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1. General Introduction 

Everything we know, all experience we piled up through human history is the result of our 

curious nature to learn and know more. Curiosity, the unrestrainable desire to know, is 

not a characteristic of inanimate matter. Instead, it emerged through millions of years of 

evolutionary processes to restructure unconscious matter as a substance that produces 

consciousness, constructs our perception of the external worlds, brings our actions under 

control and gives rise to inner experience of joy, sorrow, anger and curiosity to know 

more. Needless to say, it is the brain, an astonishingly complex, biological computational 

device that can perform remarkably expeditious and accurate deeds owing to harmonious 

activity of cells –its neurons- that communicate to each other through precise, yet plastic 

connections. 

For earlier generations, the pursuit to unravel the complexity of the brain, or to be precise, 

to understand the nature of the human mind was in the realm of philosophy. The then 

philosophers and thinkers placed our mind separately from our body, a result of ‘Divine 

Grace’, which was embodied in famous proposition by René Descartes ‘I think, therefore 

I am’. One of the greatest steps forward in the modern era, especially with Charles 

Darwin’s works on the evolution of body structures from animal ancestors, was the 

realization that Descartes had it backwards that in actuality the proposition should have 

been ‘I am, therefore I think’. As Darwin elaborated in his book, The Expression of the 

Emotions in Man and Animals (Darwin, 1872), our mental processes, much in the same 

way as other morphological features of the body, evolved from animal ancestors that is 

evident with conserved structures of the brain through animal kingdom. However, the 

realization that our mind is not supernal but can be explained in physical terms created 

even more compelling and challenging questions on the development and maintenance 

of such a remarkable organ: Where does the information to build a brain come from? How 

is such information turned into synapse-specific connections between neurons? and as 

most of the neurons live throughout the entire lifespan of the organism, how do neurons 

keep themselves and particularly their synapses functional and healthy over a long time? 
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1.1. The brain wiring problem  

The vast number of neurons a brain contains, their spatial segregation into different brain 

regions and the mature morphology of neurons, i.e., axon terminals and dendrites being 

positioned spatially distinct from their cell bodies, are suggestive of a robust 

developmental program for proper assembly of neural circuits. The last century has seen 

a substantial advance in our understanding of brain development, which can be 

categorized into sequential developmental steps. First, neurons are born and specified at 

distinct brain regions by temporally regulated expression of a set of transcription factors 

(Holguera and Desplan, 2018; Shirasaki and Pfaff, 2002). Next, neurons send out their 

axons and dendrites that need to be guided to proper, final location where they meet their 

neuronal partners to form synaptic connections (Chedotal, 2019; Stoeckli, 2018). Finally, 

once they reach the target area, they need to selectively form synaptic connections with 

appropriate partners out of plethora of possible synaptic partners physically present in the 

same area. Then the obvious question arises here how does a developmental program 

ensure generation of several converging and diverging neural circuits with synaptic 

precision? 

1.1.1. The chemoaffinity hypothesis and molecular tags 

Synapse specificity has been classically thought to be regulated by homophilic or 

heterophilic interactions between adhesion molecules at the synaptic cleft of two 

connecting neurons and by morphogen gradients of secreted molecules that can promote 

or inhibit synaptogenesis (Margeta and Shen, 2010). Classic studies by Roger Sperry 

during 1940s demonstrated that ablated retinal ganglion cell axons regrow to the same 

target area with functional and behavioral recovery. Interestingly, when he surgically 

rotated animal’s eyes upside-down, neurons still managed to “home-in” on their original 

target area causing reversed vision in animals (Sperry, 1943, 1963). These observations 

led Sperry to develop the chemoaffinity hypothesis stating that neurons carry individual 

chemical identification tags that lead each neuron connecting only with certain neuronal 

partners having complementary chemical tags and become selectively attached to them 

by specific chemical affinities (Sperry, 1963). Later on, he included additional features to 
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the chemoaffinity hypothesis such as the application of morphogen gradients to explain 

orderly topographic projections of axons (Sperry, 1951). 

 

 

Figure 1: Different classes of recognition molecules implicated to have role in synaptic 
specificity. A, Domain structures of Immunoglobulin (Ig) family proteins. Pink, turquoise and 

yellow Ig domains represent variable domains in invertebrate Dscam1 proteins present (or not) in 

different isoforms. B, Different subclasses of Cadherin family proteins. C, Structure of adhesion 

proteins and binding partners located on pre- and postsynaptic membranes. Adapted from (Sanes 

and Zipursky, 2020).   

 

The quest for finding molecular tags to account for synaptic specificity traditionally 

focused on attractive and repulsive molecular interactions between potential partners. 

Over the years, this approach has blossomed to identify several proteins and protein 

families required for correct layer targeting in the brain (Figure 1). However, one can 

easily consider correct layer targeting and synaptic specificity as separate and 

subsequent developmental steps as the former brings partners in close proximity to 

initiate synapse formation but the latter requires to discriminate between potential 

synaptic partners within a restricted, populated area. Among the proteins and protein 

families found to be required for correct targeting are, for instance, in the vertebrate retina, 

Immunoglobulin superfamily (IgSF) adhesion molecules Dscam/DscamL and Sidekick-1 

and 2 (Sdk-1 and 2), which were found to regulate correct targeting to different 

sublaminae of inner plexiform layer (Yamagata and Sanes, 2008). In flies, N-cadherin 
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(Ncad) mediates photoreceptor targeting to correct medulla layers through homophilic 

attractive interactions. Selective removal of Ncad from Drosophila R7 photoreceptors 

results in R7s mistarget to R8 photoreceptor layer (Lee et al., 2001). Similar to targeting 

defects seen in Ncad mutants, flies mutant for LAR receptor tyrosine phosphatase, Syd1 

and Liprin-α result in retractions and overshootings from the normal targeting layer of R7 

photoreceptors (Choe et al., 2006; Clandinin et al., 2001; Holbrook et al., 2012). However, 

a recent re-evaluation of these mutants in R7 photoreceptors using live imaging in intact, 

developing Drosophila brains revealed that previously reported mistargeting phenotypes 

are the secondary consequences to growth cone stabilization defect at the correct 

targeting layer due to failed synapse formation (Ozel et al., 2019). 

Sperry’s chemoaffinity hypothesis entails unique identification tags for several million 

individual neurons to form synapse-specific neural circuits. Since a limited number of 

proteins can be translated by a genome, this seems to be a daunting task for neurons to 

achieve. One solution to this problem might be using the same molecules to establish 

neural circuits at different brain regions physically apart from each other. Another solution 

that was put forward by Sperry himself was that instead of using different molecular tags 

to define every individual synaptic connection, neurons might express the same molecular 

tags at different levels and only partners expressing molecular tags at matching levels 

would recognize each other and form a synaptic connection (Sperry, 1963). This idea was 

later supported by the discovery of morphogen gradients as in the case of complementary 

gradients of Eph receptors and their ligands ephrins that has been shown to be required 

for the topographic organization of the chicken retinotectal map (Drescher et al., 1995). 

Although morphogen gradients offer a solution to establish laminated, torographically 

structured regions in the brain, it fails to explain intermingled neural ensembles seen 

throughout a brain, which still requires qualitatively distinct chemical tags for partner 

recognition. One possible strategy that neurons use to generate unique identification tags 

is to express different variants or isoforms of the same protein with different binding 

affinities. An example of such a protein is the Drosophila Down syndrome cell adhesion 

molecule 1 (Dscam1) with roughly 38,000 different isoforms randomly produced through 

alternative splicing. Dscam1 proteins show isoform specific homophilic repulsion that 

each neuron, expressing a unique isoform of Dscam1 protein, recognize itself leading to 
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spread-out axonal and dendritic branching (Chen et al., 2006; Dascenco et al., 2015; 

Schmucker et al., 2000). In a similar manner, in vertebrates, several isoforms of Neurexin 

(Nrx) is produced, which have slightly different binding affinities to their receptor 

Neuroligin (Nlg) (Sudhof, 2017). Such random generation of different isoforms of several 

distinct proteins can give each neuron a unique identity. However, considering the 

function of these proteins, as in the case of Dscam1 executing self-avoidance function for 

neurons to recognize themselves and avoid collapsing of dendrites of the same neuron, 

this strategy still doesn’t offer a solution as to how two neurons recognize each other as 

partners and form synaptic connections.     

1.1.2. Algorithmic brain growth: Finding neural partners in space and time 

All cellular interactions during development are restricted in space and time. A 

prerequisite for synapse formation between two neural partners is the axonal and 

dendritic projections of these neurons need to ‘see each other’ at the same time and 

place. Brain development, like any other tissue growth, is a successive collection of 

developmental steps in which every developmental step generates a new state based on 

which the next developmental step runs. The outcome of this developmental growth is 

correctly patterned, functional brain structures. Here, the notion that neuronal partner 

recognition is controlled by matching molecular tags is challenged due to the fact that 

synapse formation is one of the later steps during brain development preceded by several 

other developmental steps from neurogenesis to correct guidance and branching of axons 

and dendrites to get into close proximity with other neurons to initiate synapse formation. 

Then the question arises here: How do neurons know which neuronal partners they will 

form synaptic contacts in the future? 

One way to overcome this hurdle is to consider molecules, which have been previously 

studied to be part of a code to specify synapses, as a part of a developmental growth 

program to bring right partners together, while synapse formation itself is a non-selective, 

promiscuous event (Hassan and Hiesinger, 2015). Over the years, synaptic promiscuity 

has been supported by several studies. For instance, when neurons are relocated to 

incorrect target regions in the brain, they readily form synapses with available partners in 

these new, unfamiliar environment (Berger-Muller et al., 2013; Kulkarni et al., 2016). In 
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fact, when neurons are isolated, i.e., there is no available partner to form synaptic 

connections, they form synapses with themselves (autapses) that are functionally 

indistinguishable from other synapses in the brain (Bekkers and Stevens, 1991). These 

examples support the notion that when precise sorting of right partners is guided, 

promiscuous synapse formation may still lead to proper assembly of neural circuits. 

 

 

Figure 2: Developmental growth steps that regulate neuronal encounters prior to synapse 
formation. A, Temporal coordination of cell body and axon positioning. The temporal order of cell 

differentiation affects cell body location and eventual innervation of axons to the target area. B, 
Relative position of cell bodies affects axon targeting. Swapping the position of cell body clusters 

of different neuronal subclasses can alter axon targeting and eventual connectivity pattern 

(Scenario 1). Similarly, random positional changes in neuronal cell bodies from their original 

positions might affect regional specificity of axon targeting (Scenario 2). C, Pre-target inter-axonal 

interactions facilitate fasciculation leading to topographic targeting of axons in the target field. D, 
Homotypic repulsion between sister processes causes spread-out arborizations. Loss of self-

avoidance results in clumping of arborizations. E, Homotypic repulsion between neighbor 

neuronal processes results in equal spacing (tiling). Loss of repulsion causes disparate neuronal 

processes to overlap and clump together. F, Self-avoidance and tiling mechanisms together can 
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create patterns that restrict and facilitate specific neuronal encounters. Adapted from (Agi et al., 

2020).     

 

There are several cellular mechanisms during brain growth that may contribute to final 

wiring specificity although these mechanisms themselves do not necessarily need to 

contain an ‘information’ to specify synapses. Such mechanisms include temporal 

regulation of neuronal birth, cell body position, axon-axon interaction before reaching the 

target region, and branch patterning in the target region (Agi et al., 2020). Timing of 

neuronal birth and subsequent position of the cell body have been shown to influence 

final target innervation and positioning of neurites. For instance, early born neurons in the 

vertebrate visual system extend their axons to significantly larger area than late born 

neurons (Osterhout et al., 2014). In another example, changing the migratory route of 

cortical interneurons, hence the cell body position, significantly altered axonal 

arborizations (Lim et al., 2018). Axon-axon interactions before reaching the target area is 

another cellular mechanism to pre-sort certain neurons together before establishing 

synaptic connections (Figure 2C). A nice example for this phenomenon is the topographic 

representation of mouse facial whiskers in the neocortex. Here, thalamocortical axons 

are pre-sorted as they pass through the basal ganglia primordium and reach to similar 

target region in the neocortex forming a sensory map (Lokmane et al., 2013). Control of 

branching pattern in the target region is another important step during brain wiring to 

establish final synaptic connectivity. As mentioned earlier, in Drosophila, every individual 

neuron expresses a unique isoform of Dscam1 in a non-deterministic manner, which is 

required for self-avoidance (Schmucker et al., 2000). In the absence of self-avoidance, 

neurites fail to spread and clump together reducing neurite coverage in the target area 

for synaptic interactions (Figure 2D). Therefore, such a role played by Dscam isoforms is 

more akin to pattern formation than a unique synapse specification code. Another similar 

patterning rule, tiling, is based on repulsion between non-self branches (Figure 2E). Tiling 

and self-avoidance can be mediated by the same repulsion mechanisms that lead to 

laminar and columnar organization of neurons in several brain regions including cerebral 

cortex (Chen et al., 2017; Lefebvre, 2017). The sum of such patterning rules during brain 
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development physically restricts neuronal encounters in time and space where synapses 

can be formed promiscuously without sacrificing specificity (Figure 2F).                 

1.2. The synaptic maintenance problem 

During brain wiring, axons and dendrites travel long distances to form synaptic 

connections away from their cell bodies. Once they establish synaptic connections with 

other neurons, especially during adulthood, they face another challenge, which can be 

broken down to two points: First, morphological complexity of neurons dictates the 

necessity of compartmentalized maintenance mechanisms at their axons and dendrites 

while maintaining the communication with the cell body. Second, unlike the other cells in 

the body, most neurons live throughout the entire lifespan of the organism that requires 

robust and possibly unique cellular maintenance mechanisms to keep neurons and 

particularly their synapses functional and healthy over a long time. Consequently, 

morphological complexity together with longevity result in a formidable challenge to 

maintain synapses that defects in maintenance mechanisms often leads to adult-onset 

neurodegeneration in several neurodegerative disorders including Alzheimer’s disease 

and Parkinson’s disease (Bezprozvanny and Hiesinger, 2013). 

What are the cellular strategies neurons use to maintain themselves and their synapses? 

First of all, neurons cannot use the most common cellular strategy used by other type of 

cells, which is the turnover of an entire cell. This is particularly due to the fact that the 

information required to replace hearth or liver cell is less than to replace, for instance, a 

pyramidal cell in the hippocampus because of the difficulty to re-establish all synaptic 

connections of that particular neuron formed with other neurons within the complicated 

network of the brain. However, at least in principle, neurons can replace entire synapses 

without losing overall connectivity with other neurons. Such ‘synaptic turnover’ 

mechanisms have been observed in sensory- and learning-dependent synapse formation 

and elimination mechanisms (Liston et al., 2013). For instance, in the mice barrel cortex, 

dendritic spines are eliminated in a sensory input-dependent manner. Animals deprived 

of sensory input show reduced dendritic spine elimination (Zuo et al., 2005). Another, 

functional aspect of synaptic maintenance problem is the need for high membrane 

turnover required for chemical neurotransmission (Sudhof, 2004). At the presynaptic site, 
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synaptic vesicles undergo Ca2+-regulated cycles of fusion and fission that requires tight 

protein quality control for robust neurotransmission. Failed quality control, i.e., defective 

rejuvenation of new synaptic vesicle proteins and elimination of old, dysfunctional protein 

may lead to reduction in neuronal function and health (Esposito et al., 2012).     

1.3. Local protein degradation mechanisms in brain wiring and maintenance 

Neurons, like any other cell, need continuous synthesis and degradation of proteins both 

during development and maturity. However, as highly polarized cells with spatially 

segregated axons and dendrites, neurons are particularly challenged for homeostatic 

regulation of protein turnover at extremities. The existence of protein synthetic machinery 

and mRNAs at developing axonal growth cones suggest a local ability of growth cones to 

react to changing internal and external states during development (Steward, 2002). 

