia

with Ng}g;odia again denoting the maximum number of filopodiain an
axonover time. From this equation, the more filopodiathat are present
inanaxon, the more likely one of the filopodia will stabilize, and, thus,
the axon survives to become a medulla targeting axon. If filopodia
were independent from each other, the data-derived axon survival
probabilities should follow equation (S1.10). Note that Pg,yiya filopodium
is a free parameter. We tested a range of Psy,yiva rilopodium aNd applied
the one-sample Kolmogorov-Smirnov test to compare the data to
the theoretical expectation.

3. Modeling filopodium dynamics

We extended the idea of a simple birth-death model to include
a possible filopodium stabilization process that could describe the
experimental data. This modeling approach describes the process of
the filopodium extension, retraction and stabilization within an axon
that projects in the chiasma. This model is described by the following
reactions Rk and corresponding reactionrates rk, withk=1,2,3:

Ri : Aws) = Aprrs) 11 = K (SL.11)
R, : A(t,s) — A(t—l,s)”z =6t (S1.12)
Ry 1 As) = Ae-t,541): 3 = f(O)-V-Zinhivition (S Bso), (SL.13)

where A, represents an axon with ¢ transient and s stabilized
filopodia. k and 6 are the previously data-derived parameters for
filopodium emergence and retraction, respectively. y is the stabili-
zation rate parameter, and Ginibition (S, Bso) is an auto-inhibition func-
tion dependent on the number of stabilized filopodia s and on the
parameter By, This inhibition function is given by giniiion = —. f(t)

S+Bso
isgivenby f(¢) = Wﬁ butit canalsobereplaced by f(t) = tto derive
the same conclusions.

Simulations of the M-DCN outcome. To test whether our model
could predict our biological conditions, we performed 50,000 stochas-
ticsimulations for adevelopmental time of 20 h. Thisreflects the time
window that covers the entire selection process from the beginning of
the axon projection in the chiasma at 30 h APF to the observation of
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the finaladult patternat 50 h APF fromintravital live imaging (Fig. 2a).
Inthe simulations, we calculated the proportion of medulla targeting
axons among all simulated axons. To compare to the experimental num-
bers, we multiplied these simulated proportions by the experimental
total number of axon projections into the chiasma (n =154 on average).

Benchmarking the framerate. To benchmark the frame rate (Sup-
plementary Fig. 9e,f), we used a subset of the acquired data between
30 h APF and 32 h APF (frame rate r, =20 min). We downsampled
the data to simulate lower frame rates and measured the number of
detected multi-filopodium axonal structures for each of the lower
frame rates. These numbers were then compared to the number of
detected multi-filopodium axonal structures at the baseline frame rate,
ro, of 20 min, resulting in a proportion of detected multi-filopodium
axonal structures as a function of frame rate. Note that, during the
downsampling procedure, a possible (temporal) offset of the initial
observation time must be taken into account. This offset is an integer
multiple of 20 min andis always lower than the considered framerate.
For example, let us assume a frame rate of 40 min; in this case, there
are two possible offsets for observing the data: (i) observing the data
attimepoints 0,40, 80 and 120 min or (ii) observing the data at time-
points 20, 60, 100 and 140 min. The number of possible offsets was
then used to calculate the detection probability of multi-filopodium
axonal structures for agivenframerater:

NO sets
Pgetected(r) = ——— S Nt (7:))_
Noffsets(’) =1 Nmu]ti (’0’ 0)

(SL14)
where N, denotes the total number of possible offsets for the frame
rater. Ny, denotes the number of detected multi-filopodiumaxonal
structures for frame rate rand offset.

The measured probability of detected multi-filopodium axonal
structures was then fitted with an inverse logistic function:

-1
Ptheoretical

L
detected (n= (m + b) (S1.15)
with the four free parameters a, L, kand b.

