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e A critical developmental period of coupling axon branching to

synaptogenesis

e Loss of EGFR activity uncouples axon branching from
synapse formation

e EGFR activity suppresses autophagic degradation of
presynaptic proteins

e Reduced autophagy during synaptogenesis is required for
circuit connectivity
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In brief

Using the development of the fruit fly
Drosophila melanogaster brain as a
model system, Dutta et al. identify a
critical developmental period during
which coupling axon branching to
synaptic degradation is required for
neural circuit formation. This coupling
relies on EGFR-dependent restriction of
local synaptic degradation.
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SUMMARY

The development of neuronal connectivity requires stabilization of dynamic axonal branches at sites of syn-
apse formation. Models that explain how axonal branching is coupled to synaptogenesis postulate molecular
regulators acting in a spatiotemporally restricted fashion to ensure branching toward future synaptic partners
while also stabilizing the emerging synaptic contacts between such partners. We investigated this question
using neuronal circuit development in the Drosophila brain as a model system. We report that epidermal
growth factor receptor (EGFR) activity is required in presynaptic axonal branches during two distinct tempo-
ral intervals to regulate circuit wiring in the developing Drosophila visual system. EGFR is required early to
regulate primary axonal branching. EGFR activity is then independently required at a later stage to prevent
degradation of the synaptic active zone protein Bruchpilot (Brp). Inactivation of EGFR results in a local in-
crease of autophagy in presynaptic branches and the translocation of active zone proteins into autophagic
vesicles. The protection of synaptic material during this later interval of wiring ensures the stabilization of ter-
minal branches, circuit connectivity, and appropriate visual behavior. Phenotypes of EGFR inactivation can
be rescued by increasing Brp levels or downregulating autophagy. In summary, we identify a temporally
restricted molecular mechanism required for coupling axonal branching and synaptic stabilization that con-

tributes to the emergence of neuronal wiring specificity.

INTRODUCTION

Proper neuronal wiring is critical for brain function and relies on a
robust and stereotyped neuronal connection.' Axon branching
and synapse formation are regulated in space and time through
local probabilistic events like filopodial growth and retraction,
local protein recycling and degradation, cytoskeletal polymeriza-
tion and depolymerization, or stochastic synaptic seeding to
ensure the specificity of neuronal connectivity.”” This raises
the question of how such probabilistic developmental events
are orchestrated in space and time to ensure the robustness of
neuronal circuits and how individual axons and their branches
locally pattern to connect to postsynaptic targets.

During late neuronal development, after an initial phase of
exploratory axonal branching, interdependence between syn-
apse formation and branching dynamics plays a key role in the
selection of future synaptic partners.®"'° This “synaptotropic”
iterative ensures the reproducibility of wiring patterns and
might itself act as a limiting factor to prevent excessive branch
growth and allow a stable adult pattern.”’ These necessitate
the existence of local molecular mechanisms that act in a
temporal specific manner to couple axonal branching dy-
namics to synapse formation. The identity and mode of action

of such temporal molecular coupling events are poorly
understood.

The formation of a stable synaptic contact is a function of
the equilibrium between synaptic seeding and synaptic degra-
dation as shown during developmental pruning processes.'?
Synapse elimination is an important cellular phenomenon
which fine tunes neural circuitry'® especially during post-natal
experience-dependent plasticity known as “critical period.”"*
Interestingly, the existence of prenatal synapse pruning
known as “precritical period” plasticity in the visual cortex'®
suggests that genetically encoded events may define critical
developmental intervals of synaptic consolidation and elimina-
tion prior to the onset of experience-dependent plasticity. The
timing, role, and molecular regulation of such developmental
events are unknown.

Autophagy is a key cellular homeostasis mechanism, which
also plays a role in brain development.'® Its loss results in
morphological and functional presynaptic organization defects
as shown in the mouse cochlear ribbon synapse'’ and
Drosophila mushroom body and photoreceptor neurons.'®'?
At the Drosophila neuromuscular junction, disruption of auto-
phagy reduces its size, whereas induction of autophagy in-
creases synaptic boutons and neuronal branches.”® Autophagy
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Figure 1. Spatiotemporal correlation of the molecular mechanisms of branching and synapse formation during development
(A) Adult stereotypic projection pattern of DCNs driven by atoGal4-14a labeled with LacZ (white), dendritic arborizations marked by Denmark (magenta), and
presynaptic sites marked by Syt-GFP (green). atoGal4-14a is used in all the following experiments unless otherwise stated. Yellow box represents region of

(legend continued on next page)
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deficiency also causes dendritic spine pruning defects and
autism-like social behaviors in a mouse model.?" Presynaptic
sites are zones of autophagosome biogenesis that have been
linked to synaptic plasticity”>*® and local autophagy may also
play a role in positioning axonal branches.?* How axonal branch
growth and refinement are molecularly coupled to synapse for-
mation and pruning in space and time during neuronal circuit wir-
ing is not well understood.

In order to molecularly dissect the link between axonal
branching and synapse formation during neuronal circuit
development, we used the higher order neurons called dorsal
cluster neurons (DCNs)®® from the Drosophila visual system. A
subset of DCNs (the medulla-innervating DCNs [M-DCNs])
projects their axons to a distal visual neuropil: the medulla,
where they form a stereotypical fan-shaped branching
pattern.”®?” M-DCN wiring patterns determine visual object
orientation behavior in flies.”® We have previously shown
that a local asymmetric localization and recycling of the
epidermal growth factor receptor (EGFR) as well as its activa-
tion in M-DCN axonal filopodia during development were
linked to actin polymerization and filopodial dynamics to regu-
late the establishment the presynaptic M-DCN branches final
pattern.>®

In this study, we identified the molecular and cellular mech-
anisms underlying interdependent branching and synapse for-
mation of M-DCN axons and its consequences on circuit wir-
ing and behavior. We found that EGFR activity is required at
two distinct temporal intervals. First, an early actin-dependent
interval establishes primary axonal branches where presynap-
tic material accumulates. Then, EGFR function prevents auto-
phagic degradation of the presynaptic active zone (AZ) scaf-
fold protein Bruchpilot (Brp) stabilizing synaptic contacts.
We conclude that a temporal sequence of local molecular in-
teractions coordinated by EGFR signaling ensures the
coupling between progressive axonal branch refinement and
stabilization of the presynaptic AZ and thus contributes to
axon-specific connectivity.
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RESULTS

Spatiotemporal correlation of the molecular
mechanisms of branching and synapse formation during
development

To investigate the relationship between terminal axon branching
and synapse formation at high spatiotemporal resolution, we
used the M-DCNs as a model. M-DCNs axons form stable termi-
nal primary and secondary presynaptic branches in several pos-
terior medulla layers® (Figures 1A and 1A’). Each M-DCN axon
forms an average of 4.5 primary branches and 1.5 secondary
branches per axon (Figure S1G) and contains presynaptic sites
marked by the presynaptic and AZ proteins: synaptotagmin
(Syt), Syd1, and Brp (Figures 1A, 1A/, 1C, and 1C’). We have pre-
viously shown that the number of M-DCN axonal presynaptic
branches is regulated by local EGFR activity”® between 48 and
72 h of pupal development (P48-P72 at 25°C).

To investigate the spatiotemporal pattern of synapse forma-
tion in the context of axonal branching, we quantified the order
of appearance of EGFR (EGFR GFP), Syd1 (Syd1-GFP), and
Brp (BrpD3-GFP) in M-DCN branches between P48 and
P72 using well-established reporters of the localization of the
endogenous proteins that show no known overexpression phe-
notypes.”' At P48, ~680% of all the branches contained
Syd1-GFP, ~30% contained EGFR GFP, but less than 10% con-
tained BrpD3 puncta (Figures 1D, 1D/, 1G, 1G/, 1J, S1A, S1A,
and S1D). Between P55 and P65, ~90% contained EGFR GFP
and Syd1-GFP puncta, while the number of branches with
BrpD3 puncta increased from ~50% to ~75% (Figures 1E,
1E/, 1H, 1H’, 1J, S1B, S1B’, and S1D). By P72, all three proteins
have reached adult levels (Figures 1B-1C/, 1F, 1F, 11, 11, 1J, 2A,
2A’, S1C, and S1D). Thus, Syd1 entered DCN axons around P40
(Figures S1E-S1F’) followed by EGFR and then Brp.

To reveal the dynamics of this process, we lived imaged and
quantified the trafficking of BrpD3-GFP, Syd-1-GFP, and EGFR
GFP in ex vivo cultures at P55 when all three proteins are present
in branches in vivo. We specifically quantified discrete clusters

interest where DCN axons form ladder-like branches as shown in (A’), higher resolution with primary (orange arrowhead) and secondary branches (blue
arrowhead) harboring Syt-GFP (green) puncta in both primary (green arrowhead) and secondary (yellow arrowhead) terminals. Similar annotations are used in all
the following figures to denote primary branch (orange arrowhead), secondary branch (blue arrowhead), and respective protein harboring primary (green
arrowhead) or secondary (yellow arrowhead) branch terminals that have been quantified.

(B and C) Adult DCN branches (magenta) are associated with clusters of early synaptic seeding factor, marked with Syd1 GFP (green) (B and B’), and late active
zone (AZ) protein Brp, marked with BrpD3 GFP (green) (C and C/).

(D-I) Temporal order of recruitment of EGFR GFP (green) and BrpD3 GFP (green) in the DCN branches (magenta) during development, P48 (D, D', G, and G'), P65
(E, E', H, and H') and P72 (F, F/, |, and I'), showing EGFR enters the branches before Brp.