Similarly, local protein synthesis has also implicated in synaptic plasticity during long-term 

potentiation and depression events (Steward and Schuman, 2001). On the other side of 

the coin, protein degradation pathways including proteasomal degradation, 

endolysosomal degradation and autophagy have been long described in neurons both in 

development and maintenance (Jin et al., 2018). To date, most studies on local protein 

degradation in neurons have focused on proteasomal degradation with a special focus 

on protein turnover at the postsynaptic terminals (Hamilton and Zito, 2013; Yi and Ehlers, 

2007). However, proteasomal degradation mainly degrades cytosolic proteins that may 

not be responsible for the degradation of majority of synaptic membrane proteins at pre- 

and post-synaptic terminals (Hakim et al., 2016). The candidates of local protein 

degradation pathways include ubiquitous and neuron-specific endolysosomal 

degradation pathways and autophagy (Figure 3).   

1.3.1. Ubiquitous endolysosomal degradation 

Endolysosomal degradation begins with endocytosis of membranes that traffics through 

transport vesicles to early endosomes that mature into late endosomes or so-called 

multivesicular bodies (MVBs) and finally these subcellular structures fuse with Golgi-

derived vesicles containing degradative machinery to form lysosomes where degradation 

of proteins take place. The hallmark of maturation process from early endosomes to 
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lysosomes is progressive increase in luminal pH, which is required for activation of 

proteases including Cathepsins in lysosomes to initiate degradation (Bright et al., 2016). 

Rab GTPase family proteins play key roles at every steps of endolysosomal degradation 

(Kiral et al., 2018). Rab5, an early endosomal Rab GTPase, regulates clathrin-mediated 

endocytosis and endosomal maturation, which has a crucial role in synaptic vesicle 

retrieval from the pre-synaptic membrane (McLauchlan et al., 1997; Semerdjieva et al., 

2008). During development, loss of Rab5 function negatively affects the elongation of 

retinal axons in Xenopus and impairs axon fasciculation, hence leads to mistargeting of 

L2/L3 callosal projections in rats (Falk et al., 2014; Wu et al., 2014). Other early and 

recycling endosome Rabs including Rab4 and Rab11 are also likely candidates to 

regulate synaptic vesicle recycling process. The expression of dominant-negative Rab4 

impairs rejuvenation of synaptic vesicles from endocytic intermediates (de Wit et al., 

2001). Such intermediate endosomal structures have been implicated as sorting stations 

for synaptic vesicle proteins also in other studies. Rab35 and its GTPase activating 

protein (GAP) Skywalker (Sky) regulate synaptic vesicle rejuvenation in Drosophila and 

vertebrate neuronal cultures (Figure 3). Rab35 over-activation in sky mutants leads to 

both increase turnover of synaptic vesicles from the readily releasable pool and increase 

in neurotransmission. This effect was due to increased degradation rate of dysfunctional 

synaptic vesicle protein neuronal Synaptobrevin (n-Syb) suggesting that Rab35/Sky 

function at the interplay between synaptic vesicle recycling and degradation (Fernandes 

et al., 2014; Uytterhoeven et al., 2011). 

There are two distinct paths that endocytosed proteins may follow: they are either 

recycled back to plasma membrane or sorted into late endosomes/MVBs for degradation. 

Rab7 is the key regulator of early-to-late endosome maturation and also required for 

fusion of late endosomes/MVBs with lysosomes (Guerra and Bucci, 2016). Rab7 is 

ubiquitously expressed in all cells to mediate lysosomal degradation. However, in 

Drosophila, it is expressed in neurons before other cells types and loss of Rab7 in 

photoreceptors leads to progressive degeneration starting at synapses (Chan et al., 2011; 

Cherry et al., 2013). Consistently, although Rab7-dependent ubiquitous endolysosomal 

degradation occurs in all cell types, dysfunctional degradation evokes problems first in 

tissues with high protein turnover like the nervous system. This may underlie why most 
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lysosomal storage disorders affect the nervous system before any other tissue in the body 

(Schultz et al., 2011). These findings suggest that neurons, and particularly synaptic 

terminals, are sensitive to reduced endolysosomal degradation and they may employ 

several local and cargo-specific endolysosomal degradation for both proper neuronal 

development and maintenance (Figure 3).         

1.3.2. Neuron-specific endolysosomal degradation: Neuronal ‘sort-and-
degrade’   

Morphological complexity of neurons and high demand for protein turnover especially at 

axon terminals and dendrites suggest that neurons might have local degradation 

machineries at synapses. Previous studies have shown abundance of lysosomal proteins 

including lysosomal associated membrane protein 2 (LAMP2) at axon terminals and 

recruitment of lysosomes to dendritic spines in an activity-dependent manner suggesting 

that lysosomal degradation might be regulated locally at synapses possibly independent 

from lysosomes at the cell body (Frampton et al., 2012; Goo et al., 2017). Here the 

question becomes whether neurons use the same ubiquitous degradation machinery at 

axon terminals and dendrites or exploit more and specialized degradation pathways, 

perhaps also with distinct cargo-specificity to meet high demand for protein turnover? One 

such neuron-specific endolysosomal degradation mechanism has recently been 

described, which is operated by neuron-specific synaptic proteins n-Syb and the vesicular 

ATPase component V100 (Haberman et al., 2012; Williamson et al., 2010a). In 

Drosophila, photoreceptor-specific loss of function of both V100 and n-Syb result in 

intracellular sorting and degradation defects downstream of endocytosis. Consequently, 

mutations in both v100 and n-syb lead to slow adult-onset neurodegeneration (Haberman 

et al., 2012; Williamson et al., 2010a). It is interesting to note that both V100 and n-Syb 

are located on synaptic vesicles and required for normal neurotransmission suggesting 

that they likely function at the interface between the synaptic vesicle recycling and 

synaptic endolysosomal function. Apart from their functions in neuronal maintenance, 

both n-Syb and V100 have also been shown to degrade guidance receptors during 

development with the former leading tiling defects in Drosophila R7 and R8 

photoreceptors (Hiesinger et al., 1999; Williamson et al., 2010b).        
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1.3.3. Autophagy 

Autophagy is a conserved, ubiquitous intracellular degradation pathway used by all cells 

to clear cytoplasmic entities such as proteins, sugars, lipids and also entire organelles as 

in the case of mitophagy to degrade damaged mitochondria (Mizushima, 2007). In the 

nervous system, autophagy has been mainly implicated in neuronal maintenance and 

neurodegeneration. The conditional loss of core autophagy proteins Atg5 and Atg7 in 

neurons leads to intracellular protein accumulations and eventual adult-onset 

neurodegeneration (Hara et al., 2006; Komatsu et al., 2006). Although studies on local 

roles of autophagy in neurons are still in earlier stages, recent works have demonstrated 

compartmentalized formation and regulation of autophagy at axon terminals and 

dendrites. In axons of cultured neurons, autophagosomes continuously form at distal tips 

containing cargos derived from synapses (Maday et al., 2012). Following formation at 

axon terminals, autophagosomes travel to the cell body and fuse with lysosomes to 

degrade their cargos (Maday and Holzbaur, 2016). Although local degradation of synaptic 

proteins by autophagy has not been demonstrated, a local degradation of mitochondria 

in axons by a selective autophagy mechanism called mitophagy has been reported. Here, 

autophagosomes and lysosomes are recruited to damaged mitochondria for local 

degradation in axons (Ashrafi et al., 2014). With ample evidence on local formation of 

autophagosomes, recent studies have also shown local regulation of autophagosome 

formation by synaptic proteins at axon terminals. For instance, a synaptically enriched 

protein Endophilin A (EndoA), which was previously characterized to have a role in 

synaptic vesicle endocytosis, has been shown to recruit an early autophagosome protein 

Atg3 to growing autophagosome membrane that facilitates elongation and enclosure of 

autophagosomes (Soukup et al., 2016). In addition, another study showed that 

presynaptic active zone protein Bassoon in mammalian neurons inhibits autophagy 

interacting with an essential autophagy protein Atg5 (Figure 3). Consequently, loss of 

Bassoon function in neurons triggers autophagosome formation at pre-synaptic terminals 

(Okerlund et al., 2017). Collectively these studies point to the fact that autophagy is locally 

regulated at synapses by synaptic proteins linking autophagy and synaptic 

homeostasis/dysfunction in mature neurons.   
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Figure 3: Protein sorting and degradation mechanisms at pre- and post-synaptic terminals. 
Known mechanisms of cargo sorting and degradation by endolysosomal degradation pathways 

and autophagy and their regulatory proteins in pre- and post-synaptic terminals. Dashed arrows 

represent retrograde axonal transport of endolysosomal and autophagic organelles from 

terminals to the cell body. Most mechanisms depicted here have been characterized in 

developed, functional neurons. MVB = Multivesicular bod. Adapted from (Jin et al., 2018).     
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function has also been linked to social behavior defects frequently observed in individuals 

with neurodevelopmental disorders including autism spectrum disorders (Hui et al., 2019; 

Kim et al., 2017; Yan et al., 2018). However, it still remains unknown whether and how 

autophagy may contribute neural circuit assembly and synaptic partner choice during 

brain development. 

1.4. The effect of external factors in brain wiring 

The nature versus nurture debate is one of the oldest issues in psychology and in the last 

century it also started to be considered as an investigation question in developmental 

biology. Simply, nature refers to the genetic traits inherited from parents, while nurture 

refers to the different environmental factors that have an influence in brain development. 

Since amniotic, endothermic animals including humans develop in an environmentally 

controlled amniotic sac, the possible effects of environmental factors on brain 

development have been mostly studied during early postnatal life during which 

experiences may shape the way synaptic connections are formed, consolidated or 

eliminated. However, development of non-amniotes including insects, amphibians and 

fish mostly occurs while exposed to changing external conditions such as temperature, 

humidity, sunlight, pH etc. It has been long known that temperature affects the body size 

of non-amniotes. A phenomenon named temperature-size rule holds that ectothermic 

animals develop at cold temperature have increased body size as adults (Angilletta et al., 

2004). Developmental temperature also affects the growth rate of embryonic, larval and 

pupal development in insects including the Drosophila (Ludwig and Cable, 1933; 

Powsner, 1935). However, it still remains largely known whether and how developmental 

temperature affects brain development especially in cellular level. Reports on the effect 

of developmental temperature in brain development have mostly focused on behavioral 

repercussion in adult animals developed at different temperatures. For example, adult 

honey bees experienced different brood temperature during pupal development show 

distinct learning and memory abilities and change in dancing patterns (Tautz et al., 2003). 

In another study, researchers demonstrated that development of sensorimotor function in 

Xenopus laevis affected by rearing temperature as the larvae developed at cold 

temperature show enhanced escape swimming behavior compared to the ones 
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developed at warmer temperatures (Spencer et al., 2019). To what extent such behavioral 

changes may be explained by brain wiring differences at different development 

temperatures is subject to further investigation.        

1.5. The Drosophila visual system: A model to study brain wiring and 
neuronal maintenance       

Since the human brain has an extraordinary complexity that is beyond our understanding 

with the present biotechnological tools, scientists generally take advantage of a 

reductionist approach, that is, they use simpler models like murine or insect brains. 

Although this approach contains a problem in itself like the applicability of findings in 

simpler models to more complex systems, it has been proven many times that organisms 

share biological processes throughout the evolutionary hierarchy. The fruit fly Drosophila 

melanogaster has comparably little number of neurons in their brains, yet it is complex 

enough to reliably study basic principles of intra- and intercellular mechanisms including 

brain wiring and neuronal maintenance. The Drosophila visual system is composed of 

four neuropils in each optic lobes, namely the lamina, the medulla, the lobula, and the 

lobula plate, which contain roughly 60,000 neurons of over 70 neuronal substypes 

(Fischbach and Dittrich, 1989; Morante and Desplan, 2008). Similar to other invertebrate 

and vertebrate brain structures, axons and dendrites in the fly visual system are spatially 

arranged into regular layers and columns in a subtype-dependent manner, which allows 

to study biological principles of pattern formation and assembly of neurons into circuits 

(Clandinin and Zipursky, 2002). 

The adult Drosophila eye consists of 750-800 small, hexagonal facets called ommatidia. 

Each ommatidium contains 8 photoreceptors (R cells), R1 to R8, and 11 accessory cells, 

including lens secreting cone cells, pigment cells, and bristle cells (Treisman, 2013). 

Photoreceptors can be categorized into three groups according to the type of Rhodopsin 

they express and hence the ability to detect different wavelengths of light. R1 to R6 

photoreceptors, which are called outer photoreceptors, express Rhodopsin 1 (Rh1). They 

are specialized for motion detection, hence functional equivalent of rod photoreceptors in 

vertebrates. The inner photoreceptors, R7 and R8, are involved in color vision being 

functional equivalent of vertebrate cone cells. They express distinct Rhodopsin molecules 
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that are sensitive to different light spectrum. R7 expresses either Rhodopsin 3 (Rh3) or 

Rhodopsin 4 (Rh4), which are sensitive to ultraviolet light. On the other hand, R8 

expresses Rhodopsin 5 (Rh5) or Rhodopsin 6 (Rh6), which are sensitive to wavelengths 

in blue and green spectrum, respectively (Yamaguchi et al., 2010). In addition to 

differential Rhodopsin expression, the inner and outer photoreceptors also differ in 

connectivity. R1 to R6 axons terminate in the first neuropil lamina forming synaptic 

connections mainly with lamina monopolar cells, while the inner photoreceptors terminate 

at distinct layers in the medulla with R8 axons targeting at layer M3 and R7 axons 

targeting at layer M6 (Figure 4A). Here, they form connections with various types of 

medulla neurons (Fischbach and Dittrich, 1989; Gao et al., 2008; Meinertzhagen and 

O'Neil, 1991; Takemura et al., 2015). 

Over the years, visual systems of different organisms have become a valuable tool for 

understanding common and divergent principles of neuronal connectivity. Although the 

anatomical structures of the visual system can be quite different between invertebrates 

and vertebrates, they still share similar design principles that manifest itself best in axonal 

and dendritic patterning in repetitive columns of similar cells and orthogonal divisions of 

columns into layers, or laminae, that provide anatomically restricted regions where 

prospective synaptic partners get in close proximity to initiate synapse formation. One 

seemingly key difference of synapse specification between invertebrates and vertebrates 

is that, although visual system wiring in Drosophila appears to be pre-specified by a 

genetic program, in vertebrates, activity-dependent synapse pruning plays a key role to 

determine final connectivity. However, in both systems initial axon and dendrite targeting 

to certain columns and layers still lay the foundation for mature connectivity patterns and 

it is likely that in both systems pre- and post-specification events contribute neural circuit 

assemblies (Hassan and Hiesinger, 2015; Kolodkin and Hiesinger, 2017; Sanes and 

Zipursky, 2010).  

One interesting example of pre-specification of synaptic connections in the fly visual 

system is neural superposition. The lamina of the fly optic lobe consists of iterative 

columns, or ‘cartridges’, which are synaptic units where a point in visual space captured 

by photoreceptors from different ommatidia converge on (Figure 4B). Such an intricate 
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wiring diagram can be explained by simple, successive developmental rules based on 

growth cone extensions and filopodia dynamics that bring right partners together without 

a need for individual recognition tags between partners (Langen et al., 2015). 