Statistics and reproducibility
Sample sizes were not predefined based on statistical methods but
were chosen based onthe standard established inthe field as reported
in previous publications*"'***, To account for the low number of indi-
vidualsinliveimaging, findings were supported and validated by fixed
experiments with higher sample sizes. To avoid variability due to sex
dimorphism, only Drosophila female individuals were dissected and
analyzed.Femaleindividuals were, however, randomly selected from fly
vialsat required developmental stage and adult age. When experiments
involved multiple conditions, quantifications were done without know-
ing the genotype. Damaged brains were notimaged/quantified. Brains
thatdid not develop during the liveimaging session were excluded from
analysis. No further data were excluded after quantification.
Statistical analyses were performed in R. In all our experiments,
data distributions significantly deviated from a normal distribution
with P<0.05, using a Shapiro-Wilk test. We, therefore, systematically
performed non-parametric tests: atwo-sided Mann-Whitney U-testora
rank-based non-parametric Kruskal-Wallis test followed by aDunntest
when comparing more than two conditions. A Kolmogorov-Smirnov
test was additionally performed to compare distributions (Supple-
mentary Fig. 1h—j).

Detailed statistics
- Datasets related to Figs. 1h and 2b-d and Supplementary

Fig.1d-f(i). Sample brain lintravital imaging (29-50.5 h APF):
n=1,n(opticlobe) =1, n(tracked projecting events) =158. Sample

brain 2 intravital imaging (32.5-44.3 h APF): n=1, n(optic

lobe) =1, n(tracked projecting events) =157.

Datasets related to Fig. 3a-i. L3 m7GFP (n = 8, n(optic lobes) =15):
s.d.=2.9, min=1.0, Q1 =4.5, median=7.0, mean=6.2,Q3 =7.5,
max =13.0;s.d.% =4.6, min=2.8,Q1=9.5, median =11.1,

mean =11.7, Q3 =14.7, max = 21.0; (5 h APF m7GFP): N=3,
n(opticlobes)=6, (s.d.=2.9, min=2.0, Q1 = 4.25, median = 6.0,
mean =6.0,Q3=7.75, max=10.0), (s.d.% =4.1, min=5.1, Q1 =8.9,
median =12.0, mean =11.3, Q3 =14.6, max =15.9); (20 h APF
m7GFP): N=4, n(opticlobes) =8, (s.d.=2.8, min=0.0, Q1 =2.75,
median = 5.0, mean =4.5,Q3 = 6.0, max = 9.0), (s.d.% =5.63,
min=0, Ql=6.8, median=12.7, Q3 =13.7, max =16.2); (25 h APF
m7GFP): N=4, n(opticlobes) =8, (s.d.=5.1, min=1.0, Q1 =2.75,
median =4.5, mean = 6.1, Q3 =8.5, max=16.0), (s.d.%=7.3,
min=2.6,Q1=5.2, median=7.9, mean =10.4, Q3 =14.0, max =
22.7); 30 h APF m7GFP): N=3, n(opticlobes) =5, (s.d.=2.2,
min=1.0,Q1=4.0, median =5.0, mean =4.25, Q3 =5.25, max = 6),
(s.d.%=3.9,min=2.6, Q1 =7.7, median =9.5, mean =8.2,
Q3=10.1, max =11.2); (40 h APF m7GFP): N=2, n(optic lobes) =4,
(s.d.=2.5,min=1.0,Q1=2.5, median = 3.5, mean = 3.75, Q3 = 4.75,
max=7.0), (s.d.%=5.5, min=2.9,Ql = 6.4, median =8.5, mean=9.1,
Q3=11.2, max =16.3); (45h APF m7GFP): N=2, n(optic lobes) =4,
(s.d.=0.5,min=0.0, Q1 =0.0, median = 0.0, mean =0.25,
Q3=0.25,max=1.0), (s.d.%=1.6, min=0.0, Q1 = 0.0, median = 0.0,
mean=0.81, Q3 =0.81, max =3.2); (50 h APF m7GFP): N=11,
n(opticlobes)=6, (s.d.=0.90, min=0.0, Q1=0.0, median= 0.0,
mean=0.27,Q3=0.0, max=3.0), (s.d.% =0.94, min=0.0,Q1=0.0,
median=0.0, mean=0.28,Q3=0.0, max=3.12).