(J) Quantification showing the fraction of all branches per axon recruiting EGFR GFP (red data points) and BrpD3 GFP (green data points) during development
from fixed samples. n = 20 axons, N = 6 individuals at P48 (EGFR); n = 17 axons, N = 5 individuals at P48 (BrpD3); n = 17 axons, N = 5 individuals at P55 (EGFR); n =
17 axons, N = 5 individuals at P55 (BrpD3); n = 17 axons, N = 5 individuals at P65 (EGFR); n = 14 axons, N = 5 individuals at P65 (BrpD3); n = 15 axons, N=5
individuals at P72 (EGFR); n = 16 axons, N = 5 individuals at P72 (BrpD3); n = 11 axons, N = 4 individuals in adult (EGFR); and n = 20 axons, N = 7 individuals in adult
(BrpD3). Mann-Whitney test; ****p < 0.0001, "*p = 0.8124, "p = 0.7934, "Sp = 0.4932.

(K-M and O-Q) Ex vivo imaging of EGFR GFP (K-M’) and BrpD3 GFP (O-Q’) in the DCN branches (magenta) during development shows EGFR GFP (green)
asymmetrically localizes in the DCN branches—stable branches with higher proportion of EGFR punctas (arrow) compared with unstable branches (arrowhead)
(K-M")—whereas late AZs marked by BrpD3 GFP (green) accumulate only in stable branches (arrow), while being excluded from unstable branches (arrowhead)
0-Q).

(N) Quantification of mean EGFR GFP puncta normalized to branch length in stable (black bar) versus unstable primary branches (gray bar) in ex vivo cultures
during development. N = 12 for stable branches and N = 10 for unstable branches for 3 individuals, Mann-Whitney test, **p = 0.0003.

(R) Quantification of percentage of BrpD3 GFP puncta accumulation in stable (black bar) versus unstable primary branches during development. N = 10 for stable
branches and N = 15 for unstable branches for 3 individuals.

Error bars denote mean + SEM; scale bar represents 5 pm except (A), which represents 20 pm.

See also Figure S1, Video S1, and Data S1.
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Figure 2. Synapse formation is required for terminal branch patterning

(A) DCN axonal branch progression (magenta) during development in control brains reveals an increase in branching complexity from early to mid-pupal stage:

P48 (A), P52 (A1), P55 (A2), and P65 (A3). Branch refinement occurs from mid- to late-pupal development: P65 (A3), P72 (A4), and adult (A5).

(B) Surprisingly, EGFR-DN-expressing DCNs show dysregulation of branch refinement process with branching peaks at two phases of development: first from

P48 to P55 (B-B2) and later from P65 to adult (B3-B5).

(C) Quantification showing overall branch refinement progression (mean of the total number of branches per axon) during development in EGFR-DN (red), Brp

RNAI (green), and Syd1 RNAI (blue) compared with control (black). For P48, N = 8 individuals for control and N = 6 individuals for EGFR-DN, Brp RNAI, and Syd1

RNAI. For P52, N = 6 individuals for control and N = 5 individuals for EGFR-DN, Brp RNAi, and Syd1 RNAI. For P55, N = 6 individuals for control and N = 5

individuals for EGFR-DN, Brp RNAI, and Syd1 RNAi. For P65, N = 6 individuals for control and EGFR-DN and N = 5 individuals for Brp RNAi and Syd1 RNA.. For
(legend continued on next page)
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(henceforth “puncta”) of the respective synaptic molecules in
stable versus unstable primary branch populations. We defined
any branches that were present during the entire imaging
session (~8 h) as “stable,” and as “unstable” any branches that
retracted without re-growing during that time window. Whereas
Syd1 entered in all branches regardless of stability (Figures STH-
S1K; Video S1), EGFR accumulated preferentially, but not exclu-
sively, in stable branches compared with unstable branches
(Figures 1K=1N; Video S1). While Brp accumulated at the base of
primary branches on the axon shaft, it exclusively accumulated
in stable branches. Branches without BrpD3 puncta during devel-
opment failed to stabilize, suggesting that AZ maturation is a pre-
requisite for branch stabilization (Figures 10-1R; Video S1). Taken
together, our spatial and temporal analyses of in vivo live imaging
data suggest that almost all branches are synapse competent
(contain Syd1 early), but only the fraction that accumulates both
EGFR and Brp is stabilized to contain future synaptic AZs.

Synapse formation is required for branch patterning

To investigate the molecular interdependence of axon branching
and synapse formation, we inactivated EGFR, Syd1, or Brp and
examined branch development in vivo starting from P48. In con-
trols, M-DCN axon branch numbers increased gradually from
P48, reached their maxima at P65 and then declined to reach
adult branch numbers at P72 (Figures 2A-2A5 and 2C). Brp entry
preceded this gradual branch refinement between P65 and P72
(Figures 1J and 1R), suggesting a link between synapse formation
and branch stabilization. As previously shown, EGFR inactivation
using a well-established dominant-negative transgene (EGFR-
DN)32 resulted in an increase in the total number of primary and
secondary branches in adults (Figures 2B5 and 2C). Surprisingly,
the temporal branch dynamic pattern showed a bi-phasic pattern
of growth and pruning from P48 to P55 and from P55 to adult
(Figures 2B and 2C) with two maxima at P52 and P72, which ulti-
mately led to increased primary and secondary branching in
adults (Figures 2C-2E). These data suggest that EGFR is required
during two distinct temporal intervals for DCN branch pruning.

¢ CellP’ress

Suppression of EGFR function causes early pruning defects
of primary branches between P48 and P55 through an actin-
dependent mechanism.”® We therefore asked whether changes
in actin dynamics could explain branching phenotypes during
both early and late phases of growth and pruning upon EGFR
inactivation. RNAi knockdown of several cytoskeletal regulators
resulted in an increase of primary branches, but not of secondary
branches (Figures S1L-S1Q). To test whether the increase in
adults secondary branches arises from the second growth/
pruning phase (P65-P72) (Figure 2C), we performed live imaging
of axonal branching dynamics specifically during this second
phase. Indeed, suppression of EGFR function led to a late surge
of secondary branch outgrowth between P65 and P72 that was
not observed in wild type (Figure 2L; Video S2). This suggests
that branch regulation during the second growth/pruning
EGFR-sensitive phase is mechanistically distinct from the first
phase and coincides with Brp recruitment into stable primary
branches.

We then asked whether loss of proteins required to form func-
tional synapses influences axonal branching during that second
developmental interval. We knocked down Syd-1 and Brp specif-
ically in DCNs throughout development using Syd1 RNAi and Brp
RNAi (line B3,C8).% Similar to EGFR inactivation, both conditions
resulted in an increase in the numbers of primary and secondary
branches in adults suggesting defects in branch pruning
(Figures 2C and 2F-2K). These defects only occurred during
the second EGFR-sensitive phase between P65 and P72 (Fig-
ure 2C). Live imaging revealed secondary branch outgrowth
throughout the P65-P72 time window upon Brp RNAi (Figure 2L;
Video S3) and a continued exploratory growth/retraction mode
of branches in adult brains (Video S3). Thus, defective synapse
formation results in continued synaptogenic exploration of
branches from late development onward, suggesting that syn-
apse formation is required for branch stabilization. Altogether,
these observations suggest a temporally restricted link among
EGFR activity, branching dynamics, and synapse formation dur-
ing a late developmental interval of neural circuit wiring.

P72, N = 6 individuals for control and Syd1 RNAi and N = 5 individuals for EGFR-DN and Brp RNAI. For adults, N = 7 individuals for control, EGFR-DN, Brp RNAi,
and Syd1 RNAI. Kruskal-Wallis and Dunn’s as post hoc test; ***p = 0.0004 (P48), **p = 0.0016 (P52), "*p = 0.1835 (P55), **p = 0.0091 (P65), ***p = 0.0004 (P72), and
***p = 0.0005 (adult). Detailed statistics in Data S1.

(D) Quantification showing increased primary branch number per axon in EGFR-DN (gray) expressing DCNs compared with genetic control (black) in adults.
N = 49 axons, 11 individuals for control; N = 33 axons, 9 individuals for EGFR-DN; t test, ***p < 0.0001.

(E) Quantification showing increased secondary branch number per primary branch in EGFR-DN (gray) expressing DCNs compared with control (black) in adults.
n = 32 primary branches, N = 6 individuals for control; n = 19 primary branches, N = 6 individuals for EGFR-DN; t test, ***p < 0.0001. Error bars denote
mean + SEM.

(F, G, I, and J) Adult axonal branch pattern (magenta) upon knocking down Brp (F and G) and Syd1 (I and J) specifically in DCNs compared with their genetic
controls.

(H) Adult quantification showing increased number of primary branches (normalized to total number of axons) and secondary branches (normalized to total
number of primary branches) in Brp B3,C8 RNAI (green) compared with control (black). n =49 axons, N = 12 individuals for control; n = 38 axons, N = 11 individuals
for Brp B3,C8 RNAI in primary branch quantification. n = 54 branches, N = 9 individuals in control; n = 60 branches, N = 10 individuals for Brp B3,C8 RNAi in
secondary branch quantification. Mann-Whitney test, ***p < 0.0001, **p = 0.0011.

(K) Adult quantification showing similar increase in primary (normalized to total number of axons) and secondary branch (normalized to total number of primary
branches) number of adult DCNs in Syd1 RNAI (blue) compared with control (black). n =92 axons, N = 15 individuals for control; n = 90 axons, N = 15 individuals for
Syd1 RNAI in primary branch quantification. n = 66 branches, N = 10 individuals in control; n = 36 branches, N = 7 individuals in Syd1-RNAi in secondary branch
quantification. Mann-Whitney test, **p = 0.0011, ***p < 0.0001.