Interestingly, when sorting step is disrupted and photoreceptor axons find themselves in 

wrong cartridges, correct number of synapses form between wrong partners suggesting 

that pre-specification of partners and synapse formation are separable events and the 

latter may be executed promiscuously (Hiesinger et al., 2006). Although the columnar 

restriction, as in the case of neural superposition, is a commonly used strategy during 

brain wiring to bring right partners in close proximity, there are several examples where 

neuronal projections are not restricted to columns. One such example is Dm8 dendrites, 

the main postsynaptic partner of R7 photoreceptors, which span ~13 medulla columns 

(Gao et al., 2008). However, a highly variable pattern of Dm8 dendritic processes raises 

questions about synaptic specificity in different columns (Ting et al., 2014). A recent 

discovery of Ig superfamily cell adhesion molecules Dprs and DIPs show that yellow type 

R7s and a Dm8 subtype express interacting molecular pairs Dpr11-DIP-γ (Tan et al., 

2015). During early development, Dm8 subtypes are produced in excess and following 

matching with their cognate R7, through a cellular competition, unmatched Dm8s are 

eliminated by apoptosis suggesting that Dpr11-DIP-γ interaction is required for Dm8 

survival (Courgeon and Desplan, 2019). Such molecular interactions might be important 

for pre-sorting synaptic partners and bias subsequent synapse formation mechanism 

between certain partners. However, EM reconstruction studies showed that different 

types of R7s (pale or yellow) form synapses with lateral braches of any Dm8 subtype 

(Menon et al., 2019; Takemura et al., 2015) again suggesting that brain wiring program 

uses different strategies to bring right partners together collectively through genetic and 

stochastic processes that could be sufficient to match right partners together even if 

synapse formation per se can be promiscuous.  
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Figure 4: The adult Drosophila visual system. A, The optic lobe consists of the lamina, 

medulla, lobula and lobula plate. The illustration shows a subset of neurons and their 

projections in different neuropils. R1-R6 photoreceptors extend their axons from the retina to the 

lamina where they form synaptic connections with lamina neurons in columnar synaptic units 

called cartridges. R7 and R8 photoreceptors and lamina neurons, L1 to L5, extend their axons 

into one or more of ten medulla layers. Transmedullary (Tm and TmY) neuron axons pass 

through the medulla and terminate in distinct lobula and lobula plate layers. Distal medulla (Dm) 

neurons form lateral braches spanning several columns at distal medulla layers. Medulla 

intrinsic (Mi) neurons connect distal and proximal medulla layers. C neurons extend their axons 

to medulla and lamina. T neurons connect either lobula and lobula plate or lobula and lobula 

plate to medulla. B, R1 to R6 photoreceptors from different ommatidia that see the same point 

in space innervate the same lamina cartridge following the neural superposition principle. 

Adapted from (Apitz and Salecker, 2014).    
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The Drosophila visual system and especially photoreceptors have also been extensively 

used to study cellular neuronal maintenance mechanisms and associated neuronal 

degeneration. A hallmark of photoreceptor degeneration and eventual cell loss is 

disrupted ommatidial lattice in the eye, which can be easily assessed by electron 

microscopic analysis of retina. Furthermore, photoreceptor functions can easily be 

analyzed through electroretinograms, an extracellular recording to assess response to 

light stimulus. As light-activated cells, photoreceptors can also be challenged via light 

stimulus that can be used to distinguish activity-dependent and independent cellular 

mechanisms for neuronal maintenance. The use of Drosophila photoreceptors as a model 

also led to the discovery of several proteins with functions in intracellular membrane 

trafficking, which is tightly connected to normal neuronal functions and disease states. 

The first neuron-specific branch of endolysosomal degradation, which is operated by 

synaptic proteins V100 and n-Syb, have been described at Drosophila photoreceptor 

axon terminals. The loss of function of both V100 and n-Syb disrupts membrane 

trafficking at axon terminals that cause slow adult-onset neurodegeneration (Haberman 

et al., 2012; Williamson et al., 2010a). Also, more than half of Rab GTPases, key 

regulators of various membrane trafficking mechanisms in all cells, have been shown to 

be enriched in neurons and are located at synaptic terminals in the Drosophila visual 

system (Chan et al., 2011). Furthermore, genetic screens using the fly eye have led to 

identification of several genes affecting neuronal functions leading to neurodegeneration 

(Jackson, 2008). The fly eye has also been effectively used to understand neurotoxic 

functions of protein aggregates such as amyloid plaques seen in degenerating neurons 

in Alzheimer’s disease (Jeon et al., 2020; O'Keefe and Denton, 2018). The ease of tissue-

specific transgenic expression of the toxic proteins in Drosophila photoreceptors allowed 

researchers to easily study affected intracellular functions due to aggregate formation as 

well as functional state of degenerating neurons with simple electrophysiological and 

behavioral assays (Deal and Yamamoto, 2018; Jackson, 2008; McGurk et al., 2015).      
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2. Aim 

Neurons are highly polarized cells with their axons and dendrites often located away from 

the cell body. This morphological complexity results in a formidable challenge both during 

development as they need to find right neuronal partners to establish a functional circuit 

and during adulthood as they need to maintain health and function of synapses. The 

robustness of these biological processes is largely dependent on having proper protein 

and membrane composition at the right place and time and may be subjected to changes 

in environmental conditions such as developmental temperature. 

The goal of this doctoral work therefore is to address unanswered questions regarding 

mechanisms and functions of local protein degradation pathways and external factors 

such as developmental temperature in brain wiring and maintenance: Are there 

compartmentalized, local protein degradation mechanisms maintaining local pool of 

functional proteins? If so, what are the molecular machineries regulating local protein 

degradation pathways? And what are the physiological functions of these pathways 

during development and function? Finally, to what extent neuronal strategies to find right 

synaptic partners is affected by environmental factors such as temperature experienced 

during development? In this context, I investigated the local role of ubiquitous and neuron-

specific endolysosomal degradation pathways and autophagy and also the possible 

effects of rearing temperature on synapse formation, synaptic partner choice and synaptic 

maintenance.  
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SUMMARY 

Neurons are highly polarized cells that require 
continuous turnover of membrane proteins at axon 
terminals to develop, function, and survive. Yet, it is 
still unclear whether membrane protein degradation 
requires transport back to the cell body or whether 
degradation also occurs locally at the axon terminal, 
where live observation of sorting and degradation 
has remained a challenge. Here, we report direct 
observation of two cargo-specific membrane protein 
degradation mechanisms at axon terminals based on 
a live-imaging approach in intact Drosophila brains. 
We show that different acidification-sensing cargo 
probes are sorted into distinct classes of degradative 
"hub" compartments for synaptic vesicle proteins 
and plasma membrane proteins at axon terminals. 
Sorting and degradation of the two cargoes in the 
separate hubs are molecularly distinct. Local sorting 
of synaptic vesicle proteins for degradation at the 
axon terminal is, surprisingly, Rab7 independent, 
whereas sorting of plasma membrane proteins is 
Rab7 dependent. The cathepsin-like protease CP1 
is specific to synaptic vesicle hubs, and its delivery 
requires the vesicle SNARE neuronal synaptobrevin. 
Cargo separation only occurs at the axon terminal, 
whereas degradative compartments at the cell 
body are mixed. These data show that at least two 
local, molecularly distinct pathways sort membrane 
cargo for degradation specifically at the axon termi
nal, whereas degradation can occur both at the ter
minal and en route to the cell body. 

INTRODUCTION 

Neurons must regulate the turnover of membrane proteins in 
axons, dendrites, and the cell body to ensure normal develop
ment and function. Defects in membrane protein degradation 
are hallmarks of neurodegenerative diseases (1-6]. Recent prog-

ress has identified several mechanisms that are required at axon 
terminals to prevent dysfunction and degeneration, including 
the local generation of autophagosomes and endolysosomes 
(7-12]. However, it is unclear whether these degradative organ
elles are principally transported back to the cell body for degra
dation or whether degradation can occur locally (9, 13-16]. In 
addition, the cargo specificity of membrane degradation mech
anisms at the axon terminals has remained largely unknown, 
i.e., it is unclear which membrane proteins are degraded by 
what mechanisms (16]. 

Several mechanisms have been directly linked to synapse 
function or degeneration and have raised questions about cargo 
specificity and the ultimate locale for degradation. These include 
(1) local generation of autophagosomes at axon terminals 
(7, 8], (2) maturation of autophagosomes and endosomes that 
depends on the ubiquitous small guanosine triphosphatase 
(GTPase) Rab? (17, 18], (3) endosomal sorting that depends on 
the GTPase Rab35 and RabGAP Skywalker (11 , 12, 19], and 
(4) endosomal sorting that depends on the neuron-specific syn
aptic vesicle (SV) proteins neuronal synaptobrevin (n-Syb) and 
V100 (20-22]. These mechanisms may overlap, and defects in 
any of them cause neurodegeneration in a variety of neurons 
(11 , 17, 20, 22-25]. In the case of (macro-) autophagy, the forma
tion of autophagosomes occurs at axon terminals (10, 26, 27], 
whereas degradation is thought to occur during and after 
retrograde transport back to the cell body (8, 9, 27]. As with 
both the canonical and neuron-specific endolysosomal mecha
nisms, it remains largely unknown what cargoes are sorted 
into autophagosomes at axon terminals (9, 27]. The Rab35/Sky
walker-dependent endosomal sorting mechanism was recently 
reported to selectively sort different SV proteins in an activity
dependent manner (19]. Lysosomes have also been shown to 
localize to dendritic spines in an activity-dependent manner (28]. 
In both cases, it remains unknown whether degradation occurs 
locally at synapses and what cargo proteins are affected. Finally, 
we have previously described a "neuronal sort-and-degrade" 
(NSD) mechanism based on the function of the two neuron-spe
cific synaptic genes n-syb and v100 [20, 22]. Similar to the other 
mechanisms, neither cargo specificity nor the locale of degrada
tion for NSD is known. For all mechanisms, it has remained a chal
lenge to directly observe their local roles in the context of normal 
development and function in an intact brain. 

Current Biology 28, 1027-1038, April 2, 2018 © 2018 The Authors. Published by Elsevier Ltd. 1027 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ licenses/by-nc-nd/4.0/) . 
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A B ER/Golgi Cathepsin Figure 1. Live Observation of General 
Plasma Membrane Cargo (myr) and Synap
tic-Vesicle-Specific Cargo (Syt1) in Large 
Acidic Compartments at Axon Terminals 
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In this study, we report the direct observation of cargo-specific 
endolysosomal sorting and degradation at axon terminals in vivo 
using live imaging in intact Drosophila brains. We define axon ter
minal "hub" compartments based on their local dynamics, matu
ration, degradation, continuous mixing through fusion and fission, 
and budding of retrograde transport vesicles. In addition, we iden
tified two distinct pools of hubs that function locally in two separate 
endolysosomal pathways based on different cargo specificities, 
different molecular sorting, and different maturation mechanisms. 

RESULTS 

We devised a live-imaging approach to directly observe when, 
where, and with what cargo specificity membrane protein turn
over and degradation occur in neurons in an intact brain. Our 
approach is based on two improved methods that make use of 
advantages of the Drosophila system: first, a recently developed 
eye-brain culture system for continuous fast live imaging at sub
cellular resolution in neurons inside an intact brain from early 

1028 Current Biology 28, 1027-1038, April 2, 2018 

-:~.-~ 

r;, 
~}-

development up to adulthood [29], and 
second, genetically encoded dual fluoro
phore live-imaging probes that quantita
tively measure when and where they are 
sorted into degradative compartments. 

Live Observation of Large Acidic 
Compartments at Axon Terminals 
Genetically encoded fusions with pHluorin, 
a pH-sensitiveGFP, and mCherry, a partic
ularly pH-resistant red fluorescent pro
tein (RFP), report cargo incorporation into 
degradative membrane compartments 
[30, 31 ] (Figures 1Aand 1 B). The approach 
is designed to measure both sorting and 
degradation: cytosolic fusions of the dual 
fluorophore (OF) tag to membrane proteins 

retain yellow fluorescence during normal cycles of exo-/endocy
tosis, including the entire SV cycle, and shift from yellow to 
red fluorescence only after engulfment into the strongly acidified 
environments of multivesicular bodies or autophagosomes 
(Figure 1 B). 

In addition, the DF tag can visualize partial degradation if only 
one of the two fluorophores is degraded (Figure 1 C). pHluorin is 
both more sensitive to fluorescence loss and more exposed to 
proteases when fused in the terminal position (Figures 1 A and 
1 B). We reasoned that fusion proteins on early endosomal com
partments and cytoplasmically exposed membranes should 
retain yellow fluorescence both live and fixed ("yellow live" in 
Figure 1 C). Engulfment into strongly acidified compartments 
should initially lead to "red live" fluorescence that can be re
verted to yellow when fixed. Finally, initiation of degradation 
should lead to irreversible damage of pHluorin first and thereby 
to "red fixed" fluorescence (Figure 1 C). 

We designed two imaging probes: first, a general membrane 
cargo by fusing the DF tag to a myristoylated residue with the 
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idea to mark most membranes in an unbiased manner (myr-DF), 
and second, a fusion of the DFtag to the highly specific SV mem
brane protein Synaptotagmin 1 (Syt1-DF) (32]. We performed live 
imaging of the two probes in developing photoreceptor axon ter
minals starting prior to synaptogenesis (40% of pupal develop
ment [P+40%]) and in 1-day- and 2-week-old adults (Figures 
1 D-1I). The myr-DF probe exhibited widespread membrane 
labeling, whereas Syt1 -OF was more restricted to the axon 
terminals. Both probes marked clearly discernible intracellular 
membrane compartments in axons (arrowheads in Figures 1 D 
and 1 E) and at axon terminals (arrows). We expected to see 
both acidified and non-acidified compartments, but surprisingly, 
yellow or green fluorescence appeared always diffuse or, in the 
case of myr-DF, on the plasma membrane. Diffuse yellow label
ing of terminals in the case of Syt1-DF most likely represents 
pools of SVs. In contrast, all distinctly recognizable compart
ments lacked the pHluorin signal and appeared red live, indi
cating an acidified environment below pH 6 (20, 30] (Figures 
1 D-1I; Movie S 1). We made similar observations in photore
ceptor neuron cell bodies and at axon terminals and in cell 
bodies of class IV sensory neurons in intact larvae (Figures 
S1 A and S1 B). We chose P+40% photoreceptor neuron termi
nals for the majority of wild-type and mutant imaging analyses, 
because all mutants used in this study exhibited membrane 
degradation defects starting at this stage (see below). Sec
ondary effects, including an upregulation of autophagy, subse
quently mask the primary endolysosomal functions and defects 
in sorting and degradation of cargo proteins (13, 22]. 

The presence of large, acidified compartments suggests that 
packaging of synaptic membrane cargo into degradative com
partments, and possibly degradation itself, can occur locally at 
axon terminals. Furthermore, we were surprised that Syt1 -OF 
may be subject to turnover and degradation before functional 
synapses exist. We therefore tested whether our imaging probes 
are faithful reporters of local degradative compartments in a 
series of experiments as follows. 