Datasets related to Fig. 31. Sample brain lintravital imaging
(27-47 h APF): N=1, n(optic lobe) =1, n(projecting events) = 3,902.
Datasets related to Fig. 3p. (0 h APF +27 h): N=3, n(optic

lobes) = 6; (24 h APF +27 h): N=4, n(optic lobes) = 7. Statistics:
(0 h APF +27 h versus 24 h APF +27 h), Mann-Whitney U-test.
W=0,P=0.004624.

Datasets related to Fig. 3s-v. Supplementary Fig. 3a. (Ctrl Adult):
N =9, n(optic lobes) = 18; (V™A Adult): N=10, n(optic lobes) = 19;
(Ctrl 36 h APF): N=5, n(optic lobes) = 9. n(filopodia) =163,
n(multi-filopodia) = 86; (V™36 h APF): N = 6, n(optic

lobes) =12, n(filopodia) = 248, n(multi-filopodia) = 186. « (Fig. 3s)
Statistics: (Ctrl Adult versus N™"*i Adult), Mann-Whitney U-test.
W=375P=4.851x107.

(Fig. 3v.) Statistics: (Ctrl 36 h APF versus N*™ 36 h APF), Mann-
Whitney U-test. W=3.5, P=0.0003528. « (Supplementary

Fig. 3a) Statistics: (Ctrl 36 h APF versus N"¥* 36 h APF),
Mann-Whitney U-test. W = 7378.5, P= 0.329. - Two-sample
Kolmogorov-Smirnov test. D = 01644, P= 0.4678.

Datasets related to Fig. 5e,f,h (brain 1). Sample intravital imag-
ing (30-40 h APF): N=1, n(optic lobe) =1, n(tracked extending
events) = 148.

Datasets related to Fig. 5f,h (brain 2). Sample intravital imag-

ing (30-40 h APF): N=1, n(optic lobe) =1, n(tracked extending
events) = 215.

Datasets related to Fig. 5k. (36 h APF): N=3, n(optic lobes) = 6;
(Adult): N=5, n(optic lobes) = 9. Statistics: 36 h APF versus adult:
Mann-Whitney U-test: W=23, P=0.6733.

Datasets related to Fig. 5p. (Ctrl): N=16, n(optic lobes) = 32; (N""):
N =16, n(optic lobes) = 32; (UAS-aTub84.GFP): N=15, n(optic
lobes) =30; (M™; UAS-aTub84.GFP): N =7, n(optic lobes) = 14.
Statistics: Kruskal-Wallis test: Dunn chi-squared = 87.521,
degrees of freedom (df) =3, P=2.2 x 107, Dunn test (Benjamini-
Hochberg): Ctrl versus N 2.7725 x10°%; Ctrl versus
UAS-aTub84.GFP: 0.002526; Ctrl versus N™™; UAS-aTub84.

GFP: 0.001059; UAS-aTub84.GFP versus N™?: 51338 x 1075,
UAS-aTub84.GFP versus N2, N™2: 0,06715; UAS-aTub84.GFP
versus N UAS-aTub84.GFP: 6.3975 x 108,
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- Datasets related to Fig. 6d(i) (yellow) and Supplementary
Fig. 6¢,d. (UAS-CD4.td-TOM): N=10, n(optic lobes) = 20;

(UAS-aTub84.GFP; UAS-CD4.td-TOM): N=12, n(optic lobes) = 24.

(Fig. 6d) Statistics: (UAS-CD4.td-TOM versus UAS-aTub84.GFP;

UAS-CD4.td-TOM), Mann-Whitney U-test. W=144.5, P=0.02331.

(Supplementary Fig. 5¢) Statistics: (UAS-CD4.td-TOM versus
UAS-aTub84.GFP; UAS-CD4.td-TOM), Mann-Whitney U-test.
W=202.5, P=0.3675. (Supplementary Fig. 5d) Statistics:
(UAS-CD4.td-TOM versus UAS-aTub84.GFP; UAS-CD4.td-TOM),
Mann-Whitney U-test. W=225.5, P=0.7396.

Datasets related to Fig. 6d(i) (gray). (CtrlI*"™*): N =10, n(optic
lobes) =16; (alphaTub84B™"*): N =8, n(optic lobes) = 14;
(alphaTub85E™): N =11, n(optic lobes) = 21; (alphaTub84 D).
N =11, n(optic lobes) =19. Statistics. Kruskal-Wallis test.