(L) Quantification of the temporal outgrowth of secondary branches (secondary branch number normalized to number of primary branches) in every 30-min
interval between P65 and P72 ex vivo cultures in Brp B3,C8 RNAI (green) or EGFR-DN (gray) compared with control (black). n = 29 branches, N = 3 in-
dividuals for Brp B3,C8 RNAi (green); n = 20 branches, N = 3 individuals for EGFR-DN (gray); and n = 18 branches, N = 3 individuals for control (black). Error bars
denote mean + SEM; scale bar represents 5 pm.

See also Figure S1, Videos S2 and S3, and Data S1.
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Figure 3. EGFR is required for Brp stabilization in terminal branches
(A-D) Adult DCN axon branches contain early seeding factor Syd1-GFP, which is unaffected in EGFR-DN (A-B’), while late AZ marker BrpD3-GFP reduces
drastically in the branches where they accumulate in larger volumes (white asterisks) in EGFR-DN (C-D’).

(legend continued on next page)
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EGFR is required for Brp stabilization and synaptic
connectivity
To investigate the cross-regulation between EGFR activity and
synapse formation, we asked whether and how Syd1, EGFR,
and Brp interact genetically to establish M-DCN connectivity.
Syd1 is known to recruit Brp to future presynaptic sites.®'**
However, knockdown of Syd1 or Brp had no effect on the distri-
bution or levels of EGFR in adult branches (Figures S2A, S2A/,
S2C, S2C’, and S2D). Conversely, inactivation of EGFR did not
affect the number of Syd1 puncta distribution in the branches
(Figures 3A-3B’ and 3E). This suggests that EGFR and Syd1
act in parallel during synapse formation. In contrast, suppression
of EGFR activity resulted in a significant decrease of AZs based
on a reduction of the BrpD3-GFP marker, which colocalizes with
endogenous Brp (Figures S2E-S2F'). The BrpD3 adult distribu-
tion changes from 0.22 puncta per um in control to 0.1 per um
in EGFR-DN (Figures 3C-3D’ and 3F). This loss of BrpD3 distri-
bution per branch length unit corresponds to a 2.5-fold decrease
in the total number of BrpD3 puncta from ~15 to ~6.5 per axon. It
was accompanied by a redistribution from numerous small
puncta at presynaptic sites into a few large BrpD3 aggregates
(Figures 3C-3D’ and 3G), an indicator of endogenous AZs loss
in DCNs.*°

Given that EGFR enters branches before Brp, we asked when
EGFR was required for the presence of Brp in branches. We
examined the recruitment and accumulation of BrpD3-GFP in
M-DCN axons and primary branches over time. Inactivation of
EGFR did not interfere with the initial recruitment of BrpD3-
GFP at P55 (Figures 3H-3I' and 3N). At P65, where EGFR inacti-
vation led to an increase in branch number, it also caused an in-
crease in the number of BrpD3 puncta (Figures 3J-3K’ and 3N).
In contrast, we observed a significant decrease of BrpD3 levels
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starting at P72 and continuing into adults (Figures 3H-3N). To
examine the temporal dynamics of the gradual loss of BrpD3 af-
ter initial recruitment, we performed live imaging and calculated
the stability of BrpD3-GFP puncta in branches during synapto-
genesis. Brp puncta stability was tracked for 2 h in ex vivo cul-
tures at P65 and P72. We classified puncta as stable if they
were present throughout tracking, or as unstable if they disap-
peared at any point during the tracking. Between P65 and P67,
82% of Brp puncta were stable in control DCNs compared
with 57% in EGFR-DN DCNs. Between P72 and P74, 93% of
Brp puncta became stable in controls compared with 76% in
EGFR-DN expressing DCNs (Figure S2G; Video S4). Because
Brp acts as a scaffold protein for AZ formation,*° these suggest
that suppression of EGFR activity reduces the stability of AZs
during late brain development. To further validate the AZ reduc-
tion, we analyzed Unc13a protein, which closely associates
with Brp.®” Suppression of EGFR function leads to a significant
reduction of Unc13a puncta in adult axonal branches and
to an accumulation along the axonal shaft, similar to Brp
(Figures S2H-S2J). We conclude that EGFR activity is required
to maintain AZs in axonal branches.

EGFR inactivation causes an increase in primary and second-
ary axon branches, yet simultaneously causes a sharp decrease
of the AZ numbers. What is the impact of these seemingly
opposing changes on DCN postsynaptic connectivity and circuit
wiring? To test this, we first determined the DCN connectome in
the medulla. We used the anterograde transsynaptic method for
target tracing approach “trans-Tango,” which labels all the post-
synaptic targets in an unbiased manner without required prior
knowledge of cell types.®® We used stringent conditions (STAR
Methods) to optimize sparse labeling of postsynaptic targets
(Figures S2K and S2L). M-DCNs connect to a large variety of

(E) Quantification showing unaffected distribution of Syd1-GFP puncta number normalized to axon branch length in control (black) versus EGFR-DN (gray) in
adults. n = 93 branches, N = 15 individuals for control and n = 66 branches, N = 11 individuals for EGFR-DN; t test, p = 0.6688.

(F) Quantification showing reduction in distribution of BrpD3-GFP puncta number normalized to axon branch length in control (black) versus EGFR-DN (gray) in
adults. n = 124 branches, N = 20 individuals for control and EGFR-DN, t test, ****p < 0.0001.

(G) Adult quantification of the total number of BrpD3-GFP puncta per axon in control (black) versus EGFR-DN (gray). n = 17 axons, N = 5 individuals for control and
EGFR-DN. Mann-Whitney test; ****p < 0.0001.

(H-M) Recruitment of BrpD3-GFP puncta (green) in developing DCN branches labeled by CD4-tomato (magenta) in fixed samples during different stages of pupal
development in control versus EGFR-DN: P55 (H-I'), P65 (J-K'), and P72 (L-M').

(N) Quantification showing percentage of BrpD3-GFP-positive DCN branches per axon during development in control (black) versus EGFR-DN (gray). n = 14
axons, N = 5 individuals for control; P55, n = 16 axons, N = 5 individuals for EGFR-DN; P55, n = 14 axons, N = 5 individuals for control; P65, n = 11 axons, N = 4
individuals for EGFR-DN; P65, n = 16 axons, N = 5 individuals for control; P72, n = 18 axons, N = 6 individuals for EGFR-DN, n = 18 axons, N = 6 individuals for
control; adult, n = 22 axons, N = 7 individuals for EGFR-DN; adult. Kruskal-Wallis and Dunn’s as post hoc test; ****p < 0.0001.

(O and P) Labeling of postsynaptic partners (magenta) of adult DCNs (green) in the medulla (white arrowheads) using trans-Tango at 25°C for 7 days showing
reduced connectivity in EGFR-DN (P) compared with control (O).

(Q) Quantification showing reduced postsynaptic cell body number in medulla in control (black) versus EGFR-DN (gray) in adult DCNs at 25°C for 7-day-old
adults. N = 14 individual optic lobes for control and EGFR-DN; ****p < 0.0001, Mann-Whitney test.

(R-T) Rescue of BrpD3 GFP (green) puncta and secondary branches in adult DCNs labeled by uas-CD4 tomato (magenta) with increased gene copy number of
Brp (Pacman Brp) in EGFR-DN background (T and T’) back to control level (R and R’) compared with EGFR-DN alone (S and S') in adults.

(U) Adult quantification showing the rescue of BrpD3 GFP puncta normalized to individual axon branch length in Pacman Brp + EGFRPN (orange) back to control
(black) level compared with EGFR-DN (gray). n = 58 primary branches, N = 9 individuals for control; n= 30 primary branches, N = 5 individuals for EGFR-DN; n = 56
primary branches, N = 9 individuals for Pacman Brp+ EGFR-DN. Kruskal-Wallis and Dunn’s as post hoc test; ****p < 0.0001.

(V) Quantification showing no rescue of adult primary branch number per axon in Pacman Brp + EGFR-DN (orange) back compared with EGFR-DN (gray). n =18
axons, N = 6 individuals for control; n = 24 axons, N = 7 individuals for EGFR-DN; n = 26 axons, N = 7 individuals for Pacman Brp+ EGFR-DN. Kruskal-Wallis and
Dunn’s as post hoc test; ***p < 0.0001.

(W) Quantification showing rescue of adult secondary branch number per primary branch in Pacman Brp + EGFR-DN (orange) back to control (black) level
compared with EGFR-DN (gray). n = 20 primary branches, N = 4 individuals for control, EGFR-DN and Pacman Brp + EGFR-DN. Kruskal-Wallis and Dunn’s as
post hoc test; **p = 0.0007.

Error bars denote mean + SEM; scale bar represents 5 pm, except for (O) and (P), where it represents 20 pm.

See also Figures S2 and S3, Video S4, and Data S1.
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Figure 4. Temporal requirement of EGFR activity in synapse formation and primary branch consolidation

Adult DCN branch morphology labeled by uas-CD8 GFP (magenta) and AZs marked by uas-BrpD3-mCherry (green). EGFR is active when shifted to 22°C (green
bar) but inactive when shifted to 29°C (magenta bar). We inactivated EGFR temporally by shifting the Gal80' construct to 29°C during different developmental
time intervals and analyzed young adults unless otherwise stated. White squares represent regions of higher magnification.

(A and B) Lack of EGFR activity from P48 throughout development results in more primary (A and B) and secondary branching (A’ and B’) with reduced BrpD3-
mCherry puncta number (A” and B”) in adult DCN branches compared with control.

(C) Quantification showing increased primary branch number per axon in control (black) versus EGFR-DN (gray). n = 25 axons, N = 7 individuals for control; n = 26
axons, N = 7 individuals for EGFR-DN. Mann-Whitney test; ****p = 0.0001.

(D) Quantification showing increased secondary branches per primary branch in control (black) versus EGFR-DN (gray). n = 25 primary branches, N = 4 individuals
for control and n = 22 primary branches, N = 4 individuals for EGFR-DN. Mann-Whitney test; ***p < 0.0001.