First, we tested whether expression of either probe alters en
domembrane compartments, degradation, or neuronal function. 
I mmunohistochemical analyses indicate that neither probe alters 
endogenous levels of endosomes, lysosomes, or autophago
somes in either axon terminals or cell bodies based on several 
markers in quantitative clonal comparisons (Figures S1 C-S1 G); 
in addition, neither probe alters neuronal function based on elec
troretinogram recordings in adult flies (Figures S1 Hand S1 I). Sec
ond, Syt1-DF is expressed at levels comparable to endogenous 
Syt1 at axon terminals (Figures S2A and S2B); similar to the 
probe, endogenous Syt1 is made and transported to axon termi
nals as early as P+ 10% (Figures S2C-S2F; Movie S2) and both 
endogenous Syt1 and the Syt1 -OF probe are sorted into lyso
somal compartments indistinguishably (Figures S2G-S2I). Third, 
we confirmed with electrophysiology, live imaging, and immuno
histochemistry that C-terminally tagged Syt1 -OF is sorted and 
degraded indistinguishably from N-terminally tagged DF-Syt1, 
despite being a less functional protein (33] (Figures S2J-S2N). 
Importantly, DF-Syt1 is less useful for our purpose, because it 
is a sensor for SV acidification, similar to numerous probes facing 
the vesicular lumen, which are prominently used to measure syn
aptic function and single SV exocytosis (34]. In contrast, cyto
plasmically tagged Syt1-DF selectively turns red live only when 

sorted into a multivesicular body or autophagosome (Figure 1 B). 
Findings were validated in fixed preparations using both Syt1 
probes throughout the study. We conclude that both the myr
DF and Syt1-DF imaging probes faithfully report the local incor
poration of synaptic membrane proteins into large, acidic com
partments at axon terminals. Furthermore, because Syt1 has 
no developmental function in photoreceptor neurons (22, 35], 
its early turnover indicates that photoreceptor neurons activate 
synaptic maintenance machinery prior to synaptic function. 

Degradation Starts at Axon Terminals 
Fixation of red-live compartments should cause full reversion of 
intact DF tags to yellow fluorescence due to the reversibility of 
pHluorin quenching, whereas degradation of pHluorin should 
lead to red-fixed compartments (Figure 1 C). We found that 
14% of myr-DF and 8% of Syt1-DF-positive axon terminal com
partments did not regain pHluorin fluorescence through fixation 
(Figures 2A-2E and 2G). To test whether red-fixed compart
ments represent late-stage degradative compartments, we per
formed co-labeling with the lysosomal marker Spinster and the 
early endosomal marker Rab5. Indeed, red-fixed compartments 
were 2- to 3-fold more positive for the lysosomal marker, 
whereas yellow-fixed compartments were 2- to 3-fold more pos
itive for the early endosomal marker (Figures 2F and 2H). These 
results indicate that some pHluorin is degraded in late-stage 
lysosomal compartments at axon terminals. We conclude that 
degradation of both probes is initiated in the axon terminal, 
and we therefore refer to these late-stage endolysosomal com
partments as "degradative compartments". 

Next, we asked whether trafficking vesicles in the axon are 
selectively late-stage degradative compartments. Surprisingly, 
co-labeling of axonal trafficking vesicles with Rab5 and Spin 
revealed a mixture very similar to axon terminal compartments 
(Figures 2I-2L). These findings suggest that axonal vesicles 
for retrograde trafficking are not selected for their degradative 
state but instead can enter retrograde trafficking at any stage 
of maturation. 

To investigate the nature of degradative compartments, we 
tested, in addition to Rab5 and Spin, the late endosomal marker 
Rab 7, the recycling endosomal marker Rab11, the synaptic en
dosomal marker Skywalker, and the autophagosome marker 
Atg8 (12, 20, 36, 37]. All six markers colocalized 8%-25% with 
both Syt1- and myr-DF-positive compartments (Figures 2M 
and S3). Note that low levels of colocalization are expected 
for dynamically changing markers as compartments mature, 
e.g., conversion from Rab5 to Rab7 (38, 39]. Importantly, red
fixed compartments predominantly colocalize with degradative 
compartment markers Rab7 and Atg8, in addition to Spin, but 
not with the endosomal markers Rab5, Rab11, and Sky, corrob
orating the local initiation of degradation in late-stage compart
ments (red bars in Figure 2M). Finally, only late-stage com
partments, marked by Rab7 and Atg8, exhibited significantly 
increased labeling of myr-DF compared to Syt1-DF, suggesting 
a possible difference between the two probes (Figure 2M). 

Local Hub Compartments Are in Continuous Flux and 
Bud off Retrograde Trafficking Vesicles 
To understand their different local dynamics, stability, and 
retrograde trafficking, we tracked Syt1-DF and myr-DF acidic 
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Figure 2. Degradation Starts at Axon 
Terminals 
(A-0" ) Some terminal compartments remain " red 
only" after fixation (red arrowheads), indicating 

irreversible damage of pHluorin for both myr-OF 
(A-B" ) and Syt1 -OF (C-0" ). White arrows mark 

yellow-fixed compartments. 
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(E-L) Red-only compartments after fixation are late
stage degradative compartments. Pie charts show 

ratios of mCherry-only versus yellow terminal com
partments (E and G) and axonal vesicles (I and K) . 

Bar charts in (F), (H), (J), and (L) show colocalization 
ratios of yellow-fixed and red-fixed compartments 

separately with the early endosomal marker Rab5 
and the lysosomal marker Spin (F, H, J, and L). 

Mean± SEM; brain n = 15 per probe (E, G, I, and K); 
brain n = 3 per antibody staining (F, H, J, and L); 
•p < 0.05; '"p < 0.001 ; unpaired t test 

(M) Colocalization of myr-OF (non-striped) and 
Syt1 -OF (striped) compartments w ith markers of 

the endolysosomal system. Shown are ratios 
for yellow-fixed and red-fixed terminal hub com

partments that colocalize with a given antibody 
divided by the total number of compartments. The 
yellow-fixed and red-fixed bars are stacked in the 

bar chart. Mean ± SEM; •p < 0.05; '"p < 0.001 ; 
unpaired t test ; brain n = 3-5 per antibody staining. 

See also Figure S3. 
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compartments live. We found that compartments of both types 
exhibited restricted mobility within the axon terminals but contin
uously exchanged membrane cargo and budded off smaller 
axon trafficking vesicles; we therefore termed these compart
ments "hubs" (Figures 3A-3J; Movie S3). Specifically, using 
resonant confocal microscopy, we could track individual hubs 
at the axon terminal in 4D with a temporal resolution of 7.5 s 
over the course of several hours in the case of myr-DF (Figures 
3A-3C, 3L, and 3M) but typically only for 15 min in the case of 
the smaller Syt1-DF hubs (Figures 3F-3H). Hubs marked by 
either probe were locally restricted with a displacement of maxi
mally 2 µmin 5 min (Figures 3E, 3J, and 3K) and maximally 3 µm 
over 5 hr for myr-DF (Figure 3L). Analysis of the 4D tracking data 
revealed, unexpectedly, no unequivocal de nova appearance or 
disappearance of individual hubs. Instead, both myr and Syt1 
hubs exhibited frequent and balanced fusion and fission events 
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at a rate of 2/min that resulted in contin
uous enlargements and splits suggestive 
of continuous cargo flux (Figures 3N and 
30; Table S1 ; Movie S3) . 

The budding of smaller vesicles that 
entered the axon for retrograde trafficking 
was more frequent for Syt1-DF than 
for myr-DF (Figures 3A, 38, 3F, and 3G). 
Similar to the hubs, the axonal traf
ficking vesicles were exclusively red 
live for both probes (Figures 3H, S4A, 
and S4B; Movie S3). Larger axonal vesi
cles moved predominantly retrogradely, 
whereas the smallest discernible axonal 
vesicles moved in both directions (Figures 
S4A-S4F). To quantitatively analyze the 

net movements of axonal trafficking vesicles, we computed 
Markov state models. Both myr-DF- and Syt1-DF-positive 
axonal trafficking vesicles exhibited increasing "committor 
probabilities" toward the cell body, which indicate net retrograde 
trafficking back to the cell body (Figures 3D and 31). 

To compare the dynamics of hubs and axonal trafficking ves
icles with autophagosomes, we co-expressed the autophago
some marker Atg8-mCherry with myr-GFP or Syt1-GFP. Consis
tent with the colocalization in fixed preparations, live imaging of 
these two pairs revealed that small subsets of myr-DF and (to a 
lesser extent) Syt1-DF indeed mark autophagosomes (Figures 
S4G-S4I). However, Atg8-positive autophagosomes exhibited 
very different dynamics compared to hub compartments: they 
(1) form de nova at axon terminals (controlled for z movement 
in 4D data; Movie S4) and exhibit (2) significantly lower fission/ 
fusion rates (Figure S4J); (3) a size distribution distinct from 
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Figure 3. The Hub Compartments: Contin
uous Flux through Fusion, Fission, and 
Budding of Retrograde Trafficking Vesicles 
(A, B, F, and G) 4D tracking of acidified compart

ments marked by myr-DF (A and B) and Syt1-DF 
(F and G) revealed distinct terminal hub compart

ments and retrogradely trafficking axonal vesicles. 
(C) myr-DF-positive hubs undergo multiple fusion 
(red arrowheads) and fission (white arrowheads) 

events in seconds. 
(D and I) Markov state models of axonal vesicles for 

myr-DF (hub n = 222; D) and Syt1-DF (hub n = 202; 
I) revealed high probabilities for trafficking toward 

the cell body (to the left) and increasing "committor 
probabilities" along the axon. 

(E and J) Trajectories from origin of myr-DF (hub 
n = 12; E) and Syt1 -DF (hub n = 11; J) hubs with 
mean displacement revealed no directed move

ments of hub compartments. Red dot indicates the 
origin of movement. 

(H) Example of Syt1 -OF hub compartment fission 
into multiple compartments, including retrograde 

axonal trafficking vesicle (arrowhead). 
(K) Mean ± SEM displacement from origin of myr 

or Syt1 hubs in 6 min. Mean± SEM; hub n = 11 per 
probe. 
(L) Mean ± SEM displacement from origin of myr 

hubs over 5 hr (hub n = 9). 
(M) Lifetime of myr hubs represented as volume of 

hubs over hours (hub n = 8). 
(N) Fusion and fission frequencies of myr and Syt1 

hubs. Box and whiskers plot shows 5-95 percen
tiles; hub n = 12-15 per probe. 

(0) Schematic of hub compartment dynamics: 
no de novo appearance or disappearance but 
continuous flux and budding for retrograde 

trafficking. 
See also Figure 84, TableS1 , and MoviesS3 and S4. 

(Movie S4). We conclude that autophago
somes are largely distinct from endolyso
somal hub compartments at axon 
terminals. 
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In sum, live imaging revealed flux within 
a network of continuously splitting and 
fusing endolysosomal hubs that do 
not leave the axon terminals, whereas 
smaller, retrogradely trafficking axonal 
vesicles provide an exit from this "hub 
flux" at varying stages of endolysosomal 
maturity (Figures 2M and 30; Movie S3). 

Two Distinct Pools of Hub 
Compartments % >, 
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We next probed the cargo specificity of 
the hubs marked by our cargo probes. 
Co-labeling of axon terminal hubs marked 

C" 0 
~ 

11. Fusion Fission 

both myr-DF- and Syt1 -DF-degradative compartments (Fig
ure S4K); and (4) no budding of axonal trafficking vesicles. 
Most importantly, in contrast to the Syt1- and myr-containing 
hubs, Atg8-positive autophagosomes entered the axon directly 

by myr-DF and Syt1 -DF with a panel of SV 
and plasma membrane protein antibodies revealed a remarkably 
clear separation of markers: SV proteins, most prominently 
Rab3 and CSP, exhibited 6- to 8-fold more colocalization with 
Syt1-DF compared to myr-DF. In contrast, the t-SNARE Syx1A 
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Figure 4. Two Distinct Pools of Hub Compartments 
(A) Colocalization ratios of myr-DF- (blue) and Syt1 -DF (orange)-marked 

compartments with antibody labeling against SV and plasma membrane 
proteins in fixed preparations reveals largely distinct compartment pools. 

Mean± SEM ; •p < 0.05; ' "p < 0.001; unpaired t test; brain n = 3 per antibody 
staining. 
(B) Colocalization ratios of myr-DF with anti-Syt1 , Syt1 -DF with anti-Syt1, and 

myr-Tomato with Syt-GFP. Mean± SEM; brain n = 3 per colocalization. 
(C) Co-expression of myr-Tomato and Syt1 -GFP reveals distinct compartments. 

(D) Volumes of acidified (red) compartments at axon terminals. Hub n = 100 per 
probe; black lines indicate mean values. 
(E) Mean number of acidified compartments per axon terminal at P+40%. 

Mean ± SEM; '"p < 0.001; unpaired t test; brain n = 3-5 per probe. 
See also Figure S5. 

colocalized at low levels with both types and the non-SV plasma 
membrane receptors Rst and Chp colocalized 3-6 times more 
with myr-OF (Figures 4A, S5A, and S5B). lmmunolabeling for 
Syt1 marked almost all Syt1 -OF compartments but only 15% 
of myr-OF compartments (Figure 4B), indicating that most myr
OF compartments do not contain Syt1. Indeed, live co-expres
sion of myr-Tomato and Syt1-GFP revealed <10% colocalization 
(Figures 4B and 4C). Quantitative analysis of the red-live axon 
terminal hubs marked by Syt1 -OF revealed 2.5 times more com
partments that were on average half the size compared to those 
marked by myr-OF (Figures 40 and 4E). These data indicate that 
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myr-OF and Syt1-0F mark distinct pools of hub compartments 
at axon terminals. SV-specific hubs mostly exclude plasma 
membrane proteins. 

Distinct Molecular Mechanisms Sort and Degrade 
Plasma Membrane Proteins and SV Proteins 
As reported above, Rab? (canonical endolysosomal degra
dation and autophagy) and Atg8 (autophagy) exhibited signifi
cantly increased colocalization with the plasma membrane hubs 
compared to SV hubs (Figure 2M). In contrast, n-Syb and V100 
(NSO) exhibited increased colocalization with SV hubs compared 
to plasma membrane hubs (Figure 4A). These findings prompted 
us to probe the functional roles of Rab 7, n-Syb, and V100 in the 
sorting and degradation of the distinct hubs. rab7 is a ubiquitous 
key factor required for maturation in the endolysosomal system 
(38] and at least some types of autophagy (40] and the gene 
underlying the neuropathy Charcot-Marie-Tooth 2B (17, 23]. The 
vesicular ATPase component V100 and the vesicle SNARE 
neuronal synaptobrevin (n-Syb) are both exclusive neuronal pro
teins that were initially identified as SV proteins with single 
neuronal orthologs from worms to humans (41, 42]. In flies, 
V100 and n-Syb function in endolysosomal degradation, and it 
is this second function that leads to photoreceptor adult-onset 
degeneration in the mutants (20, 22]. We have previously pro
posed the term neuronal sort-and-degrade (NSO) for this putative 
neuronal branch of the endolysosomal system. The neuron-spe
cific functions and cargo specificity of both canonical endolyso
somal degradation and NSO have so far remained unknown . 

To analyze cell-autonomous, cargo-specific sorting and degra
dation in mutant neurons, we performed live imaging in mosaic 
brains in which only a subset of photoreceptor neurons was 
mutant for rab7, v100, or n-syb in otherwise wild-type brains (Fig
ures 5A-5H). In all three mutants, hub compartments were pre
sent at axon terminals, with one exception: myr-OF hub compart
ments were lost at axon terminals of rab7 mutant neurons (Figures 
5C and 51). In contrast, Syt1-0F hub compartment numbers were 
unaltered in the rab7 mutant and instead significantly decreased 
in both NSO mutants. Fusion and fission rates between hub com
partments were not significantly changed for either probe in NSO 
mutants and equally reduced for the Syt1-0F probe and hence not 
likely to be contributors to the changes in hub numbers (Table S1 ). 
These surprising observations suggest that the normal formation 
of hub compartments containing SV cargo requires NSO but is 
rab7 independent, whereas the formation of myr-OF hub com
partments is rab7 dependent but NSO independent. 