Dunn chi-squared =27.6905, df =3, P=4.218 x 107 « Dunn test
(Benjamini-Hochberg) (CtrlI*"™A versus alphaTub84B"):
0.0094; (CtrI*"™ versus alphaTub85E™): 0.0008. (Ctrls""NA
versus alphaTub84D™™4): 0.000; (alphaTub84B** versus
alphaTub85E™™4): 0.2780; (alphaTub84B™i versus
alphaTub84D™*)): 0.0153; (alphaTub84D" versus
alphaTub85Ef*): 0.0316.

Datasets related to Fig. 6d(ii) (green). (UAS-aTub84.GFP;
CtrI*"™A): N = 7, n(optic lobes) = 14; (UAS-aTub84.GFP; alpha-
Tub84B®A)): N =5, n(optic lobes) =10. (UAS-aTub84.GFP;
alphaTub85E™™A): N =4, n(optic lobes) = 8. (UAS-aTub84.GFP;
alphaTub84D®4): N =4, n(optic lobes) = 8. Statistics: Kruskal-
Wallis test. Dunn chi-squared =1.75, df =3, P=0.6259. « Dunn
test (Benjamini-Hochberg) (UAS-aTub84.GFP; CtrI*"™™ versus
UAS-aTub84.GFP; alphaTub84B®4)): 0.3588. (UAS-aTub84.GFP;
CtrI*"™™* versus UAS-aTub84.GFP; alphaTub85ERA): 0.4644.
(UAS-aTub84.GFP; CtrI*"™* versus UAS-aTub84.GFP;
alphaTub84D®): 0.5425. (UAS-aTub84.GFP; alphaTub84B*A
versus UAS-aTub84.GFP; alphaTub85E™A): 0.4399.
(UAS-aTub84.GFP; alphaTub84B™ versus UAS-aTub84.GFP;
alphaTub84D"™): 0.5680. (UAS-aTub84.GFP; alphaTub84 DA
versus UAS-aTub84.GFP; alphaTub85E"""): 0.4658.

Datasets related to Fig. 6y-z. (36 h APF Ctrl): N=2, n(optic
lobes) = 4. (36hAPF shot™"™™A): N =3, n(optic lobes) = 6. (36 h APF
shot.LC®®): N=5, n(optic lobes) = 9. (Fig. 6y) Statistics: Kruskal-
Wallis test. Dunn chi-squared = 9.1171, df =2, P=0.01048. - Dunn
test (Benjamini-Hochberg) (36 h APF Ctrl versus 36 h APF
shot*™4): 0.0490; (36 h APF Ctrl versus 36 h APF shot.LC°F):
0.0038; (36 h APF shot*™™Aversus 36 h APF shot.LC°F): 0.1185.
(Fig. 6z) Statistics: Kruskal-Wallis test. Dunn chi-squared =
8.7343, df =2, P=0.01269. - Dunn test (Benjamini-Hochberg)
(36 h APF Ctrl versus 36 h APF shot*""™*): 0.0338; (36 h APF Ctrl
versus 36 h APF shot.LC%%): 0.0047; (36hAPF shot*"™™A versus
36hAPF shot.LC®F): 0.1809.

Datasets related to Fig. 6AA,AB. (Adult Ctrl): N=15, n(optic
lobes) =30; (Adult shot®"™*): N =16, n(optic lobes) = 31; (Adult
shot.LC%): N=8, n(optic lobes) = 16. (Fig. 6AA) Statistics:
Kruskal-Wallis test. Dunn chi-squared = 39.452, df =2,
P=2.71x10°. » Dunn test (Benjamini—-Hochberg) (Adult Ctrl
versus Adult shot®™*): 0.0000; (Adult Ctrl versus Adult
shot.LC®%): 0.0107; (Adult shot*"™* versus Adult shot.LCF):
0.0000. (Fig. 6AB) Statistics: Kruskal-Wallis test. Dunn
chi-squared =5.6277, df =3, P=0.05997. « Dunn test (Benjamini-
Hochberg) (Adult Ctrl versus Adult shot™™™*): 0.3068; (Adult
Ctrlversus Adult shot.LC): 0.0423; (Adult shot"™"* versus
Adult shot.LC®%): 0.03009.