(E) Quantification showing decreased BrpD3-mCherry puncta per unit branch length in control (black) versus EGFR-DN (gray). n = 25 branches, N = 5 individuals
for control and n = 66 branches, N = 7 individuals for EGFR-DN. Mann-Whitney test; ***p = 0.0001.

(F and G) Lack of EGFR activity only between P42 and P57 during development results in more primary branching (F and G) with no effect on secondary branching
(F" and G') or BrpD3-mCherry puncta localization (F” and G”) in adult DCNs compared with control. The young adults (D5) were shifted to 25°C for 5 days for
transgene expression prior to analyses.

(H) Quantification showing increased primary branch number per axon in control (black) versus EGFR-DN (gray). n = 17 axons, N = 5 individuals for control and
n = 18 axons, N = 5 individuals for EGFR-DN. Mann-Whitney test; *p = 0.0139.

(I) Quantification showing unaffected secondary branch number per primary branch in control (black) versus EGFR-DN (gray). N = 17 primary branches, 4 in-
dividuals for control and EGFR-DN. Mann-Whitney test; "Sp = 0.1462.

W, K, L, P, and Q) (J) Quantification showing comparable BrpD3 mCherry puncta per unit branch length in control (black) versus EGFR-DN (gray). N = 59 primary
branches, 10 individuals for control and N = 56 primary branches, 10 individuals for EGFR-DN. Mann-Whitney test; "p = 0.36. EGFR activity blocked only late

(legend continued on next page)
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medulla projecting neurons along with some lobula and lobula
plate targeting neurons (Figures S3A1-S3A21). Their most
frequent partners are lamina wide-field cells (Lawf1/2)
(Figures S3A11, S3A18, and S3H), followed distantly by trans
medulla neurons (Tm2/21/Y8/9) (Figures S3A2, S3A3, S3A7,
S3A8, and S3H).>? We further validated Lawf1 and Tm2 subtypes
as DCN postsynaptic targets using activity-dependent GRASP
(Figures S3C-S3D"). Next, we tested the effects of suppression
of EGFR activity on DCN circuit wiring. We observed a drastic
reduction in overall connectivity (Figures 30-3Q, S2M, S2N,
and S2P) in the medulla, with a significant reduction in the
most frequent partners Lawf1/2, Tm2/21, and a complete loss
of less frequent partners (Figure S3B). Therefore, the stabilization
of AZs by EGFR is required for adult M-DCN connectivity.

We have shown that Brp knockdown causes an increase in
secondary branches and that EGFR activity suppression results
in a similar increase of secondary branches as well as a late loss
of Brp puncta. We therefore asked whether a reduction of Brp
might explain the secondary branching phenotype upon EGFR
inactivation. To test this, we introduced an extra genomic copy
of the brp gene in a DCN EGFR-DN background. Increasing
Brp levels with one genomic copy rescued the loss of BrpD3-
GFP puncta showing specificity of the phenotype (Figures 3R-
3U). The secondary branching phenotype was also rescued
(Figures 3R-3T and 3W), but not the primary branching pheno-
type associated with the early role of EGFR (Figures 3R-3T
and 3V). Together these data show that EGFR inactivation
causes loss of Brp, which in turn destabilizes terminal axon
branches leading to an increase in their numbers. We conclude
that Brp protein dosage and thereby number of AZs is a determi-
nant of terminal branch stability.

Temporally specific requirement for EGFR activity in

synapse formation and terminal branching dynamics

Early DCN branch pruning is regulated by EGFR via the control of
actin dynamics, and EGFR is required during a second phase to
maintain Brp and synaptic connectivity. Do these two effects
reflect different temporal requirements of EGFR, or is the late
EGFR-sensitive phenotype an indirect consequence of the early
effect of EGFR on primary branching? To distinguish between
these two possibilities, we temporally inactivated EGFR function
at different times during development using the Gal4/Gal80 tem-
perature-sensitive repressor system (Gal80') combined with the
EGFR-DN transgene and a GFP reporter of the Gal80"™ system
(Figure 4). At 22°C (green bar), the Gal80'™ system is active and
prevents GFP expression (Figure S3E) and thus EGFR-DN
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expression allowing EGFR activity. At 29°C (magenta bar)
Gal80™ is inactivated, allowing EGFR-DN to be expressed:
EGFR activity will be inhibited. We additionally calibrated the
temporal progression of branch development at 22°C with
respect to control at 25°C (Figures S3F-S3J). As expected,
continuous EGFR inactivation from P48 till adult resulted in
a significant increase in primary and secondary branches and
a significant decrease in Brp from adult branches (Figures 4A-
4E). EGFR inactivation from P42 to P57 increases primary
branches but has no effect on secondary branches or Brp
(Figures 4F-4J). In contrast, inactivating EGFR from P55
(Figures 4K-40) or P65 (Figures 4P-4T) has no effect on primary
branch number but significantly increases secondary branches
and significantly decreases Brp. EGFR role in synapse formation
is strictly developmental as EGFR inactivation in adult did
not cause branching or Brp levels and distribution defects
(Figures S4A-S4E). Therefore, regulation of EGFR at presynaptic
branches defines a developmental critical interval for terminal
branch consolidation and synapse stabilization.

Suppression of EGFR function increases
autophagosome formation and Brp localization to
degradative compartments

Autophagy can regulate synapse formation by restricting filopo-
dial kinetics'® and EGFR has been shown to regulate autophagy
in Drosophila testis*® and tumorigenic contexts.*’ We hypothe-
sized that EGFR activity may suppress autophagy in DCNs. Sup-
pression of EGFR activity may therefore result in an upregulation
of autophagy followed by an increased Brp degradation. To test
this idea, we first used a membrane-associated degradation re-
porter (myr-mCherry-pHluorin). In fixed brains, this probe marks
degradative compartments in red with little or no green fluores-
cent signal because mCherry is significantly more acidification-
and degradation-resistant than the pHluorin.*” In DCNs of con-
trol brains, we observed an mCherry/pHluorin intensity ratio of
~1, while EGFR inhibition led to a significant 2-fold increase of
the mCherry/pHluorin ratio in large clusters (Figures S4F-S4H).
This increased localization to degradative compartments was
also observed with an mCherry-pHluorin-tagged version of the
BrpD3 probe (Figures S41-S40). To understand the nature of
these Brp-containing degradative compartments, we analyzed
the colocalization of the BrpD3-GFP marker with endogenous
Rab7 and a Rab7-RFP reporter at P65 and P72 and in adult
brains. Upon EGFR inactivation, Rab7 was upregulated in adult
cell bodies (Figures S5L-S5M'), and BrpD3-GFP colocalization
with endogenous Rab7 in axon branches progressively

either from P55 (K-L”) or from P65 (P-Q”) throughout development leads to decreased BrpD3-mCherry puncta (K”, L”, P”, and Q") and increased secondary
branches (K', L', P’, and Q') with no significant change in primary branches (K, L, P, and Q) in adult DCNs.

(M and R) Quantification showing unaffected primary branches per axon in control (black) versus EGFR-DN (gray). (M) n = 38 axons, N = 9 individuals for control
and n = 43 axons, N = 10 individuals for EGFR-DN. Mann-Whitney test; "*p = 0538. (R) n = 36 axons, N = 7 individuals for control and n = 26 axons, N = 5 individuals

for EGFR-DN. Mann-Whitney test; "p = 7,204.

(N and S) Quantification showing increased secondary branches per primary branch in control (black) versus EGFR-DN (gray). (N) n = 22 primary branches,
N = 4 individuals for control and n = 21 primary branches, N = 4 individuals for EGFR-DN. Mann-Whitney test; ***p < 0.0001. (S) n = 25 primary branches, N = 5
individuals for control; n = 26 primary branches, N = 5 individuals for EGFR-DN. Mann-Whitney test; ****p < 0.0001.

(O and T) Quantification showing decreased BrpD3-mCherry puncta per unit branch length in control (black) versus EGFR-DN (gray). (O) n = 47 primary branches,
N = 7 individuals for control and n = 53 primary branches, N = 8 individuals for EGFR-DN. Mann-Whitney test; ****p < 0.0001. (T) N = 87 primary branches,
11 individuals for control and n = 94 primary branches, N = 12 individuals for EGFR-DN. Mann-Whitney test; ****p < 0.0001.

Error bars denote mean + SEM; scale bar represents 5 pm.
See also Figures S3 and S4 and Data S1.
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Figure 5. EGFR activity is required to prevent Brp degradation during synaptogenesis
(A-F) Progressively increased colocalization of endogenous Rab7 (white) with BrpD3-GFP puncta (green) in DCN axon terminals labeled with CD4-tomato
(magenta) in control versus EGFR-DN during late development: P65 (A-B”), P72 (C-D”), and adult (E-F"). White squares represent regions of higher magnification
showing Rab7-BrpD3 colocalization in (A)—(F").

(legend continued on next page)
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increased from P65 to adult (Figures 5A-5G). We obtained
similar results using the Rab7-RFP reporter expressed specif-
ically in DCNs (Figures S5A-S5D). In contrast, we did not
observe any significant changes in Rab7-RFP colocalization
with Syd1 puncta upon EGFR inactivation (Figures S5E-S5G).
Thus, suppression of EGFR function leads to an increase of
Rab7-positive Brp-containing degradative compartments.