To further test the cargo specificity of the two molecular mech
anisms, we overexpressed rab 7, v100, and n-syb in the presence 
of both probes. Overexpression of rab7 had no significant effect 
on either compartment type. However, overexpression of v100 
or n-syb selectively affected Syt1 -OF hub compartments in a 
manner opposite to their loss of function. myr-OF hub compart
ments were not affected by either NSO mutant, similar to their 
loss of function (Figures S6A and S6B). Finally, n-Syb knock
down in the v100 mutant background further decreased the 
number of SV hubs, but not myr-OF hubs (Figures 5B, 5F, 5H, 
51, and S6C-S6J), suggesting additive cell biological functions 
of V100 and n-Syb that are specific to SV hubs. 

Next, we assayed endolysosomal progression of both probes 
from early via late endosomes to lysosomes using Rab5, Rab 7, 
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Figure 5. Distinct Molecular Mechanisms 
Sort and Degrade Plasma Membrane Pro
teins and SV Proteins 
(A-H') Live imaging of myr-DF and Syt1 -DF in wild

type (A-B'), rabl (C-D'), v/00 (E-F') , or nsyb (G-H') 
mutant background in P+40% photoreceptor axon 

terminals. Arrowheads, examples of acidic (red
only live) compartments at axon terminals. White 
dotted lines mark the boundaries between axon 

(left) and axon terminals (right). 
(I and J) Relative number of degradative com

partments in mutants from live-imaging data in 
axon terminals (I) and cell bodies (J) . Mean± SEM; 
•p < 0.05; .. p < 0.01 ; ... p < 0.001; unpaired t test; 

brain n = 4-8 per experimental condition. 

(K-M) Relative colocalization ratio changes 
of yellow-fixed compartments with early endo
somes (Rab5) , late endosomes (Rab?), and lyso

somes (Spin) in rabl (K) , v/00 (L), and nSyb (M) 
mutant axon terminals. Mean ± SEM; •p < 0.05; 

... p < 0.001 ; brain n = 3 per experimental condi

tion ; unpaired t test. 

See also Figure S6 . 

the two NSD mutants v100 and n-syb: 
whereas myr-DF exhibited no significant 
alterations in either NSD mutant, the 
Syt1-DF probe accumulated 3-fold in 
late endosomal (Rab7-positive) compart
ments in both NSD mutants (Figures 5L 
and 5M), suggesting that degradation of 
Syt1-DF, but not myr-DF, is NSD depen
dent. Note that Syt1 -OF accumulates 
in a Rab7-positive compartment, even 
though sorting and maturation of Syt1 -
DF are rab7 independent, consistent 
with a known further role of Rab7 in lyso
somal degradation based on interaction 
with the homotypic fusion and vacuole 
protein sorting (HOPS) complex [43]. 
Indeed, we observed an increase of 
SV hub volume in the rab7 mutant 
(Figure S6K) as well as in a mutant 
for the HOPS complex component 
Vps33NCarnation (car) (Figures S6L
S6Q), consistent with impaired degrada
tion. In contrast to rab 7, loss of car affects 
both probes similarly, effectively singling 
out a late common role in degradation 

rab7 v100 n-syb with no effects on sorting or maturation 
c__---===-----===---==:...._------==='----'==-------===---' of either hub compartments (Figures 

and Spin co-labelings in fixed preparations. As shown in Fig
ure 5K, loss of rab7 leads to an increase of myr-DF in Rab5-pos
itive compartments and a corresponding reduction in lysosomal 
compartments, consistent with the known role of Rab7 in 
endosomal maturation. In contrast, Syt1-DF exhibited no such 
changes in the rab7 mutant, corroborating that sorting of 
Syt1-DF into SV hubs at axon terminals is rab7 independent 
(Figure 5K). The opposite cargo specificity was observed in 

S6K, S6P, and S6Q). We conclude that 
sorting of SV cargo depends only on NSD (and is Rab7 indepen
dent) and sorting of general plasma membrane cargo depends 
only on Rab7 (and is NSD independent). 

CP1 Is a Protease Specific to SV Hubs 
Local degradation requires the delivery of proteases to the hub 
compartments at axon terminals. In Drosophila photoreceptors, 
the Cathepsin-L-like protease CP1 mediates neurodegeneration 
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Figure 6. The Cathepsin-L-like Protease 
CP1 Is Specific to SV Hubs 
(A-0" ) Live imaging of CP1 -OF in wild-type (A-A" ), 
rab7 (B-B" ), v100 (C--C" ), or nsyb (0-0" ) mutant 

axon terminals. White arrowhead, acidic (red-only 
live) compartment; yellow arrowhead, non-acidic 

(yellow live) compartment. 
(E and F) Relative number of acidified (red) or non
acidified (yellow) CP1 -OF-positive compartments 

at axon terminals (E) and cell bodies (F). Mean ± 

SEM; •p < 0.05; • 0 p < 0.001 ; 00p < 0.0001; brain 

n = 3 per experimental condition; unpaired t test. 
See also Figure S7. 

E Number at terminals F Number 

affected in the NSO mutants but unaltered 
in rab7. Because there are almost no myr
positive hubs in rab7 mutant axon termi
nals, CP1-0F may specifically supply SV 
hubs. Indeed, in n-syb mutant terminals, 
CP1-0F labeling of acidified compart
ments is completely lost and CP1-0F ap
pears trapped in numerous non-acidified, 
smaller vesicles, indicating a complete 
failure to reach hub compartments (Fig
ures 60 and 6E). In contrast, in the v100 
mutant, CP1-0F does reach hub com
partments, but around 50% remain non
acidified, indicating that v100 is partially 
required for acidification of SV hubs (Fig
ures 6C, 6E, and S70). Correspondingly, 
n-Syb knockdown in the v100 mutant 
background caused an additive effect 
with both the small yellow CP1-delivery 
vesicles as well as larger non-acidified 
hubs (Figures S7E-S7I), i.e., a combina
tion of the nsyb and v100 mutant pheno
types (Figure 6). We conclude that CP1 
is sorted specifically into hub compart
ments of the SV pathway at axon termi
nals via an n-syb-dependent and rab7-
independent mechanism (Figure 7). 
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[44]. To test whether CP1 is a protease that functions in one or 
both types of hub compartments, we generated a CP1 -OF probe 
for live imaging. CP1-0F is incorporated into red-live hub 
compartments at axon terminals that appear in size and number 
more similar to Syt1-0Fthan myr-OF (Figures 6A, S7A, and S7B). 
Co-labeling of CP1 -OF-positive hub compartments with SV and 
plasma membrane markers in fixed preparations appeared 
similar to SV hubs (Figures S7C and S5). As shown in Figures 
6A-60, CP1 -OF labeling of acidic compartments is selectively 
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Cargo Separation Occurs 
Specifically at the Axon Terminal 
and Not in the Cell Body 
Finally, we compared the molecularly 
distinct endolysosomal sorting of plasma 
membrane and SV cargo between the 
cell body and the axon terminal. In cell 
bodies, myr-OF and Syt1-0F colocalized 

more similarly with all endolysosomal markers (Figure S6R) as 
well as all SV markers (Figure S6S). Hence, both probes mostly 
marked common, mixed compartments in the cell body. In 
contrast to the axon terminal, the NSO mutants v100 and n-syb 
did not specifically affect SV proteins in the cell body (Figures 
5J and S61). Instead, v100 and n-syb mutants exhibited a reduc
tion in the numbers of myr-OF compartments in the cell body and 
no changes to compartments containing Syt1 -OF (Figure 5J). 
Also opposite to phenotypes at axon terminals, CP1-0F 
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Figure 7. Model: Two Parallel Membrane Degradation Mechanisms 
at Axon Terminals 
Axon terminals harbor at least two types of mostly non-overlapping endoly

sosomal hub compartments: one for synaptic vesicle (SV) proteins and one for 
general plasma membrane (PM) proteins. Maturation of SV hubs, but not PM 
hubs, depends on the n-Syb-dependent delivery of the protease CP1 and 

acidification by neuronal vATPase component V100. Maturation of PM hubs, 
but not SV hubs, depends on the small Rab? GTPase. EVs, endosomal 

vesicles; l Vs, lysosomal vesicles. 

accumulated in non-acidified compartments in cell bodies 
mutant for rab7, but not v100 and n-syb (Figures 6E, 6F, and 
S7J). We conclude that the rab7- and NSD-dependent mecha
nisms sort and degrade in a cargo-specific manner exclusively 
at the axon terminal. In contrast, the same molecules that func
tion in separate pathways at axon terminals are found in mixed 
membrane degradation compartments in the cell bodies of the 
same neuron (Figures S6R, S6S, and S7K). Hence, sorting of 
SV proteins and plasma membrane proteins for degradation in 
separate endolysosomal pathways occurs locally at axon termi
nals (Figure 7). 

DISCUSSION 

In this study, we investigated neuronal membrane protein degra
dation in vivo from the perspective of different cargo probes and 
unbiased with respect to sorting and degradation mechanisms. 
Our key findings are (1) the direct live observation of membrane 
protein degradation at axon terminals in large, acidified hubs: 
acidic, degradative endolysosomal compartments that undergo 
continuous flux and bud of retrograde transport vesicles and 
(2) the cargo-specific sorting of SV and plasma membrane 
proteins into different hubs via two molecularly distinct pathways 
at axon terminals. 

"Hub Flux" and Membrane Protein Turnover 
It is surprising that the only clearly discernible compartments 
at axon terminals are red live, large, acidified, and spatiotempo
rally relatively stable endolysosomal compartments. We named 
these compartments hubs because of their continuous fission, 
fusion, and budding of smaller retrograde trafficking vesicles. 

We never observed appearance or disappearance of an entire 
hub but only the formation of hubs by fusion of several smaller 
vesicles and splitting into multiple smaller compartments that 
underwent renewed cycles of fusion. These dynamics are 
reflected in hub composition and maturation: at any point in 
time, some hubs are marked by early endosomal markers and 
contain undegraded probes, whereas others are marked by 
lysosomal markers and contain partially degraded probes. 

How does this "hub flux" contribute to the sorting and degra
dation of dysfunctional membrane proteins? A key insight comes 
from the characterization of retrograde trafficking vesicles: the 
axonal vesicles exhibit the same composition and a mix of early 
and late markers and degraded and undegraded probes. These 
observations are most straightforwardly explained with random 
mixing of hubs and random budding of axonal vesicles, irrespec
tive of their maturation stage. In this model, sorting into hubs 
carries a probabilistic chance of degradation that increases 
with time (either in hubs or in retrograde trafficking vesicles). 
Sorting into hubs ensures degradation if membrane proteins 
cannot be recycled back into the axon terminal; alternatively, 
degradation and recycling may both be probabilistic. The latter 
would imply that not only dysfunctional proteins are sorted 
into hubs. Both mechanisms could ensure a pool of functional 
synaptic proteins that increases with the amount of endolyso
somal flux, as previously observed for the Skywalker/Rab35 
mechanism [12, 19]. 

How SV membrane proteins are specifically sorted into SV 
hubs is unclear. Because sorting of Syt1 -OF into SV hubs is 
Rab? independent, SV hub maturation bypasses the require
ment for Rab5-to-Rab7 conversion [39]. Neither n-Syb (a vesicle 
SNARE and membrane fusion factor) nor V100 (part of a proton 
pump) are required for the continuous fusion and fission of SV 
hubs. However, the reduced axon terminal numbers of SV 
hubs are consistent with roles in the sorting of SVs to SV hubs. 
Different SV retrieval mechanisms, including ultrafast endocy
tosis, clathrin-mediated endocytosis, and bulk endocytosis 
[45, 46], may account for different mechanisms and routes to 
local degradative hubs. Preassembled plasma membrane cargo 
complexes may play a role in promoting the different endocytic 
routes [46]. Our colocalization measurements revealed a distinc
tion between two membrane degradation mechanisms with en
richments of SV proteins versus plasma membrane proteins be
tween 3- and 8-fold, but not a 100% separation. Hence, if protein 
complexes facilitate sorting into a specific endocytic pathway or 
hub compartments, they may do so in a probabilistic fashion. 

Continuous flux is a hallmark of endolysosomal compartments 
and results in low colocalization ratios with dynamically changing 
molecular markers and difficulties to unambiguously identify a 
specific compartment at any point in time. Our live observation 
of dynamic hubs as sorting and degradation stations at axon 
terminals was only made possible by their integrity over time 
and may provide an inroad to the study of distinct, cargo-specific 
mechanisms that keep neurons and their synaptic terminals 
functional. 

Hubs in the Context of Known Membrane Sorting and 
Degradation Mechanisms 
We observed constitutive turnover of SV hubs prior to synapto
genesis and neuronal activity. In contrast, previous work on SV 
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"rejuvenation" focused on turnover that increases in response to 
neuronal activity [12, 19]. Colocalization of axon terminal hubs 
with the Rab35 GAP Skywalker (Sky) revealed equal overlap 
with both hub types. This could indicate an intersection of 
different endolysosomal pathways; alternatively, Sky may only 
temporarily localize to hubs depending on their maturation 
stage. We favor the second possibility, because the early endo
somal Rab5 and the lysosomal marker Spin exhibit similar coloc
alization ratios and all known endolysosomal markers depend in 
some way on the maturation stage [38, 47]. Our colocalization 
implies Sky in both the canonical and SV pathway. Consistent 
with this, rab7 affects Sky-dependent rejuvenation and the sky 
mutant affects the turnover of an n-Syb imaging probe [11 ]. 

Autophagy similarly intersects with axon terminal hub com
partments based on colocalization with Atg8, albeit this colocal
ization is significantly higher for the rab7-dependent general PM 
hubs than for the SV hubs. However, the hubs and axonal 
trafficking vesicles are distinct from autophagosomes based 
on their dynamics: Atg8-positive compartments are not part of 
the "hub flux," emerge de nova, and directly enter the axon 
without prior fission. It is possible that autophagosomes can 
engulf hub compartments and thus provide an alternative 
degradative exit to budding of retrograde trafficking vesicles. 
A Rab26-dependent mechanism was recently proposed for 
the sorting of SVs to pre-autophagosomal compartments 
prior to Atg8 recruitment, which may represent a similar hub 
compartment [48]. 

Cathepsin L: A Protease with Cargo Specificity 
In this study, we showed that cathepsin-L-like protease CP1 
has specificity for the SV hubs at axon terminals. This finding 
is consistent with several cystein cathepsins that have 
been characterized for their tissue-specific expression [49]. In 
mammalian systems, cathepsin L selectively degrades polyglut
amine (polyQ)-containing proteins, but not other types of aggre
gation-prone proteins lacking polyQ [50]. In HeLa and Huh-7 
cells, cathepsin L was reported to degrade autophagosomal 
membrane markers, but not proteins in the lumen of auto
phagosomes [51]. In contrast, the major histocompatibility 
complex (MHC) class-II-associated invariant chain is specif
ically degraded by cathepsin S, but not cathepsin L, in CD4+ 
T cells [52]. Our characterization of cargo-specific membrane 
degradation machinery with a specific protease raises the ques
tion to what extent different membrane degradation mecha
nisms are characterized and may require specific proteases. 
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112-175-143, RRID: AB_2338263 

106-605-003, RRID: AB_2337 446 

111-165-144, RRID: AB_2338006 

111-545-144, RRID: AB_2338052 

T3604 

H-1000 

70011-36 

1.03999.1000 

T8787 

21720-024 

A9045-10G 

12585014 

15140122 

16141-061 

5289-74-7 

184 

1.06404.1000 

N/A 

N/A 

N/A 

N/A 

9146 

32078 

35542 

(Continued on next page) 
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Continued 

REAGENTorRESOURCE 

Drosophila , FRT82b,tub-Gal80 

Drosophila , FRT80b,tub-Gal80 

Drosophila , nsybF338 

Drosophila, rab 7-Jal4-knock-in 

Drosophila , v1004 

Drosophila, sy iP-04 

Drosophila , FRT40A,cl 

Drosophila , UAS-Atg8-mCherry 

Drosophila , UAS-Syt1-GFP 

Drosophila , GMR-myr-GFP 

Drosophila , GMR-myr-Tomato 

Drosophila , car" 146,FRT19A 

Drosophila, UAS-V100 

Drosophila , UAS-n-Syb 

Drosophila , UAS-Rab7 

Drosophila, UAS-n-Syb-RNAi 

Recombinant DNA 

mCherry-SEpHluorin 

pUASTattB 

Software and Algorithms 

lmageJ 

lmaris 

GraphPad Prism 

AutoQuant 3x 

Clampfit 

Clampex 

Python 

Amira 

CONTACT FOR REAGENT AND RESOURCE SHARING 

SOURCE 

BDSC 

BDSC 

[57] 

[17] 

[55] 

[58] 

BDSC 

BDSC 

BDSC 

BDSC 

Gift from S.Lawrence Zipursky 

Gift from Helmut Kramer 

[55] 

[22] 

Hiesinger lab 

VDRC 

Addgene 

[59] 

National Institutes of Health (NIH} 

Bitplane, Switzerland 

GraphPad Software, La Jolla, USA 

Media Cybernetics 

Axon Instruments 

Axon Instruments 

Python Software Foundation 

FEI-Thermo Fisher Scientific 

IDENTIFIER 

5135 

5191 

N/A 

N/A 

N/A 

N/A 

5622 

37749 

6926 

7112 

N/A 

N/A 

N/A 

N/A 

N/A 

104531 

32001 

Flybase ID: FBmc0003002 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact, Dr. Robin 
Hiesinger (robin.hiesinger@fu-berlin.de). 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Fly husbandry 
All flies were raised on standard molasses formulation food at either 25°C (most crosses) , 29°C (RNAi crosses) or 21 °C (Gal8015 

crosses). 