Datasets related to Fig. 7d-f. (DMSO 30-36): N=10, n(optic
lobes) =17; (Ncdzl 30-36): N=9, n(optic lobes) =17; (Fig. 7d)
Statistics: (DMSO 30-36 versus Ncdzl 30-36), Mann-Whitney
U-test. W=216, P=0.01403. (Fig.7e) Statistics: (DMSO 30-36
versus Ncdzl 30-36), Mann-Whitney U-test. W =257,

P=0.000113. (Fig. 7f) Statistics: (DMSO 30-36 versus NcdzI
30-36), Mann-Whitney U-test. W= 249, P=0.0003074.
 Datasets related to Fig. 7j,k. (DMSO 48-54): N=4, n(optic
lobes) = 8. (Ncdzl 48-54): N =4, n(optic lobes) = 7. (Fig. 7d)
Statistics: (DMSO 48-54 versus Ncdzl 48-54), Mann-Whitney
U-test. W=26.5, P=0.9039. (Fig. 7e) Statistics: (DMSO
48-54 versus Ncdzl 48-54), Mann-Whitney U-test. W=35.5,
P=0.4158

 Datasets related to Supplementary Fig. 1h. (UAS-CD4.tdGFP;
UAS-CD4.tdGFP, atoGAL4): N=25, n(optic lobes) = 47.

- Datasets related to Supplementary Fig. 2d. (0 h APF NICD): N=6,

n(opticlobes) =11; (10 h APF NICD): N=5, n(optic lobes) =10;
(20 h APF NICD): N =4, n(optic lobes) =8; (30 h APF NICD): N=35,
n(opticlobes) = 8; (48 h APF NICD): N=3, n(opticlobes)=5; (0 h
APF Ctrl): N=5, n(optic lobes) = 7. Statistics: Kruskal-Wallis test.
Dunn chi-squared =48.528, df =7, P=2.807 x 1078, « Dunn test
(Benjamini-Hochberg) Pvalues: (0 h APF NICD versus 10 h APF
NICD): 0.4215; (0 h APF NICD versus 20 h APF NICD): 0.0009;
(0O h APF NICD versus 30 h APF NICD): 0.0000; (0 h APF NICD
versus 48 h APF NICD): 0.0005; (0 h APF NICD versus O h APF
Ctrl): 0.0114; (10 h APF NICD versus 20 h APF NICD): 0.0007;
(10 h APF NICD versus 30 h APF NICD): 0.0000; (10 h APF NICD
versus 48 h APF NICD): 0.0005; (10 h APF NICD versus O h APF
Ctrl): 0.0081; (20 h APF NICD versus 30 h APF NICD): 0.2342;
(20 hAPF NICD versus 48 h APF NICD): 0.2992; (20 h APF NICD
versus 0 h APF Ctrl): 0.2790; (30 h APF NICD versus 48 h APF
NICD): 0.4133; (30 h APF NICD versus O h APF Ctrl): 0.0665;
(48 h APF NICD versus 48 h APF NICD): 0.1445.

 Datasets related to Supplementary Fig. 2I-q. (Ctrl 36 h APF):
N =3, n(opticlobes) = 6; (N"™ 36 h APF): N = 7, n(optic
lobes) =10. Statistics: total filopodia (Ctrl 36 h APF versus
N 36 h APF), Mann-Whitney U-test. W= 60, P=0.001204.
Amplified axon (Ctrl 36 h APF versus N 36 h APF), Mann-
Whitney U-test. W= 60, P=0.0009642. Tub®* filopodia (Ctrl
36 h APF versus N 36 h APF), Mann-Whitney U-test. W= 60,
P=0.0006247. Filopodiain LP (Ctrl 36 hAPF versus N™™ 36 h
APF), Mann-Whitney U-test. W= 60, P=0.0008211.