The observed increase of degradative compartments could
either result from a block of degradation or from increased levels
of functional degradation. We therefore tested whether suppres-
sion of EGFR function leads to a selective accumulation of late
degradative compartments (indicative of a block of degradation)
or induces early markers of degradation. In addition to the
Rab7 upregulation, we found upregulation of both early and
late markers for autophagosomal degradation, including P62
(a cargo-adaptor for autophagic engulfment),*®> Atg5-GFP (an
autophagosome formation marker),** endogenous Atg8 (a core
protein of autophagosome maturation)*®>“® and endogenous
Spinster (Spin), a lysosome and autolysosomes marker*’
(Figures 5H-50, S5N-S5S, and S5W). Specifically, we observed
upregulation of Atg5-GFP and p62 in discrete puncta specifically
in DCN soma (Figures 5H, 51, 5N, S5N, and S50), whereas Atg8
and Spinster in both soma and axonal branches, where it colo-
calized with Brp (Figures 5J-5M, 50, S5P-S5S, and S5W).
Correspondingly, an Atg8-mCherry-pHluorin probe in DCNs
of ex vivo cultured brains exhibited increased mCherry puncta
volume (Figure S5V) with unaltered mCherry/GFP fluorescence
ratio (Figure S5W) when EGFR was deactivated, indicating
an increase of acidified, autophagosomal compartments
(Figures S5T-S5W). This suggests that suppression of EGFR
function leads to an activation of the entire autophagy pathway,
starting with increased autophagosome formation.

EGFR suppression of autophagy maintains DCN
presynaptic AZs and circuit connectivity

Our findings suggest that EGFR acts early in the autophagic
cascade to protect synaptic material from degradation. If sup-
pression of EGFR function leads to the induction of autophago-
some formation and autophagic degradation, then blocking
autophagy should prevent EGFR-dependent effects that are
caused by autophagy upregulation. We therefore downregulated
autophagic degradation through knockdown of atg5, atg6, or
rab7 in wild type and upon EGFR activity inhibition. We assayed
terminal branching, BrpD3 distribution, and M-DCN postsyn-
aptic connectivity. Knockdown of either atg5, atg6, or rab7 alone
using well-characterized RNAI lines*®*° did not cause signifi-
cant changes in terminal secondary branch number or BrpD3
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level (Figures 6A, 6A’, 6C, 6C’, 6M, 6N, S6A, S6C, and S6E). In
contrast, knockdown of either atg5, atg6, or rab7 upon EGFR
inactivation all completely suppressed the increase in secondary
branches and restored Brp at M-DCN synaptic terminals back to
control levels (Figures 6D, 6D’, 6F, 6F’, 6M, 6N, S6B, S6D, and
S6E), indicating that the synaptic loss caused by EGFR inactiva-
tion is autophagy dependent.

Our data suggest that EGFR is not required for increasing the
levels of Brp import into the synaptic terminal, but instead for
maintaining the Brp pool already present in presynaptic
branches by preventing autophagic degradation. If Brp degrada-
tion is already fully suppressed by wild-type levels of EGFR
activity, then increasing EGFR activity should not lead to an in-
crease in Brp levels. We tested this idea by examining Brp
upon expression of a constitutively activated EGFR (EGFR-
CA)®" in DCNs, which creates DCN over-branching defect.*”
We found no effect on BrpD3 density or distribution, DCN cir-
cuitry, nor on the degree of BrpD3 colocalization with Rab7-
RFP (Figures S2M, S20, S2P, and S5H-S5K).

Next, we asked whether the cell-autonomous rescue of
presynaptic terminals suffices to restore M-DCN postsynaptic
connectivity based on transsynaptic tracer experiments. Down-
regulation of either atg6 or rab7 alone resulted in an ~50%
decrease in the number of trans-Tango-labeled M-DCN postsyn-
aptic cells, while EGFR inactivation caused an almost complete
loss of connectivity (Figures 6G-6J and 60). However, knock-
down of either atg6 or rab7 in EGFR-DN background rescued
the connectivity to postsynaptic cells to the levels observed
upon knockdown of atg6 or rab7 alone (Figures 6J-6L and 60).
Thus, the effect of EGFR inactivation on connectivity requires
autophagy. Finally, we tested how these DCN connectivity
changes caused by these manipulations affect behavior. We
have previously shown that changes in M-DCN connectivity
are sufficient to change behavioral responses in the multipara-
metric single fly visual response assay Buridan’s paradigm.”®
In this assay, single flies walked freely between two identical vi-
sual cues (Figure S6F) and reduction of synapses increased fly
activity when flies were tested at the same temperature at which
they developed.®® We first measured the baseline activity of indi-
vidual flies in the absence of any DCN-relevant visual stimulus
and observed that EGFR activity loss had no behavioral pheno-
type in the absence of a visual cue (Figures S6N-S6P). However,
when subjected to stripes as visual stimuli, EGFR inactivation in
DCNs results in behaviorally more active flies: longer walking dis-
tances, staying active for a longer time, and increasing the num-
ber of walks (Figures S6G, S6H, S6J, and S6K-S6M; Data S1).
By contrast, rab7 DCN-specific knockdown reduced behavioral

(G) Quantification showing increased percentage of BrpD3-GFP puncta colocalized with endogenous Rab7 per axon at P65, P72 and adults in control (black)
versus EGFRPN (gray). n =20 axons, N = 6 individuals for control versus n = 21 axons, N = 6 individuals for EGFR-DN at P65; n = 16 axons, N = 5 individuals for
control versus n =15 axons, N = 5individuals for EGFR-DN at P72, n = 10 axons, N = 5 individuals for control and EGFR-DN at adults. ****p < 0.0001, Kruskal-Wallis
and Dunn’s as post hoc test.

(H-M) Lack of EGFR activity results in increased and more puncta-like expression pattern of Atg5-GFP (I and I) in the cell bodies of adult DCNs compared with
control (H and H’), while Spinster shows similar increased expression pattern in the cell bodies (J-K’) and increased colocalization with BrpD3 puncta in the adult
branches (L-M').

(N) Quantification showing increased Atg5-GFP in adult DCN branches.

(O) Quantification showing increased colocalization of endogenous Spinster with BrpD3-GFP in the adult DCN branches. n = 19 axons, N = 6 individuals for
control and EGFR-DN; ***p = 0.0005, Mann-Whitney test.

Scale bar represents 5 um, apart from (A')~(F”), which represents 3 pm.

See also Figures S4 and S5 and Data S1.
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Figure 6. EGFR signals through autophagy to maintain DCN presynaptic active zone and circuit connectivity

(A-F) Rescuing loss of adult DCN terminal axon branch (magenta) number and BrpD3-GFP puncta (green) distribution in Rab7 RNAi + EGFR-DN (E and E’) and
Atg6 RNAi + EGFR-DN (F and F’) back to the level of control (A and A’), Rab7-RNAi (B and B’), or Atg6-RNAi (C and C’) as compared with EGFR-DN (D and D’).
(G-L) Corresponding rescue of postsynaptic partner (cyan asterisks) loss in DCNs using trans-Tango at 25°C for 7-day-old adults in EGFR-DN (H) by expressing
Rab7 RNAi + EGFR-DN (K) or Atg6 RNAi + EGFR-DN (L) back to the level of Rab7-RNAi (H) or Atg6-RNAi (1), respectively, but only partial rescue compared with
control (G).

(M) Quantification showing rescue of secondary branch number per primary in Rab7 RNAi + EGFR-DN (green + gray) and Atgé RNAi + EGFR-DN (blue + gray)
back to the level of control (black), Rab7 RNAi (green), and Atgé RNAI (blue) as compared with EGFR-DN (gray). n = 41 branches, N = 7 individuals for control;
n = 50 branches, N = 8 individuals for Rab7 RNAi; n = 22 branches, N = 5 individuals for Atgé RNAi; n = 35 branches, N = 6 individuals for EGFR-DN; n = 41
branches, N = 7 individuals for Rab7 RNAi + EGFR-DN; n = 25 branches, N = 5 individuals for Atgé RNAi + EGFR-DN. Kruskal-Wallis and Dunn’s as post hoc test;
****p < 0.0001.

(N) Quantification showing similar rescue of BrpD3-GFP puncta per unit branch length in Rab7 RNAi + EGFR-DN and Atgé RNAi + EGFR-DN back to the level
of control, Rab7 RNAI, and Atg6 RNAi as compared with EGFR-DN. n = 153 branches, N = 14 individuals for control; n = 138 branches, N = 10 individuals for Rab7

(legend continued on next page)
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activity (Figures S6Q-S6S). Correspondingly, rab7 knockdown
in EGFR-DN background rescued the walking activity back to
control levels (Figures S6H-S6M), suggesting that even partial
rescue of DCN synaptic connectivity (Figure 60) is sufficient to
support normal locomotor activity at the level assayed here.

DISCUSSION

The complexity of neuronal circuit wiring patterns, driven to a sig-
nificant extent by the degree of axonal branching during develop-
ment,® is thought to be key to the emergence of behavior. In the
mammalian motor cortex for example, axon branch complexity
can allow a single neuron to innervate very distant ipsi- and
contra-lateral cortical and sub-cortical targets.®> The unique
branching pattern of L-fibers supports the nocturnal lifestyle
of the sweat bee M. genalis,>® while intrinsic variation in M-DCN
connectivity underlies individual variation in Drosophila visual
response behavior.?® Understanding the spatial, temporal, and
mechanistic coordination of axonal branching and synaptogene-
sis during development is critical for a more complete description
of the emergence of both conserved patterns and individual vari-
ation of neuronal circuit diagrams.