Flies 
For live-imaging and fixed immunostainings, photoreceptor clones expressing the imaging probes were generated using the 
ey3.5f/p system (60, 61 ] in otherwise heterozygous animals. For the analyses of myr-DF and Syt1-DF probes in control and mutant 
photoreceptors, the following Drosophila lines were used: control (ey3.5flp/+;GMR-Ga14/GMR-Gal4,UAS-myr-DF or UAS
Syt1-DF;FRT82B,tub-Gal80/ FRT82B), v100 (ey3.5flp/+;GMR-Ga14/GMR-Gal4,UAS-myr-DF or UAS-Syt1-DF;FRT82B,tub-Gal80/ 
FRT82B,v1004

; Hiesinger et al. , 2005) , n-syb (ey3.5flp/+;GMR-Ga14/GMR-Gal4, UAS-myr-DF or UAS-Syt1-DF;FRT80B,tub-Gal80/ 
FRTB0B,n-syb LlF33

B ; Deitcher et al., 1998), rab7 (ey3.5flp/+;GMR-Ga14/GMR-Gal4,UAS-myr-DF or UAS-Syt1-DF;FRT82B,tub
Gal80/FRT82B,rab l9a'4-knock-in (17]). For syt1 rescue ERG recordings , the following Drosophila lines were used: control (eyflp/+; 
FRT40A,GMR-Ga14/ FRT40A,clw+), syt1 mutant (eyflp/+;FRT40A,syr4° 4 ,GMR-Ga14/ FRT40A, clw+), rescue by C-terminally tagged 
Syt1 (Syt1-DF) (eyflp/+;FRT40A,syr4° 4 ,GMR-Gal4,UAS-Syt1-DF/ FRT40A,clw+), rescue by N-terminally tagged Syt1 (DF-Syt1) 
(eyflp/+;FRT40A,syr4° 4 ,GMR-Gal4,UAS-DF-Syt1 / FRT40A,clw+). For class IV sensory neuron live-imaging: class IV neurons 
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(ppk-Gal4>UAS-Syt1-DF or UAS-myr-DF). For autophagy live-imaging experiments: (GMR-Gal4>UAS-Atg8-mCherry,UAS
Syt1-GFP), (GMR-Gal4>UAS-Atg8-mCherry,GMR-myr-GFP). For co-imaging of fluorescently tagged myr and Syt1 probes: (GMR
Gal4>UAS-Syt1-GFP,GMR-myr-Tomato). For n-Syb knockdown experiments: n-Syb knockdown in v100 mutant background 
(ey3.5flp/+;GMR-Gal4,UAS-myr-DF or UAS-Syt1-DF/UAS-nSyb-RNAi;FRT82b, v100/FRT82b,tub-Gal80), n-Syb knockdown 
(ey3.5flp/+;GMR-Gal4,UAS-myr-DF or UAS-Syt1-DF/UAS-nSyb-RNAi), control (ey3.5flp/+;GMR-Gal4,UAS-myr-DF or UAS-Syt1-
DF/+). For overexpression experiments: (Gmr-Gal4,UAS-myr-DF or UAS-Syt1-DF/UAS-Rab7), (GMR-Gal4,UAS-myr-DF or UAS
Syt1-DF/UAS-V100), (Gmr-Gal4,UAS-myr-DF or UAS-Syt1-DF/UAS-n-Syb), control (GMR-Gal4,UAS-myr-DF or UAS-Syt1-DF/+). 
For carnation mutant experiment: carnation mutant (FRT19A,tub-Gal80,hsflp/FRT19A,cart.146 ;GMR-Gal4,UAS-myr-DF or UAS
Syt1-DF/+), control (FRT19A,tub-Gal80,hsflp/FRT19A;GMR-Gal4,UAS-myr-DF or UAS-Syt1-DF/+). 

To generate UAS-myr-mCherry-pH/uorin, we amplified DNA encoding the first 30 amino acids of Drosophila Src64B from P[UAS
myr-RFP] (donated from Henry Chang) and PCR amplified the mCherry-pH/uorin sequence from the mCherry-SEpHluorin vector 
(addgene, plasmid #32001, donated by Sergio Grinstein), generated the final linear DNA 5' -Notl-myr-linker-mCherry-pH/uorin
Xhol-3' by overlap extension PCR, then cloned it into the pUASTattB vector. Linker sequence: GCT GCC. For the generation of 
UAS-syt1-mCherry-pH/uorin, UAS-mCherry-pH/uorin-Syt1 and UAS-CP1-mCherry-pH/uorin (CP1-DF), the same strategy was fol
lowed except syt1 or cp1 was amplified from a cDNA sample. All constructs were integrated in the same landing site (y1w1118

; 

PBac[y[+]-attP-3B]VK00002) in Drosophila genome to equalize expression levels. Transgenic flies were generated using standard 
procedures through Rainbow Transgenicsm USA. 

METHOD DETAILS 

Brain culture and live imaging 
Pupal eye-brain complexes were dissected in cold Schneider's Drosophila Medium and cultured in the culture chambers perfused 
with culture medium as previously described (29]. For adult photoreceptor live imaging, 1-day and 2-week old adult fly eyes were 
dissected, with the lamina attached to the retina. To fully expose lamina photoreceptor terminals, pupal brains were mounted dorsal 
side up and adult eyes were mounted lamina side up in 0.4% dialyzed low-melting agarose. For class IV neuron live imaging, L3 fillet 
preparation was performed in cold Schneider's Drosophila Medium in a SylGard-covered Petri dish. 

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 cross-talk avoiding SP detector emission 
windows. White laser excitation was set to 488 nm for GFP and phluorin, 554 nm for tdTomato, and 587 nm for mCherry signal 
acquisitions. 

lmmunohistochemistry 
Pupal and adult eye-brain complexes were dissected and collected in cold Schneider's Drosophila Medium. The tissues were fixed in 
PBS with 4% formaldehyde for 30 min and washed in PBST (PBS+0.4% Triton X-100). The following primary antibodies were used: 
rabbit anti-Rab5 (1:1000), rabbit anti-Rab? (1:1000), mouse anti-Rab11 (1 :1000), rabbit anti-Syt1 (1 :1000), rabbit anti-GABARAP 
(1:100), guinea pig anti-Spin (1 :1000), rat anti-Sky (1 :200), mouse anti-CSP (1 :50), rabbit anti-Rab3 (1:1000), mouse anti-Syx1 a 
(1 :50), guinea pig anti-V100 (1 :1000), rabbit anti-n-Syb (1:1000), rat anti-nSyb (1 :1000), mouse anti-Rst (1 :500), mouse anti-Chaoptin 
(1 :500). All samples were mounted in mounting medium (Vectashield; Vector Laboratories) for confocal microscopy. Secondary 
antibodies used were Cy3, Cy5 (Jackson lmmunoResearch Laboratories), and Alexa 488 (lnvitrogen). High-resolution confocal 
microscopy was performed at room temperature using a Leica TCS SP8 X with 63X Glycerol objective (NA = 1.3). White laser exci
tation was set to 488 nm for Alexa488, 548 nm for Cy3, and 645 nm for Cy5 signal acquisitions. 

Image processing 
All 4D live-imaging data were deconvolved with either lmageJ (National Institute of Health) plug-in Microvolution (Microvolution, 
2014-2016) or AutoQuant 3X (Media Cybernetics) using adaptive PSF (blind) prior to analysis. Data were processed using lmaris 
(Bitplane), lmageJ (National Institute of Health), Amira 6.3 (FEI - Thermo Fisher Scientific), Photoshop (CS6, Adobe, Inc) and 
Python-based software listed in the section 'Markov State Model'. 

Electroretinogram (ERG) Recordings 
1-day-old adult flies were reversibly glued on slides using nontoxic school glue. Flies were exposed to 1 s pulses of light stimulus 
provided by computer-controlled white light-emitting diode system (MC1500; Schott) as previously reported (20]. ERGs were 
recorded using Clampex (Axon Instruments) and measured using Clampfit (Axon Instruments). 

QUANTIFICATION AND STATISTICAL ANAL VSIS 

Quantification and Statistical Analysis 
For volume, number, fusion, fission, speed and partit ion analyses, all 4D live-imaging data were deconvolved with AUTO Quant 3x 
(Modality: Laser Scanning Confocal; Objective Lens: 1.2 NA; Num. Aperture: 1.2; Imm. Medium (RI): 1.33; Sample Medium (RI) Water 
(1.33), Dist. From Coverslip: 20; Deconvolution Method: Adaptive PSF (Blind); PSF Settings: Theoretical PSF; Deconvolution 
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Settings: Adaptive PSF, 10 Iterations, Medium Noise), and analyzed using IMARIS (Bitplane, Switzerland). Binarized datasets were 
generated semi-automatically, then 4D tracking was performed manually. The following measurements were obtained from the built
in statistics analyses tools of IMARIS: volume, number, speed. The following measurements were obtained manually: fusion and 
fission frequencies, maximum displacement. For colocalization experiments, the data were obtained in 3D and all co-localization 
quantification was performed manually on single slices. The following number of compartments were counted: (a) mCherry-only, 
(b) mCherry-pHluorin, (c) mCherry-only & antibody co-localization, (d) mCherry-pHluorin & antibody co-localization. Only discernible 
individual compartments were counted. Co-localization ratios were calculated as follows: Co-localization ratios of yellow compart
ments= d/(a+b), Co-localization ratio of red compartments= c/(a+b). In Figures 2F, 2H, 2J, and 2L, co-localization ratios were calcu
lated as follows: Co-localization ratio of yellow compartments = d/b, Co-localization ratio of red compartments = c/a. All statistical 
analyses were performed in GraphPad Prism, and the statistical analyses and sample numbers used for each result are indicated in 
the figure legends. 