« Datasets related to Supplementary Fig. 5c,d. (Adult
UAS-aTub84B.GFP; UAS-CD4.tdTom, atoGAL4): N =5, n(optic
lobes) = 6, n(filopodia) = 120, n(multi-filopodia) =104; (36 h APF
UAS-aTub84B.GFP; UAS-CD4.tdTom, atoGAL4): N =3, n(optic
lobes) =9, n(filopodia) =118, n(multi-filopodia) = 70. (Supple-
mentary Fig. 5¢) Statistics: (Ctrl 36 h APF versus NY*' 36 h APF),
Mann-Whitney U-test. W=11708, P< 2.2 x 107, s Two-sample
Kolmogorov-Smirnov test. D=0.58729, P< 2.2 x107%, (Supple-
mentary Fig. 5d) Statistics: (Ctrl 36 h APF versus N\"* 36 h APF),
Mann-Whitney U-test. W=3764.5, P=0.5385. « Two-sample
Kolmogorov-Smirnov test. D = 0.13606, P=0.2285.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Reagentsandresourcesarelisted in the Methods section of this paper
andinSupplementary Table1. The datarequired to support the findings
of this study are available in the paper and in Supplementary Table 2.
The mathematical model can be foundinthe ‘Mathematical methods’
section of the Methods.
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e Live imaging of intact chicken spinal cords were performed with an Olympus IX83 inverted microscope equipped with a spinning disk unit
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Data analysis e Imaris software 10.1.0 (2023 Nov 15) (Bitplane, Switzerland) with the following modules was used to visualize and analyze the Drosophila
data (See methods section): 'Image Alignement’; 'oblique-slice'; 'mask module'; ‘Filament Tracer'; ‘TrackinglLineage’.
e Maximum projections of Z-stack Chick embryo videos were generated and modified using Fiji/Imagel2 version 2.14.0/1.54f. Heat maps of
tubulin-GFP intensities were generated with the “Royal” Lookup table and growth cone boundaries were traced using the wand tool in Fiji/
Imagel.
e Statistical analyses were performed in R version 4.2.1 (2022-06-23).
e Figures were assembled with Adobe Photoshop 2022 (23.0.0 Release).
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Sample size Sample sizes were not predefined based on statistical methods but were chosen based on the standard established in the field as reported in
previous publications (see references 3,11,13,43). To account for the low number of individuals in Live imaging, findings were supported and
validated by fixed experiments with higher sample sizes.

Data exclusions - To avoid variability due to sex dimorphism, only Drosophila female individuals were dissected and analyzed. Damaged brains were not
imaged/quantified. As well brains that did not develop during the live imaging session. No data was excluded post-quantification.

- Out of focus imaged brains and non-developed brains during live imaging experiments were excluded from analysis.

Replication Experiments were repeated at least two times from independent crosses. All replications attempts were successful.

Randomization  Female individuals were randomly selected from fly vials at required developmental stage and adult age.