Here, we asked if, when, and how molecular factors that play
key roles in regulating axon branching, synapse formation, and
membrane degradation interact to produce specific presynaptic
patterns, neuronal circuit connectivity and behavior using the
developing Drosophila visual system as a model. This diverse
list of cellular processes is tied together by their collaborative ef-
fects during the development of synaptic connectivity. Axo-
dendritic branching and synapses formation have long been
known to depend on each other during synaptotropic growth
of branches based on synapse stabilization.* For example,
branch stabilization during synaptotropic growth has also been
shown to depend on synaptic activity and locally restricted cal-
cium signals in developing Drosophila dendrites.’ Develop-
mental interactions of axonal and dendritic processes are a
major contributor, and can sometimes predict, the adult synaptic
connectivity.” By contrast, cell biological processes like cyto-
skeletal dynamics or membrane degradation have long been
described as a “permissive” basis for more “instructive” molec-
ular mechanisms of synaptic specification. However, to the
extent that such cell biological mechanisms directly contribute
to branching and synapse formation, they become parts of a
composite instruction that cannot be pinned on a single molec-
ular mechanism but require the consideration of several collab-
orating factors to understand a neuron’s choice to branch and
form a synapse.®® Hence, an integrative analysis of molecular
recognition, signaling, and cell biological machinery is necessary
to mechanistically understand how branching contributes to
adult synaptic connectivity.

¢ CellP’ress

Numerous molecular and cellular mechanisms have been
implicated in the spatiotemporal control of how synaptic part-
ners are brought together for synapse formation.” Over the last
25 years investigating the role of EGFR in nervous systems has
demonstrated its roles in neural stem cell maintenance,”’ astro-
cyte and oligodendrocyte maturation,®® axon regeneration,*®
and more recently in neurite outgrowth and branching.®® In addi-
tion, we have recently demonstrated roles for the cell biological
regulation of filopodial dynamics and autophagic degradation in
establishing specific synaptic connectivity.*'® How such basic
cellular processes are coupled to the process of patterning
axonal branches and how the three processes —branching, syn-
aptogenesis, and autophagy —are coordinated in time to estab-
lish circuit-specific wiring diagrams has remained unclear. We
find that these processes are indeed coupled but only during a
very specific temporal interval through EGFR activity preventing
the autophagic degradation of the synaptic AZ protein Brp. Inac-
tivation of EGFR during this specific critical interval in late devel-
opment, but not before or after, causes Brp degradation, circuit
wiring changes, and altered visually driven behaviors.

An interesting observation is the difference in dynamics upon
EGFR inactivation and knockdown of Brp. While both result in
increased secondary branches, loss of Brp leads to a more
dynamic state of these branches even in the adult brain. In
contrast, suppression of EGFR function causes these secondary
branches to be largely static, even though EGFR inactivation
also causes Brp loss. This is likely because suppression of
EGFR function also impairs actin dynamics which are required
for filopodial dynamics, while Brp loss does not affect EGFR
activity and thus does not impair actin dynamics. These observa-
tions underline the critical importance of live imaging for discov-
ering and interpreting otherwise seemingly similar phenotypes.
These observations are also consistent with the genetic hierarchy
we observed whereby EGFR regulates BrpD3 levels, but Brp does
not appear to regulate EGFR levels. Again, live imaging combined
with temporally restricted inactivation of EGFR allowed us to
dissect the temporal logic of this genetic hierarchy and discover
the role of EGFR activity as coupling mechanism between branch-
ing dynamics, local degradation, and synapse formation.

Our observations show that the coupling between branching,
autophagy, and synaptogenesis is only required during a very
specific temporal interval which, perhaps not surprisingly, coin-
cides with active synaptogenesis in the developing fly brain."
Our analysis of the temporal sequence of trafficking of various
molecules indicates that this developmental critical interval is
opened by the spatial and temporal coincidence of EGFR and
BrpD3 in exploratory branches. Similarly, it is likely that the crit-
ical interval ends once synaptic contacts between DCNs and
their postsynaptic cells have been established. What remains
to be explored is how exactly synapse formation ends the

RNAI; n = 84 branches, N = 9 individuals for Atgé RNAi; n = 124 branches, N = 10 individuals for EGFR-DN; n = 122 branches, N = 10 individuals for Rab7 RNAi +
EGFR-DN, n = 50 branches, N = 6 individuals for Atgé RNAi + EGFR-DN; Kruskal-Wallis and Dunn’s as post hoc test; ***p < 0.0001.

(O) Quanttification for rescuing postsynaptic cell body number in medulla per optic lobe in Rab7 RNAi + EGFR-DN and Atgé RNAi + EGFR-DN back to the level of
control, Rab7 RNAI, and Atgé RNAi as compared with EGFR-DN. n = 12 individual optic lobes in control, N = 11 individual optic lobes in Rab7 RNAi, N = 10
individual optic lobes in Atgé RNAi, N = 13 individual optic lobes in EGFR-DN, N = 12 individual optic lobes in Rab7 RNAi + EGFR-DN, and N = 14 individual optic
lobes in Atgé RNAi + EGFR-DN. Kruskal-Wallis and Dunn’s as post hoc test; ****p < 0.0001.

Error bars denote mean + SEM; scale bar represents 5 pm, except for (G)-(L), where it is 15 pm.

See also Figure S6 and Data S1.
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interactive feedback between branch dynamics and synapse
degradation. One possibility is that postsynaptic dendrites pro-
vide molecular signals to presynaptic axonal branches to
limit AZ degradation. Another possibility is that the initiation of
spontaneous activity alters local endolysosomal recycling®
to reduce degradation and favor maintenance, for example,
through the activity-dependent regulation of local translation
of resident mRNAs.®® A third possibility is the late arrival of pre-
synaptic proteins that protect the AZ, reduce autophagy, or alter
EGFR function. Clearly, none of these mechanisms are mutually
exclusive, and we speculate that a combination of such feed-
back mechanisms would be the best way to ensure a robust
closing of the developmental critical interval we discovered
here. Flies, similar to vertebrates, undergo a critical period of
post-natal experience-dependent synaptic pruning with un-
known molecular mechanism. It would be interesting to explore
whether the mechanism we uncovered here also plays a role in
synaptic regulation and neural circuit plasticity during that crit-
ical period. It is possible that similar molecular modules are
used re-iteratively to regulate synaptic homeostasis and pre-
synaptic branching in experience-independent and -dependent
brain development.

We have previously shown that an increase in local auto-
phagy also led to a decrease of adult synapses in R7 photore-
ceptor neurons,'® albeit by a different mechanism. In R7 photo-
receptors, local autophagosome formation at the tips of
synaptogenic filopodia is accompanied by engulfment of synap-
tic seeding factors but not Brp, followed by filopodial collapse
and thus less filopodial availability to form synapses. In DCNs,
axonally localized autophagosome formation is accompanied
by engulfment of Brp but not synaptic seeding factors, leading
to a destabilization and reduction of mature synapses. Hence,
the spatiotemporal-specific roles of autophagy in different types
of axon terminals during synapse formation are highly context
specific, involve different substrates, and yet lead to similar
outcomes. An obvious contextual difference between R7s
and DCNs is that only the latter form branched axons and
employ synaptotropic-like branch stabilization through mature
synapses.

Increasing evidence supports the important roles that sto-
chastic and/or noisy molecular processes play in the early
phases of establishing wiring specificity prior to the final step
of spatially and temporally restricted local synapse formation
and stabilization.®* While neuronal circuit wiring patterns across
the animal kingdom are highly robust, they, almost without
exception, show at least some degree of intrinsic variation within
and between individuals. Noise in genetically encoded program
can ensure robustness of highly reproducible wiring patterns, for
example, when stochastic exploration ensures partner finding.®°
Correspondingly, axon branch initiation in DCNs is noisy and
exploratory, while the final axonal pattern is robustly stereotypic.
The evidence presented in this work demonstrates the impor-
tance of intrinsic local control of the feedback between axonal
branching and synapse formation to ensure the robust outcome.
Such local feedback regulation ensures that genetically encoded
noisy molecular and cellular processes such as filopodial growth
and retraction and synaptic seeding are coordinated in time and
space to produce conserved, robust, yet individually variable,
non-random neuronal circuit diagrams.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-NC82 [1:10] DSHB AB 2314866

Mouse anti-GFP mAb [1:500] Life Technologies Cat# A11120; RRID: AB_221568
Chicken anti-GFP pAb [1:250] Abcam Cat# AB13970; RRID: AB_300798
Goat anti-GFP [1:500} Abcam Cat# AB6678

Rabbit anti-CD4 [1:250} Atlas Antibodies Cat# HPA004252; RRID: AB_1078466
Rabbit anti-dsRed [1:200} Takara Bio Cat# 632496; RRID: AB_10013483
Mouse anti-LacZ [1:200] Promega Cat# Z3781; RRID: AB_430877

Goat anti-mCherry [1:500] Sicgen Cat# AB 0040-200; RRID: AB_2333093

Rabbit anti-Rab7 mAb [1:1000]

Rabbit anti-p62 [1:1000]

Guinea-pig anti-Spinster [1:1000]

Guinea-pig anti-Unc13a [1:300]

Rabbit anti- GABARAP+GABARAPL1+GABARAPL2 (ATG8)
STAR RED-coupled goat anti-chicken [1:250]
Donkey anti-chicken Alexa Fluor 488 [1:500]
Donkey anti-chicken Cy3 [1:500]

Donkey anti-mouse 488 [1:500]

Goat anti-guinea pig Alexa Flour 647 [1:500]
Donkey anti-rabbit Alexa Cy3 [1:500]

Donkey anti-mouse Alexa 405 [1:500]
Donkey anti-goat Alexa 647 [1:500]

Donkey anti-rabbit Alexa 647 [1:500]

Donkey anti-mouse Alexa 594 [1:500]

Goat Anti-rabbit Alexa488 [1:100]

Goat Anti-mouse Alexa594 [1:100]

Gift from Patrick Dolph

Gift from Gabor Juhasz

Gift from Sean Sweeney

Gift from Stephan Sigrist
Abcam

Abberior dyes

Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
ThermoFisher Scientific
Thermofischer Scientific
Thermofischer Scientific