Markov State Modeling 
The image analysis was performed using Python 2.7.12 with scikit-image 0.14 and Amira 6.3. The image stacks were reduced to a 
single slice with a maximum intensity projection. Each frame was smoothed with a Gaussian kernel and the pHluorin channel was 
subtracted from the mCherry channel to reduce the background signal. The differential images from each time step were then 
stacked into a three-dimensional volume. To extract tubular structures in space-time, the normalized cross correlation with a solid 
cylinder template was performed on this volume (62, 63]. Areas with high correlation were traced to extract the compartment trajec
tories. To analyze the trajectories from the image analysis, a Markov state model (MSM) was defined with pyEMMA 2.4 (64], where 
each state represents an area of 8x8 pixels (600 states in a 60 by 10 grid). The state assignment for each compartment was computed 
with the negative exponential distance to each state, normalized to one. The products of the state vectors between two time points 
were summed and normalized to generate a stochastic transition matrix. This matrix was then used to compute the committor 
probabilities for each state (65]. The committor probability was here defined for a compartment to leave the image area retrograde 
rather than anterograde. 
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Figure SJ. Myr-DF and Sytl-DF probes mark large acidic compartments in photoreceptor cell bodies, class IV da neuron axon 
terminals and cell bodies, and expression of neither probe affects endolysosomal and autophagic markers or photoreceptor 
function. Related to Figure 1. 
(A and B) Live imaging of myr-DF (A) and Sytl-DF (B) reveal the presence of large acidic compartments in photoreceptor cell bodies at 
P+40%, class JV dendritic arborization neuron axon terminals and cell bodies. Arrows: examples of acidic (red-only live) compartments. 
(C and D) Comparison of the levels of endolysosomal and autophagic pathways markers (Rab5, early endosome; Rab 7, late endosome/ 
multivesicular bodies (MVB); ATG8, autophagosome; Spin, lysosome) in mosaic expression of myr-DF or Sytl-DF at P+40% 
photoreceptor axon terminals (C) and cell bodies (D). The white dotted lines mark clonal boundaries (with and without probe expression). 
(E-G) Comparison of mean fluorescence (E), mean volume (F) and mean number (G) of endogenous endolysosomal markers in control 
(black) and probe-expressing [myr-DF (blue), Sytl-DF (orange)] axon terminals and cell bodies. Mean number per axon terminal was 
quantified, and mean number per ommatidium was quantified for cell bodies. Mean ± SEM, Unpaired t-test, brain n=3 per antibody 
staining. (H and I) Electroretinogram (ERG) recordings from adult photoreceptors expressing either myr-DF or Sytl-DF. Representative 
ERG traces (H), and quantifications of on-transient and depolarization amplitudes (I). Mean ± SEM, fly n= l O per genotype. 
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Figure S2. Sytl-DF is expressed at endogenous levels and sorted for degradation indistinguishably from 
endogenous Sytl, and cytoplasmically tagged Sytl-DF and lumenally tagged DF-Sytl are indistinguishably 
localized and degraded in the endolysosomal pathway. Related to Figure 1. 
(A-B) Antibody labeling with anti-Sytl in mosaic expression of Sytl -DF in the P+40% photoreceptor axon tenninals 
(A and A') and quantification of mean volume and number of compartments marked by anti-Sytl (B). Mean ± SEM, 
brain n=3, Unpaired t-test. The white dotted lines mark clonal boundaries (with and without probe expression). (C-D') 
Endogenous Sytl is localized to axon terminals ofphotoreceptors starting at 10% pupal development (P+ 10%). (E and 
F) Live imaging of myr-DF and Sytl-DF probes at P+ 10% photoreceptor axon terminals. Note that Sytl protein 
turnover starts as soon as it is localized to photoreceptor tenninals. (G-H') Sytl-DF co localizes with lysosomal marker 
Spin equally as the endogenous Sytl at P+ 15%. Arrows: colocalization of Sytl compartments with anti-Spin. (I) 
Quantification of co localization of endogenous Sytl or Sytl-DF with anti-Spin at P+ 15%. Mean ± SEM, brain n=3 per 
experimental condition. (J) Rescue experiment of loss of neurotransmission of sytAD4 null mutant photoreceptors 
using either C- or N-terminally tagged Sytl expression (Sytl-DF or DF-Sytl) in 1 day old adult flies. Representative 
ERG traces, and quantification of on-transient and depolarization amplitudes. Fly n=7 per genotype. (Kand L) Live 
and fixed imaging of Sytl-DF and DF-Sytl in cell bodies (K) and axon tenninals (L) of P+40% photoreceptors. (M) 
Ratio of mCherry-only Sytl-DF and DF-Sytl compartments at axon terminals after fixation. Brain n= l5 per probe. 
(N) Colocalization of DF-Sytl (non-striped) and Sytl -DF (striped) compartments with markers of endolysosomal 
system, autophagy and Sytl antibody. Shown are ratios for ' yellow-fixed' and 'red-fixed' terminal hub compartments 
that colocalize with a given antibody divided by the total number of compartments. The 'yellow-fixed ' and 'red-fixed' 
bars are stacked in the bar chart. Mean ± SEM, brain n=3 per antibody staining. 
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Figure S3. Colocalization of myr-DF or Sytl-DF probes 
with endolysosomal and autophagosomal markers at axon 
terminals. Related to Figure 2. 
Representative images for colocalization of myr-DF (A) or 
Sytl-DF (B) at axon terminals with Rab5 , Rabl 1, Rab7, 
Spinster (Spin), Atg8, Skywalker (Sky) and Synaptotagmin 1 
(Sytl). Arrows: examples of colocalization. Single channels 
are antibody stainings. 
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Figure S4. Axonal transport dynamics of acidified axonal trafficking vesicles, and characteristics of autophagosomes 
compared to hub compartments. Related to Figure 3. 
(A and B) Kymographs showing axonal transport of myr-DF (A) and Sytl-DF (B) positive compartments. (C and E) Net 
direction of large or small compartments positive for myr-DF (C) and Sytl-DF (E). Quantification for stationary 
compartments is not shown. Mean ± SEM, *** p<0.001 , **** p<0.0001, Unpaired t-test, brain n=3 per probe. (D and F) 
Mean velocity ofretrogradely or anterogradely trafficked compartments for myr-DF (D) and Sytl-DF (F). Mean ± SEM, *** 
p<0.001, **** p<0.0001, Unpaired t-test, brain n=3 per probe. (G-H" ) Live imaging ofco-expression of Atg8-mCherry and 
myr-GFP (G-G") or Sytl-GFP (H-H") at P+40% photoreceptor terminals and axons. White arrows: autophagosomes that do 
not co-localize with myr-GFP or Sytl-GFP positive compartments. Yellow arrowhead: autophagosomes that co-localize with 
myr-GFP or Sytl-GFP positive compartments. Stacks have been checked in 4D data for co-migration of autophagosomes and 
Sytl-GFP or myr-GFP positive compartments. (I) Quantification of co localization ratio between Atg8-mCherry and myr-GFP 
or Sytl-GFP, Respectively. Mean ± SEM, * p<0.05, Unpaired t-test, brain n=3 per co-expression. (J) Fusion and fission 
frequencies of Atg8-mCherry positive autophagosomes compared to myr-DF and Sytl-DF positive acidified compartments. 
Box and whiskers plot, showing 5-95 percentiles, hub n= l2 to 15 per probe, *** p<0.001, **** p<0.0001, Unpaired t-test. 
(K) Volumes of Atg8-mCherry compartments at axon terminals at P+40%, compared with acidified myr-DF and Sytl-DF 
from Figure 4D. Hub n= l00 per probe, black lines indicate mean values. Inset compares volumes of Sytl-DF and 
Atg8-mCherry compartments. 
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Figure S5. Colocalization of hub compartments at axon terminals with synaptic vesicle 
proteins and plasma membrane proteins. Related to Figure 4. 
Representative images for colocalization of myr-DF (A), Syt] -DF (B), and CP1-DF (C) 
positive compartments with SV markers (Rab3, Cystein String Proteins (CSP)), SV and 
endolysosomal markers (neuronal Synaptobrevin (n-Syb) and vesicular ATPase component 
VJ 00), and two photoreceptor plasma membrane receptors (Chaoptin (Chp) and Roughest 
(Rst)). Arrows: examples of colocalization. Single channels are antibody stainings. 
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Figure S6. Live and subcellular characterization of myr-DF and Sytl-DF marked compartments at axon terminals and 
cell bodies. Related to Figure 5. 
(A and B) Relative number (A) and volume (B) of degradative compartments in Rab7, Vl00 or n-Syb overexpressing axon 
terminals. Mean± SEM, * p<0.05, Unpaired t-test, brain n=3 per experimental condition. (C-H') Live imaging of myr-DF 
and Sytl-DF in n-Syb knockdown (n-Syb RNAi) or n-Syb knockdown in vl00 mutant background at P+40% photoreceptor 
axon terminals. Arrowheads: examples of acidic (red-only live) compartments at axon terminals. (I and J) Relative number 
(I) and volume (J) of degradative compartments from live imaging data shown in A-F'. Mean± SEM, * p<0.05, ** p<0.01, 
Unpaired t-test, brain n=3 per experimental condition. (K) Relative volume of acidic compartments in mutants from live 
imaging data at axon terminals (Figure 5A-5H'). Mean± SEM, * p<0.05, ** p<0.01, *** p<0.001, Kolmogorov-Smimov test, 
hub n=240 to 1314, brain n=3 per experimental condition. (L-O') Live imaging of myr-DF and Sytl-DF in car mutant 
background at P+40% photoreceptor axon terminals. Arrowheads: examples of acidic (red-only live) compartments at axon 
terminals. (P and Q) Relative number (P) and volume (Q) of acidic compartments in car mutant live imaging data. Mean ± 
SEM, * p<0.05, ** p<0.01, Unpaired t-test, brain n=3 per experimental condition. (R) Wildtype colocalization ofmyr-DF and 
Syt 1-DF compartments in cell bodies. Pie charts show ratios of 'red-fixed' vs 'yellow-fixed' compartments in cell bodies. Bar 
charts show colocalization ratios of 'yellow-fixed ' and 'red-fixed' compartments separately with early endosomal marker 
Rab5 and lysosomal marker Spin. Bar chart on the bottom shows wildtype colocalization of myr-DF (non-striped) and 
Sytl-DF (striped) compartments with markers of endolysosomal system, autophagy and Sytl antibody in cell bodies. Shown 
are ratios for 'yellow-fixed' and 'red-fixed ' compartments that colocalize with a given antibody divided by the total number of 
compartments. The 'yellow-fixed' and 'red-fixed' bars are stacked in the bar chart. Mean± SEM, Unpaired t-test, * p<0.05, 
** p<0.01, *** p<0.01, brain n=3 to 5. (S) Wildtype colocalization of myr-DF (non-striped) and Sytl-DF (striped) 
compartments with markers of SY proteins and plasma membrane proteins in cell bodies. Shown are ratios for 'yellow-fixed' 
and 'red-fixed' compartments that colocalize with a given antibody divided by the total number of compartments. The 
'yellow-fixed' and 'red-fixed' bars are stacked in the bar chart. Mean± SEM, Unpaired t-test, * p<0.05, *** p<0.001, brain 
n=3 per antibody staining. (T) Relative volume of acidic compartments in mutants from live imaging data in cell bodies. Mean 
± SEM, * * * p<0.001, Kolmogorov-Smimov test, hub n=240 to 1314, brain n=3 per experimental condition. 



 

49 
 

A [JJMg acidic (red-only) 
Compartment Number 

myr-DF Syt1 ·DF Cp1-DF 

B [JJMg acidic (red-only) 
Compartment Size 

~ 1.5 

""'" + a. 
°lo 1.0 

ME 
2: 0.5 

.. .. ... .. 

myr-DF Syt1-DF Cp1-DF 

mCheny pHluorln 

Syt1 Rab3 CSP V100 nSyb Syx1 a Rst Chp Sky 

H 
~ 16 

c 
! 
C 
l! 
:, 

..s .. 
"' ; 
-5 ... 
l 0.12s 

0 
~ 
8 
i 
l! 
:, 

..s ., 

16 

[ 0.5 

"5 0.25 ... 
~ 0.125 

Number at terminals 

nSybRNAi nSyb RNAi + vi 00 

Volume at terminals 

nSybRNAi nSyb RNAi + vi 00 

D 
e 
'g 16 
u 
~ 8 
!!! 
I 4 

~ 2 
C: 

"' .r. 
(.) 

-0 o 0.5 
u.. 

J 

~ 
C: 
0 

~ 
C: 

!!! 
:::, 

.s 
Cl) 

Cl 
C: 

"' 

16 

(3 0.5 

Volume of Cpl-positive 
acidic vs llil@llil-®«:fl©lfl«: compartments 

Terminal 

rabl 

non-acidified 
/Hubs 

N/A 

v100 n-syb 

Volume of Cpl -positive 
acidic vs llil@lliH!l@@IH«: compartments 

Cell Body 

~ 0.2s rab7 v100 n-syb 
u.. 

K Colocalization at Cell Body 
0.5 

Cl CP1-DF mCherry-pHluorin 

• CP1-DF mCherry 

Syt1 Rab3 CSP V100 nSyb Syx1a Rst Chp Sky 

Figure S7. Live and subcellular characterization of CPl-DF marked compartments at axon terminals and cell bodies. Related to 
Figure 6. 
(A and B) Mean number (A) and volume (B) of acidified CPl-DF compartments per axon terminal at P+40% compared to myr-DF and 
Sytl-DF. n=lO0 per probe for volume analysis, black lines indicate mean values (B), mean± SEM (A), **p < 0.01, ***p < 0.001, Unpaired 
t-test, brain n=3 per probe. (C) Wild-type colocalization of CPl-DF compartments with markers of SV proteins and plasma membrane 
proteins at axon terminals. Shown are ratios for 'yellow-fixed' and 'red-fixed' terminal compartments that colocalize with a given 
antibody divided by the total number of compartments. The 'yellow-fixed ' and 'red-fixed ' bars are stacked in the bar chart. Brain n=3 per 
antibody staining. (D) Relative volumes of non-acidic (yellow) and acidic (red) compartments containing CPl-DF in rab7, vl00 or nsyb 
mutant backgrounds at axon terminals. Mean± SEM, * p<0.05, ** p<0.01, Unpaired t-test, brain n=3 per experimental condition. (E-G") 
Live imaging of CPl-DF in n-Syb knockdown (n-Syb RNAi) or n-Syb knockdown in vl00 mutant background at P+40% photoreceptor 
axon terminals. Arrows: small CPI-delivery vesicles. Arrowheads: large non-acidified hubs. (H and I) Relative number (H) and volume 
(I) ofnon-acidic (yellow) and acidic (red) compartments containing CP 1-DF in n-Syb knockdown (n-Syb RN Ai) or n-Syb knockdown in 
vl00 mutant background at axon terminals. Mean± SEM, * p<0.05 , ** p<0.01 , *** p<0.001 , Unpaired t-test, brain n=3 per experimental 
condition. (J) Relative volumes of non-acidic (yellow) and acidic (red) compartments containing CPl-DF in rab7, vlO0 or nsyb mutant 
backgrounds in cell bodies. Mean ± SEM, * p<0.05, ** p<0.01, Unpaired t-test, brain n=3 per experimental condition. (K) Wild-type 
co localization of CPl-DF compartments with markers of SY proteins and plasma membrane proteins in cell bodies. Shown are ratios for 
'yellow-fixed' and 'red-fixed' compartments that colocalize with a given antibody divided by the total number of compartments. The 
'yellow-fixed' and 'red-fixed' bars are stacked in the bar chart. Brain n=3 per antibody staining. 
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Fusion Fission Speed 
Max. displacement 

(up to 15 min tracks) 
Probe, Genotype 

Mean Mean Mean Mean 
[/min] SEM Range [/min] SEM Range [/min] SEM Range [/min] SEM Range 

myr-DF, Control 1.93 0.21 0.77-3.11 2.02 0.24 0.44 - 3.16 5.99 0.51 3.39 - 10.3 2.33 0.22 1.3 - 3.7 

myr-DF, rab7 mutant - - 5.88 0.67 2.73 - 12.4 1.99 0.26 0.9 - 3.6 

myr-DF, v100 mutant 1.93 0.23 1.04 - 3.36 2.58 0.21 1.19 - 3.82 5.20 0.47 2.37 - 8.60 2.43 0.34 0.7 - 5.2 

myr-DF, nsyb mutant 1.92 0.24 0.92 - 3.39 2.59 0.27 1.42 - 4.88 5.75 0.42 5.03 - 9.54 2.67 0.47 0.9 - 5.9 

Syt1-DF, Control 2.21 0.27 1.35 - 5.00 2.47 0.20 1.50 - 3.69 6.00 0.32 4.48 - 8.47 2.74 0.26 1.2 - 4.1 

Syt1-DF, rab7 mutant 1.36 0.17 0 - 1.98 1.66 0.15 0.55 - 2.44 5.57 0.49 3.16 - 10.50 2.33 0.15 1.4 - 3.1 

Syt1-DF, v100 mutant 1.62 0.27 0.44 - 3.57 2.04 0.30 0 - 3.57 5.03 0.42 2.70 - 7.77 1.96 0.33 0.7 -4.1 

Syt1-DF, nsyb mutant 1.83 0.17 0.55 - 2.65 2.28 0.29 0.73 - 3.97 6.33 0.46 4.14-9.34 2.99 0.50 0.5 - 6.2 

ATGS-mCherry-GFP 0.51 0.13 0 - 1.71 0.79 0.11 0 - 1.90 5.53 0.45 3.01 - 8.05 1.99 0.36 0.1 - 5.2 

Table S1. Quantitative features of hub compartment dynamics. Related to Figure 3. 
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Autophagy-dependent filopodial kinetics restrict 
synaptic partner choice during Drosophila 
brain wiring 
Ferdi Ridvan Kira11, Gerit Arne Linneweberf) 1•2, Thomas Mathejczyk1, Svilen Veselinov Georgiev1, 

Mathias F. Wernet1, Bassem A. Hassan1•2, Max van Kleist f) 3 & Peter Robin Hiesinger112l 

Brain w iring is remarkably precise, yet most neurons readily form synapses with incorrect 

partners when given the opportunity. Dynamic axon-dendritic positioning can restrict 

synaptogenic encounters, but the spatiotemporal interaction kinetics and their regulation 

remain essentially unknown inside developing brains. Here we show that the kinetics of 

axonal filopodia restrict synapse formation and partner choice for neurons that are not 

otherw ise prevented from making incorrect synapses. Using 4D imaging in developing Dro

sophila brains, we show that filopodial kinetics are regulated by autophagy, a prevalent 

degradation mechanism whose role in brain development remains poorly understood. With 

surprising specificity, autophagosomes form in synaptogenic filopodia, followed by filopodial 

collapse. Altered autophagic degradat ion of synaptic building material quantitatively reg

ulates synapse formation as shown by computational modeling and genetic experiments . 

Increased filopodial stability enables incorrect synaptic partnerships. Hence, filopodial 

autophagy restricts inappropriate partner choice through a process of kinetic exclusion that 

critically contributes to wiring specificity. 
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S ynapse formation and synaptic partner choice are based on 
cellular and molecular interactions of neurons in all ani
mals1- 5. Brain wiring diagrams are highly reproducible, yet 

most, if not all, neurons have the ability to form synapses with 
incorrect partners, including themselves6,7. During neural circuit 
development, spatiotemporal patterning restricts when and where 
neurons "see each other"8- 10. Positional effects can thereby pre
vent incorrect partnerships, even when neurons are not otherwise 
prevented from forming synapses7,11 ,12. When and where neu
rons interact with each other to form synapses is a fundamentally 
dynamic process. Yet, the roles of neuronal interaction dynamics, 
e.g., the speed or stability of filopodial interactions, is almost 
completely unknown for dense brain regions in any organism. 
Our limited understanding of the dynamics of synaptogenic 
encounters reflects the difficulty to observe, live and in vivo, 
synapse formation at the level of filopodial dynamics in intact, 
normally developing brains13,14. 