Blinding When experiments involved multiple conditions (at least two), quantifications were done without knowing the genotype.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, o
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Materials & experimental systems Methods °
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Antibodies
Antibodies used e Chicken anti-GFP [1:500, Abcam Cat# AB13970; RRID: AB_300798]
e Goat anti-GFP [1:500, Abcam Cat# ab6678, RRID:AB_2042708]
e Rabbit anti-mCherry [1:500, Abcam Cat# ab167453, RRID:AB_2571870]
¢ Rabbit anti-dsRed [1:200, Takara Bio Cat# 632496, RRID: AB_10013483]
¢ Rat cadherin, DN- (extracellular domain) antibody [1:50, Developmental Studies Hybridoma Bank Cat# DN-Ex #8, RRID: AB_528121]
¢ Rat monoclonal anti-Flag DYKDDDDK [1:200, Novusbio Cat# NBP1-067-12 clone L5, RRID:AB_1625982]
« Rabbit HA-Tag (C29F4) Rabbit mAb antibody [1:300, Cell Signalling Cat# 3724, RRID:AB_1549585]
¢ Mouse Anti-Viral V5-TAG Monoclonal antibody, Unconjugated, Clone SV5-Pk1 [1:500, BioRad Cat# MCA1360, RRID:AB_322378]
e Alexa Fluor® 488 AffiniPure Donkey Anti-Chicken IgY (I1gG) (H+L) [1:500, Jackson ImmunoResearch Labs Cat# 703-545-155,
AB_2340375]
¢ Alexa Fluor® 647 AffiniPure Donkey Anti-Rat I1gG (H+L) [1:500, Jackson ImmunoResearch Labs Cat#712-605-153, RRID: AB_2340694]
e Cy™3 AffiniPure Donkey Anti-Mouse IgG (H+L) [:500, Jackson ImmunoResearch Labs Cat#715-165-151, RRID: AB_2315777]
e DyLight™ 405 AffiniPure Donkey Anti-Rabbit I1gG (H+L) [1:500, Jackson ImmunoResearch Labs, Cat#711-475-152, RRID:
AB_2340616]
e Cy™3 AffiniPure Donkey Anti-Rabbit IgG (H+L) [1:500, Jackson ImmunoResearch Labs, Cat#711-165-152, RRID: AB_2307443]
e Alexa Fluor® 488 AffiniPure Donkey Anti-Goat IgG (H+L) [1:500, Jackson ImmunoResearch Labs, Cat#705-545-003, RRID:
AB_2340428]
Validation All used antibodies have been published previously, and are used to enhance of detect genomicaly tagged proteins.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For all experiments, flies were crossed and aged at 25°C when not specified. Temporal Optogenetic activation of Notch — Fly crosses
were kept in dark at 25°C. Females F1 white pupae (OhAPF) were collected under red light and raised in dark at 25°C until the
indicated time point of blue light exposure.

The following fly stocks were used: ato.14A-GAL4 (BDSC#6480)1, UAS-CD4-tdGFP on 2nd and 3rd chromosomes (BDSC#35839 and
BDSC#35836)2, UAS-CD4-tdTomato (I11) (BDSC#35837)2, pBPhsFlp2::PEST (X)3, UAS-FRT-STOP-FRT.CD4-tdGFP, hey-GFP.FPTB (I1l)
(BDSC#64826), [Hey:T2A:FLP, UAS-myr :GFP, UAS-FRT-STOP-FRT-myr:sfGdP:HA] (Gift from Doe lab)4, [e(spl)-C-GFPm7]BAC (Gift from
Schweisguth lab)5, UAS-NotchdsRNA (BDSC#7077), UAS-Notchintra.GS (BDSC#52008) 6, lexAop-Notchintra 7, UAS-CIBN::LexA-
mcherry-p65::CRY2 (Gift from Kravitz lab)8, UAS-LifeAct.RFP (I1l) (BDSCH#58362), UAS-Lifeact-Ruby (11) (BDSC#35545), UASp-GFPS65C-
alphaTub84B on 2nd and 3rd chromosomes (BDSC#7374 and BDSC#7373) 9, UAS-EGFP (X) (BDSC#5428), pBPhsFlp2::PEST;;10UAS-
HA_V5_FLAG 3, UAS-EB1-GFP (lIl) (BDSC#35512), shRNA control (VDRC#60200), UAS-tub84B RNAi (VDRC#33427), UAS-tub84D RNAI
(VDRC#330509), UAS-tub85E RNAI (VDRCH330369), UAS-shot.L(C)GFP (BDSCH29042), UAS-shot.L(A)GFP (BDSC#29044), UAS-shot
shRNA (VDRC#330586).

Flies were dissected at 1 week-old adult stage, or developmental stages (L3, ShAPF, 20hAPF, 25hAPF, 30hAPF, 36hAPF, 40hAPF,
44hAPF, 45hAPF, 50hAPF).

The detailed fly genotypes for all figures can be found in the supplementary material.

The following Chicken strain was used and embryos were reared at 39°C: Hubbard JAS57 strain Hubbard LLC Cat#: Briterei Stockli,
Ohmstal.
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Wild animals This study does not use wild animals.

Reporting on sex For pupal staged developmental experiment, female Drosophila melanogaster were selected at OhAPF (white pupae) based on the




Reporting on sex absence of male gonads. For adult sample collection, female adult flies were selected based on the absence of sex comb.
No sex selection was done for chicken experiments.
Field-collected samples  This study does not use field-collected samples.

Ethics oversight This study does not require ethical approvals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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