N/A

N/A

N/A

N/A

Cat# AB109364; RRID: AB_10861928
N/A

Cat# 703.545.155; RRID: AB_2336933
Cat# 703-545-155; RRID: AB_2340415
Cat# 715-545-150; RRID: AB_2340846
Cat# 106-605-003; RRID: AB_2337446
Cat# 711-165-152; RRID: AB_2307443
Cat# 715.475.150; RRID: AB_2340758
Cat# 705-605-147; RRID: AB_2340437
Cat# 11-605-152; RRID: AB_2492288
Cat# R37115; RRID: AB_2556543
Cat# A-11008; RRID: AB_143165

Cat# A-11012; RRID: AB_2534079

Chemicals, peptides, and recombinant proteins

Vectashield

PBS

Prolong Gold

Formaldehyde

Triton X-100

Schneider’s Drosophila Medium [+] L-Glutamine
Agarose, low gelling temperature
Human insulin recombinant zinc
Penicillin/Streptomycin

ES Cell FBS

60 x 15mm culture plate

Sylgard 184

Sodium Azide

SilGard and Silicone Elastomer Kit
Normal Donkey Serum

Vector Laboratories
GIBCO
ThermoFisher Scientific
Merck KGaA
Sigma-Aldrich
GIBCO
Sigma-Aldrich
GIBCO

GIBCO

GIBCO

CytoOne

Dow Corning
Sigma

Dow Corning

Jackson Immunoresearch

H-1000
70011-36

Cat# P10144
1.03999.1000
T8787

21720-024
A9045-10G
12585014
15140122
16141-061
CC7672-3359
N/A

N/A

184

Cat# 017-000-121

Experimental models: Organisms/strains

Drosophila: UAS-BrpD3::GFP
Drosophila: UAS-BrpD3-mCherryPhlourin

Gift from S.Sigrist®®
Gift from R.Hiesinger

N/A
N/A

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Drosophila: UAS-myr-mCherrypHlourin Gift from R.Hiesinger*” N/A

Drosophila: trans-Tango
Drosophila: M-DCN-Gal4
Drosophila: UAS-LacZ
Drosophila: UAS-EGFR CA
Drosophila: UAS-EGFR GFP
Drosophila: UAS-Brp B3.C8 RNAi
Drosophila: Lawf1-Gal4
Drosophila: Tm2-Gal4
Drosophila: ato-Gal4-14a
Drosophila: ato-LexA
Drosophila: UAS-Trans Tango®®

Drosophila: UAS-nSyb-spGFP1-10,lexAop-CD4-

spGFP

Drosophila: lexAop-nSyb-spGFP1-10,UAS-CD4-

spGFP11

Drosophila: UAS-Rab7 RFP
Drosophila: UAS-EGFR DN
Drosophila: UAS-Syd1 GFP
Drosophila: UAS-Brp B3.C8 RNAi

Drosophila: UAS-BrpD3 mCherry
Drosophila: UAS-mCD8::tdGFP
Drosophila: UAS-mCD4::tdGFP
Drosophila: UAS-mCD4::tdTomato
Drosophila: UAS-Rab7 RNAI
Drosophila: UAS-Atg5 RNAI
Drosophila: UAS-Syd1 RNAI
Drosophila: UAS-Atg6 RNAI
Drosophila: UAS-EGFR CA
Drosophila: UAS-tubulin Gal80ts
Drosophila: UAS-Atg8-mCherry-GFP
Drosophila: Pacman Brp
Drosophila: w1118

Drosophila: valium 20

Drosophila: valium 10

Drosophila: Canton-S

Drosophila: UAS-Wasp RNAI
Drosophila: UAS-Ensconsin RNAI
Drosophila: UAS-Act42a RNAi
Drosophila: Canton S

Bloomington Drosophila Stock Center
Vienna Drosophila Stock Center
Bloomington Drosophila Stock Center
Hassan lab’

Hassan lab®’

Gift from S.Sigrist

Gift from M.Reiser®”

Ting et al.®®

Hassan lab?®

Hassan lab?®

Bloomington Drosophila Stock Center

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center

Gift from R.Hiesinger
Gift from R. Hiesinger
Gift from S.Sigrist
Gift from S.Sigrist®*

Gift from S. Sigrist®®

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Vienna Drosophila Stock Center
Vienna Drosophila Stock Center
Bloomington Drosophila Stock Center
Vienna Drosophila Stock Center

gift from T. Lecuit®®

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Gift from S. Sigrist®®

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Vienna Drosophila Stock Center
Vienna Drosophila Stock Center
Vienna Drosophila Stock Center
Bloomington Drosophila Stock Center

RRID: BDSC_77123
RRID: VT037804_VDRC
RRID: BDSC_3956
N/A

N/A

N/A

N/A

N/A

N/A

N/A

RRID: BDSC_77124
RRID: BDSC_64314

RRID: BDSC_64315

N/A
N/A
N/A

FlyBase: FBal0195570; FlyBase:

FBal0195571

N/A

RRID: BDSC_5137
RRID: BDSC_35836
RRID: BDSC_35837
VDRC 40337

VDRC 104461
RRID: BDSC 32946
VDRC GD 22122
N/A

RRID: BDSC 7017
RRID: BDSC_37749
N/A

RRID: BDSC_54608
N/A

RRID: BDSC_35788
RRID: BDSC_
VDRC 108220
VDRC 106270
VDRC 12456

N/A

Software and algorithms

GraphPad Prism

Imaged

IMARIS

Leica Application Suite X
Clampfit

Clampex

GraphPad Software

National Institutes of Health (NIH)
Bitplane AG

Leica Microsystems

Axon Instruments

Axon Instruments

RRID: SCR_002798
RRID: SCR_002285
RRID: SCR_007370
RRID: SCR_013673
RRID: SCR_011323
RRID: SCR_011323
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bassem
Hassan (bassem.hassan@icme-institute.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability

e This paper does not report original code.

® This paper does not report single cell RNAseq data and no western blots were performed. Microscopy data reported will be
shared by the lead contact upon request.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flies were reared at 25°C on standard cornmeal/yeast diet for all crosses and at 21°C and 29°C for Gal80ts experiments. For devel-
opmental analyses, white pre-pupae (P+0%) were collected and incubated at 25°C to pupal stages as stated on figures. See the key
resources table for the detail of Drosophila strains.

METHOD DETAILS

Immunohistochemistry and fixed imaging

Pupal and adult brains were dissected in cold Schneider’s Drosophila medium and fixed in 4% paraformaldehyde (PFA) in PBS for
~20 minutes. Tissues were then washed in PBST (1% Triton-X) on a shaker for 3x15mins followed by overnight incubation with pri-
mary antibodies at 4°C shaker. See the key resources table for the list and concentration of primary and secondary antibodies used in
this study. Next, the brains were washed again with 1% PBST on a shaker for 3x15mins. The brains were incubated with appropriate
secondary antibodies (Alexa 488, 554, 647, 405, 594) at a concentration of 1:500 from Jackson Immunoresearch Laboratories for
5-6hours at room temperature, followed by final wash with 1% PBST for 3x15mins. Tissues were mounted on taped cover slides
using vector shield. Images were obtained with a Leica TCS SP8-X white laser confocal microscope with a 63x glycerol objective
(NA=1.3) following the procedure from Kiral et al.*® and Jin et al.**

STED imaging

Adult brains were dissected in cold Schneider’s Drosophila medium and fixed in 4% paraformaldehyde (PFA) in PBS for ~20 minutes.
Tissues were then in PBST (1% Triton-X) on a shaker for 3x15mins followed by overnight incubation with primary antibodies at 4°C
shaker. See the key resources table for the list and concentration of primary and secondary antibodies used in this study. Next, the
brains were washed again with 1% PBST on a shaker for 3x15mins. The brains were incubated in secondary antibodies for 5-6hours,
followed by final wash with 1% PBST for 3x15mins. Then they were mounted on taped cover slides using Prolong Gold (Invitrogen)
and kept 24hours at RT in dark. The slides were then stored at 4°C for 48hours before imaged. Images were obtained with a STED
Expert Line Microscope from Abberior Instruments with a 100x oil objective (NA=1.4) as described in Pooryasin et al.®®

Pupal brain culture and Live-Imaging

For all ex-vivo live imaging experiments, pupal or adult brain was carefully dissected out of the pupal case or the surrounding exoskel-
eton respectively. The resultant eye-brain complexes were mounted in 0.4% dialyzed low-melting agarose in a modified culture me-
dium as described in Ozel et al.”® We used double sided tapes cut into 1inch x 1inch small squares as coverslips. Since all our devel-
opmental imaging were done after P48, we used Hydroxyecdysone free culture media. To fully expose DCN branch projection
patterns, the pupae were mounted posterior side up. Live imaging was performed at room temperature using a Leica TCS SP8 X
confocal microscope with a resonant scanner, using 63X water objective (NA=1.2), and optimized settings of minimal white laser
excitation and crosstalk avoiding SP detector emission windows. White laser excitation was set to 488 nm for GFP, 554 nm for tdTo-
mato signal acquisitions.

Trans-tango and activity-dependent GRASP

Trans-tango was performed with DCN-specific ato-Gal4-14a° and M-DCN-Gal4”® whereas GRASP experiment was performed with
DCN-specific ato-LexA. Trans-tango flies were raised both at 18°C and 25°C to optimize the dissection conditions. 7 days old flies
raised at 25°C showed dense connectivity pattern. The number of postsynaptic neurons was counted manually from their cell bodies
using the “surface” tool in IMARIS, including all cell bodies with weak or strong labelling to reveal all potential connections. Since
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postsynaptic partner labeling by Trans-tango is age-dependent, 3-days old flies reared at 25°C were dissected for sparse labeling to
reveal the identity of post-synaptic cell types connected to M-DCNs.

For activity-dependent GRASP experiments, to activate DCNs, freshly eclosed flies were transferred to 25°C incubator with
12-12hours light-dark cycle for 5 days. Brains were dissected and stained with a polyclonal anti-GFP antibody to label DCN pre-syn-
aptic sites, monoclonal anti-GFP antibody to label GRASP signal, and polyclonal anti-CD4 antibody to label postsynaptic neurons as
described in Kiral et al.>® See the key resources table for the list and concentration of primary and secondary antibodies used in this
study.

Buridan’s paradigm assay
Fly navigation behavior was tested in a Buridan’s paradigm arena as described in Linneweber et al.“” using flies grown in a 12/12
hours light-dark cycle at 50% relative humidity. The arena consists of a round platform of 117 mm in diameter, surrounded by a wa-
ter-filled moat and placed inside a uniformly illuminated white cylinder. The light was produced by four circular fluorescent tubes (Os-
ram, L 40w, 640 C circular cool white) powered by an Osram Quicktronic QT-M 1 x 26-42. The fluorescent tubes were located
outside of a diffuser (DeBanier, Belgium, 2090051, Kalk transparent, 180 g, white) positioned 147.5 mm away from the arena center.
The temperature on the platform was kept constant at 25 °C. 30 mm-wide stripes of black cardboard were placed on opposing sides
inside of the diffuser and served as visual targets. The retinal size of the visual object depends on the position of the fly on the plat-
form. In this arena it ranges from 8.4° to 19.6° in width (11.7° in the center of the platform). Similar behavioral setup without the stripes
were used for testing behavioral activity in absence of any visual stimuli. Fly tracks were analyzed using CeTrAn (coulomb) and
custom-written python code from Linneweber et al.”® 25 partially overlapping behavioral parameters were evaluated as follows.
Measures of overall activity
Number of walks: The number of times a fly walks from one stripe to the other. The fly needs to be on both ends near the edge more
than 80% of the platform radius. Pause duration (s): Median duration of pauses in seconds. Distance travelled (mm/min): Total dis-
tance travelled per minute. Relative time moving: ratio of moving vs. not moving over the entire length of the fly track. Activity time (s):
Time active per minute in seconds. Speed (mm/s): Division of the distance travelled by time in mm/s. The reported value is the median
speed of each fly. Movements exceeding 50mm/s are excluded in the median speed calculation. Number of pauses: number of
pauses per minute. Activity bouts (s): Median duration of bouts of activity in seconds
Measures of movement angles or location independent of visual cue
Meandering (degrees/mm): Measurement of the tortuosity (twistedness) of the track, calculated as Turning Angle divided by the
speed. Shown as median value in degrees/mm. Turning angle (degrees): Median angle of all turns a fly does in the arena. Centrophob-
ism while moving: The arena is divided in an inner and outer ring of equal size. The ratio of time spend in the inner and outer ring is
calculated. 1 signifies the fly has spent all its time in the outer part of the arena. -1 signifies the fly was at all times in the inner part of the
arena. 0 would signifiy an equal distribution between inner and outer part of the arena: Only parts of the track while the fly is moving
count to the calculation. Centrophobism while stationary: Only parts of the track while the fly is not moving count to the calculation.
Center deviation while moving: Deviation away from the center of the platform. Values given in percent of the radius. Only parts of the
track while the fly is moving count to the calculation. Center deviation while stationary: Only parts of the track while the fly is not mov-
ing count to the calculation.
Measures of angles or location relative to visual cue
Absolute angle deviation: Deviation angle from the path a fly walks away from the direction of the closest stripe. Direction does not mat-
ter. Median of all deviations is reported in degrees. Stripe deviation while moving: Deviation away from the idealized line through the
middle of the stripe. Direction towards right or left does matter. Values given in percent of the radius. Stripe deviation while stationary:
Deviation away from the idealized line through the middle of the stripe. Direction towards right or left does matter. Values given in
percent of the radius. Absolute stripe deviation while moving: Deviation away from the idealized line through the middle of the stripe.
Direction towards right or left does not matter. Values given in percent of the radius. Absolute stripe deviation while stationary: Deviation
away from the idealized line through the middle of the stripe. Direction towards right or left does not matter. Values given in percent of the
radius. Angle deviation while stationary: Deviation away from the idealized line through the middle of the stripe. Direction towards right or
left does not matter. Values given in percent of the radius. Angle deviation while moving: Deviation angle from the path a fly walks away
from the direction of the closest stripe. Direction does matter. Median of all deviations is reported in degrees. Horizon deviation while
moving: Deviation away from the idealized line perpendicular to the stripes. Direction towards top or bottom stripe does matter. Values
given in percent of the radius. Horizon deviation while stationary: Deviation away from the idealized line perpendicular to the stripes.
Direction towards top or bottom stripe does matter. Values given in percent of the radius. Absolute horizon deviation while moving: De-
viation away from the idealized line perpendicular to the stripes. Direction towards top or bottom stripe does not matter. Values given in
percent of the radius. Absolute horizon deviation while stationary: Deviation away from the idealized line perpendicular to the stripes.
Direction towards top or bottom stripe does not matter. Values given in percent of the radius.

Significant differences between experiment and controls and the rescue experiment were only found for parameters affecting
motility.

The three selected activity related behavioral parameters are the following:

Distance traveled (mm/min): Total distance travelled in mm per minute. Activity time (s): Time active per minute in seconds. Number
of walks: The number a fly walks from one stripe to the other. The fly needs to be on both ends near the edge closer than 80% of the
platform radius for a walk to count.

|.28
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The data was statistically analyzed using the Kruskal- Wallis rank sum test and pairwise Wilcoxon rank sum test as a post-hoc test
using R. (The post-hoc test was corrected with the Benjamini-Hochberg procedure to correct for multiple comparison)

QUANTIFICATION AND STATISTICAL ANALYSIS

Branch number and length analysis

For each mutant condition we used the same imaging conditions for its controls. All imaging data were analyzed and presented with
Imaris 9.0.1 (Bitplane). Branch numbers were detected automatically with the filament module using identical parameters for all
experimental conditions (largest dendrite diameter: 3.0 um, thinnest dendrite diameter: 0.2 um). The resultant branch numbers
were then recorded directly from the statistics tab of filament module and normalized it to the total number of axons per optic
lobe. Any inconsistencies in automatic detection of branches were checked and corrected manually. Branch lengths were calculated
manually using the "automatic placement” version of the filament module to calculate the 3D length of all branches. Intersection of
axon shaft-primary branch were considered as the starting node and a filament was drawn till the respective branch tip. The resultant
values of branch lengths were taken and recorded directly from the statistics tab of the filament module. Graph generation and sta-
tistical analyses were done using GraphPad Prism 8.2.0

Synapse number analysis

For each mutant condition we used the same imaging conditions for its controls. All imaging data were analyzed and presented with
Imaris 9.0.1 (Bitplane). For synapse number analysis, CD4-tomato channel was used to generate surfaces for DCN axonal branches.
Brp-positive puncta inside the surface were filtered using the masking function and were detected manually for individual branches.
To obtain synapse distribution, we normalized the number of Brp-positive puncta inside individual DCN branch to the respective
branch length which was calculated using the filament module as discussed above. Graph generation and statistical analyses
were done using GraphPad Prism 8.2.0

Live tracing of molecules in branches

For each mutant condition we used the same imaging conditions for its controls. All imaging data were analyzed and presented with
Imaris 9.0.1 (Bitplane) and the background noise was corrected with the threshold > background subtraction with a filter width of
60um in Imaris. GFP positive puncta were then tracked individually and manually for all the branches marked in CD4 channel over
time and recorded. To obtain a distribution, we normalized the number of GFP-positive puncta inside individual DCN branch to
the respective branch length which was calculated using the filament module. Graph generation and statistical analyses were
done using GraphPad Prism 8.2.0

mCherry/pHluorin intensity and volume analysis

For each mutant condition we used the same imaging conditions for its controls. For each mutant condition we used the same im-
aging conditions for its control(s). Intensity analysis was performed using the surface module of Imaris 9.0.1 (Bitplane). All mCherry
positive BrpD3 puncta were used to generate surface using the same threshold parameters (Diameter of largest spere which fits into
the object=0.700 um; surface detail=0.481um) for experiments and controls. Volume or Mean intensity of the individual red channel
(mCherry) to green channel (pHluorin) within each surface were recorded. Graph generation and statistical analyses were done using
GraphPad Prism 8.2.0.

Colocalization analysis

For each mutant condition we used the same imaging conditions for its controls. All imaging data were analyzed and presented
with Imaris 9.0.1 (Bitplane). For colocalization analysis, CD4-tomato channel was used to generate surfaces for DCN axonal
branches. Brp-positive puncta (green channel) and the Rab7 puncta (red channel) inside the surface were filtered using the “mask-
ing” tool of surface module. All co-localization events were quantified manually on slice-by-slice basis for the entire z-stack in 2D.
Only discernible individual compartments were counted. Full correlation (as indicated in Figure S7A’) were given a score of 1
(“yes” colocalization) whereas 0 (“no” colocalization) if not. To obtain the fraction of colocalized events, the total number of colocal-
ized Brp-Rab7 puncta were divided by the total BrpD3 puncta per axon. Graph generation and statistical analyses were done using
GraphPad Prism 8.2.0.

Statistical analysis

Statistical comparison of two groups was performed with non-parametric Mann-Whitney test (T-test). Statistical comparison of more
than two groups was performed with non-parametric Kruskal-Wallis test and corrected for multiple comparisons with Dunn’s as
a post-hoc test. All significance values are denoted on the graphs and in their respective legends. Graph generation and statistical
analyses were done using GraphPad Prism 8.2.0.
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