Fly photoreceptors (R cells) are the primary retinal output 
neurons that relay visual information with highly stereotypic 
synaptic connections in dense brain regions, namely the lamina 
and medulla neuropils of the optic lobe15- 17. Intact fly brains can 
develop in culture, enabling live imaging at the high spatio
temporal resolution necessary to measure photoreceptor axon 
filopodial dynamics and synapse formation throughout the entire 
developmental period of circuit assembly13.14,18. Axonal filopodia 
inside the developing brain stabilize to form synapses through the 
accumulation of synaptic building material, but it remains 
unknown how limiting amounts of building material in filopodia 
are regulated 14. 

Macroautophagy (autophagy hereafter) is a ubiquitous endo
membrane degradation mechanism implicated in neuronal 
maintenance and function 19. Neuronal autophagy has been 
linked to neurodegeneration20 and synaptic function in the 
mature nervous system21,22. Comparably little is known about 
developmental autophagy in the brain. Functional neurons 
develop in the absence of autophagy19,23,24. In specific neurons in 
worms and flies, loss of autophagy leads to reduced synapse 
development25,26. By contrast, in the mouse brain, loss of 
autophagy in neurons leads to increased dendritic spine density 
due to defective pruning after synapse formation27,28. Despite 
numerous links to neurodevelopmental disorders, it remains 
unknown whether and how developmental autophagy can con
tribute to synaptic partner choice and circuit connectivity, espe
cially in dense brain regions. 

In this study, we show that loss of autophagy in Drosophila 
photoreceptor neurons leads to increased synapse formation and 
the recruitment of incorrect postsynaptic partners. Autophagy 
directly and selectively regulates the kinetics of synaptogenic axon 
filopodia, a phenotype that could only be revealed through live 
observation during intact brain development. Autophagic mod
ulation of the kinetics of synaptogenic filopodia restricts what 
neurons "see each other" to form synapses, thereby critically 
contributing to the developmental program that ensures synaptic 
specificity during brain development. 

Results 
We have previously observed the formation of autophagosomes at 
the axon terminals of developing photoreceptor neurons Rl-R6 
in the developing Drosophila brain, but their function has 
remained unknown29. Previous analyses of loss of autophagy in 
fly photoreceptors have not revealed any obvious developmental 
defects24,30,3 l _ 

Autophagy affects neurotransmission and visual attention. To 
probe for previously undetected synaptic defects, we blocked 

autophagy in developing photoreceptor neurons using molecu
larly well-defined mutants for the essential autophagy proteins 
Atg7 and Atg6 (fly homolog ofBeclin-1)24,30. We validated loss of 
the key autophagosome marker Atg8 in both atg7 and atg6 
mutants (Supplementary Fig. la-b', e). Rescue of atg6 with the 
photoreceptor-specific driver GMR-Gal4 reversed this effect and 
led to a significant increase in Atg8-positive compartments 
compared with wild type (Supplementary Fig. le-c', e). 

As expected, the eyes and axonal projections of photoreceptor 
neurons mutant for atg6 or atg7 in otherwise wild-type brains 
exhibited no obvious defects in fixed preparations (Fig. l a, b) . 
Photoreceptor neurons are known to exhibit neurodegeneration 
with aging31. To assay photoreceptor function directly following 
autophagy-deficient development, we therefore recorded electro
retinograms (ERGs) from the eyes of newly eclosed flies . 
Autophagy-deficient photoreceptors exhibited normal depolariz
ing responses to light, indicating functional phototransduction 
and healthy neurons (Fig. le, d) . Surprisingly, "on" transient 
amplitudes, which are indicative of synaptic transmission and the 
ability to elicit a postsynaptic response, were increased 30-50% in 
both mutants (Fig. le, e). Conversely, increased autophagy 
in transgenically rescued atg6 photoreceptors reversed this 
effect and resulted in a significant reduction of "on" transients 
(Fig. le, e). 

To further validate the effect of loss of autophagy on 
neurotransmission, we analyzed another autophagy mutant, 
atg18, which is recruited to the phagophore by PI3P (phospha
tidylinositol 3-phosphate) and required for LC3 (Atg8) lipida
tion32. The atg18-null mutant behaved consistently as a 
hypomorph for autophagy. Loss of atg18 in mutant clones 
reveals a significant, but (in contrast to atg6 and atg7) not 
complete loss of Atg8-positive compartments (Supplementary 
Fig. ld-d', e). Similar to loss of atg6 and atg7, loss of atg18 in 
photoreceptors leads to increased neurotransmissions (Fig. le-e) . 
We also performed RNA interference (RNAi) knockdown 
experiments for atgS and atg1633,34, validated decreased number 
of Atg8-positive compartments, and found similar increases in 
neurotransmission (Supplementary Fig. 2a-g) . 

Next, we asked whether loss of autophagy selectively in 
photoreceptors affected fly vision. We used the simple visual 
choice assay Buridan's paradigm, in which wing-clipped flies walk 
freely in a circular, uniformly illuminated arena with two high
contrast black stripes placed opposite to each other (Fig. l f) 35. In 
this assay, flies with functional vision walk back and forth 
between the two high-contrast objects. We chose the parameter 
"stripe deviation," which measures how much a single fly deviates 
from an imaginary line between two black stripes, as a behavioral 
read-out of visual attention (Fig. l g). Flies with atg6 or atg7-
deficient photoreceptors were assayed and compared with their 
genetic background-matched controls. Surprisingly, in both 
mutants the flies with autophagy-deficient photoreceptors 
exhibited increased visual attention behavior (decreased stripe 
deviation) compared with their genetically matched controls 
(Fig. l h, i and Supplementary Fig. 3). Increased autophagy in 
atg6-rescued photoreceptors reversed this effect again in an 
overcompensatory manner similar to ERG responses (Fig. l h, i) . 
This increase in autophagy also leads to an overcompensation of 
"center deviation," i.e., how much a single fly moves away from 
the center (Supplementary Fig. 4a, b) but does not reduce the 
total distance walked (Supplementary Fig. 4c, d), leading to the 
observed increase in time spent walking the circumference of the 
arena (Fig. l h) . Visual attention is a higher-order behavior that 
requires functional basic vision. We therefore next tested basic 
motion vision using an optomotor assay with tethered, flying flies 
in a virtual flight arena36,37. Loss of autophagy in photoreceptors 
did not significantly affect the ability of flies to follow counter-
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Fig. 1 Autophagy deficiency in Drosophila photoreceptors leads to increased neurotransmission and visual attention. a, b Newly hatched (0-day-old) 

genetic mosaic flies with autophagy-deficient (atg6 and atg7 mutants) photoreceptors exhibit normal eye morphology (a) and axonal projections 

in the optic lobe (b). Repeated three times independently. c Representative electroretinogram (ERG) traces. Repeated three times independently. 

d, e Quantification of ERG depolarization (d) and on-transient (e) amplitudes relative to control. Rescue of atg6 mutant photoreceptors with GMR > atg6 

expression leads to overcompensation and increased autophagy (see Supplementary Fig. 1). n = 20 flies per condition. Two-tailed unpaired t-test with 
Welch's correction; *p < 0.05, **p < 0.01, ***p < 0.001. Error bars denote mean± SEM. f Buridan's paradigm arena to measure object orientation response 

of adult flies, with two black stripes positioned opposite to each other as visual cues. g The parameter "stripe deviation"' measures how much a fly deviates 

from a straight path between the black stripes in the arena. h Stripe fixation behavior of adult fli es with atg6 mutant photoreceptors, photoreceptors with 

upregulated autophagy (atg6, GMR > Atg6), and their genetically matched controls are shown on the population level (heatmap) and as individual tracks. 

Flies with atg6 mutant photoreceptors show reduced stripe deviation, whereas increased autophagy (atg6, GMR > Atg6) leads to increased stripe 

deviation. i Quantification of stripe deviation. The error bars indicate the 25th percentile, the boxed area the 75th percentile, and the middle line of the 

boxplots indicates the median. n = 60 flies per condition, two-way ANOVA and Tukey's HSD as post-hoc test; ***p < 0.001. Source data are provided as a 

Source Data file. 

clockwise and clockwise motion (see Methods; Supplementary 
Fig. 4e-l). We conclude that flies with photoreceptors that 
developed in the absence of autophagy can see, but their vision is 
characterized by both increased neurotransmission and increased 
visual attention. 

Autophagy-deficient photoreceptors form supernumerary 
synapses. To assess whether the alterations in neurotransmission 

and vision were due to altered numbers of synapses, we generated 
sparse clones of photoreceptors Rl-R6 and R7 expressing the 
active zone marker GFP-Brpshort_ This marker specifically loca
lizes to presynaptic active zones without affecting synaptic 
development or function and is suitable for live imaging14,38. Loss 
of atg6, atg7, or atglS, as well as downregulation of atgS or atg16 
by RNAi resulted in a 25-80% increase in synapse numbers, 
whereas increased autophagy in rescued atg6 mutant photo
receptors reversed this effect and significantly reduced synapse 
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Fig. 2 Autophagy-deficient Drosophila photoreceptors form supernumerary synapses. a-e' Representative images of R1-R6 and R? photoreceptor axon 
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terminals panel (a) along R? axon terminals. Red boxes show supernumerary synapses in loss of autophagy at distal part of R? axon terminals. Repeated 

five to ten times independently with similar results. f, g Number of Brp puncta per terminal in R1-R6 (f) and R? (g) photoreceptors. n = 40 terminals per 

condition. Kruskal-Wallis and Dunn's as post-hoc test; **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars denote mean± SEM. h Number of Brp puncta in 
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0.0001. Error bars denote mean± SEM. Source data are provided as a Source Data file. 

numbers (Fig. 2a-g and Supplementary Fig. 2h, i). In contrast, 
overexpression of atg6 did not rescue atg7 mutant photo
receptors, supporting the notion that atg7 is absolutely required 
for autophagy and overexpression of atg6 has no autophagy
independent effect in this system (Supplementary Fig. Sa, b). 

Photoreceptors Rl-R6 form columnar terminals in a single 
layer neuropil, whereas R7 axon terminals span six morpholo
gically distinct layers and form the majority of synapses in the 
most proximal layer M6 17,39. We were therefore surprised to see 
many supernumerary synapses in autophagy-deficient R7 axon 
terminals at more distal layers Ml-M3 (Fig. 2h and red boxes in 
Fig. 2a-e'). These putative synapses along the distal shaft of 
autopha~-deficient R7 axons were stable based on live imaging 
of Brp8 ort_labeled active zones with 15 min resolution over 
several hours at P70 (70% pupal development; Supplementary 
Movie 1). Brp stability is indicative of mature synapses and 
suggests that ectopic Brp puncta in fixed images are not the 
consequence of axonal transport defects or defective synaptic 
capture of Erp-positive transport vesicles. These observations 
raised the question whether loss of autophagy leads to genuine 
supernumerary synapses and, if so, whether these would be 
formed with correct postsynaptic partners. 

Autophagy-deficient R7s contact incorrect synaptic partners. 
The synaptic partners of R7 photoreceptors have been quantita
tively characterized based on electron microscopy (EM) recon
struction of several medulla columns, revealing highly stereotypic 
connections 17. The main postsynaptic target of R7 photoreceptors 
is the wide-field amacrine neuron Dm8 17,40. Apart from Dm8s, 
R7s form fewer connections with TmS neuron subtypes that have 
dendritic fields spanning from M3 to M639.40_ To identify the 
postsynaptic partners of autophagy-deficient R7 photoreceptors, 
we used the recently developed anterograde trans-synaptic tracing 
method "trans-Tango," which labels postsynaptic neurons for a 
given neuron without a need for previous knowledge about the 
nature of the connections41. In brief, the method is based on a 
synthetic signaling pathway that is introduced into all neurons in 
the animal, but only trans-synaptically activated by a tethered 
ligand expressed in a specific presynaptic neuron41 . We used an 
R7-specific driver (Rhodopsin4-Gal4) and restricted its expres
sion to mutant R7 photoreceptors, whereas all other neurons, 
including all postsynaptic partners, are wild type. Consistent with 
known postsynaptic targets of R7s, trans-Tango with wild-type 
R7s mainly labeled Dm8s and TmSs (Fig. 3a and Supplementary 
Fig. 6). By contrast, loss of atg6 or atg18 in R7s led to a more 
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Fig. 3 Loss of autophagy leads to synaptic connections with aberrant neuronal partners. a-c Neurons postsynaptic to control (a), atg6 mutant (b), and 

atg18 mutant (c) R7s are labeled with trans-Tango (see Methods for full genotypes; magenta = postsynaptic neurons, green = CadN, Me = medulla, Lo = 

lobula, Lop = Lobula plate). Arrowheads show postsynaptic neurons labeled for autophagy-deficient R7s but not for control R7s. Repeated three to five 

times independently with similar results. d Number of postsynaptic neurons per optic lobe for control, atg6 mutant, and atg18 mutant R7s based on trans
Tango-labeled cell body counts. n = 10 optic lobes per condition. One-way ANOVA and Tukey's HSD as post-hoc test **p < 0.01, ***p < 0.001. Error bars 
denote mean± SEM. e Examples of aberrant neuronal partners of autophagy-deficient R7s, with individual neurons pseudo-colored in white. f Schematic of 

dendritic and axonal arborization of aberrant neuronal partners (redrawn and adapted based on Golgi impregnations from Fischbach and Dittrich46). 

g Number of each aberrant neuronal partners per optic lobe from 1-week-old fly brains. Note that only ~10% of R7s are mutant for atg6 and trans-Tango 

labeling is dependent on synaptic strength between partners and progressively increase through age. See Methods for detailed Drosophila genotypes used 

to perform trans-Tango experiments. Source data are provided as a Source Data file. 

widespread labeling of postsynaptic neurons (Fig. 3b, c) and an 
overall increase of the number of postsynaptically connected cells, 
as expected for supernumerary functional synapses (Fig. 3d). 
Through application of a sparse-labeling protocol of trans-Tango, 
we further identified several cell types, including Mil, Mi4, Mi8, 
Tml, C2, and C3, which are not normally postsynaptic to R7 
based on connectome data15,17A2.43 (Fig. 3e, f). Mil and Mi4, e.g., 
are part of the motion-detection pathway, to which R7 is not 
known to provide input44A5. Notably, the number of individual 
neurons detected for these six ectopically connected neurons 
correlated distinctly with the position of their presumptive den
dritic trees: Mil, C3, and C2 were most often labeled and all three 
have presumptive dendrites in layers Ml and MS (Fig. 3f, g)46; 

most ectopic R7 synapses were detected in layer Ml, MS, and M6 
(Fig. 2h); at the other end of the spectrum, Mi8 and Tml were 
both four-to fivefold less often detected and have presumptive 
dendrites in layer M2 and M3, where we counted fewer ectopic 
synapses (Figs. 2h and 3f, g)46. These findings suggest that the 
postsynaptic neurons labeled by trans-Tango are incorrect part
ners connected through axon-dendritic contacts with R7. 

Synapses with incorrect postsynaptic neurons are functional. 
To test whether these contacts are functional synapses, we next 

used the activity-dependent GRASP method (Green fluorescent 
protein [GFP] reconstitution across synaptic partners), which is 
based on trans-synaptic complementation of split GFP only 
when synaptic vesicle release occurs47,48. Based on available cell
specific driver lines and the underlying genetics, we could test 
three of the ectopic pairs identified with trans-Tango: potential 
synapses between R7 and Mil, C2 or Mi4. For all three cases, 
wild-type neurons rarely showed isolated synaptic signals 
(Fig. 4a-c'). In contrast, atg6 mutant photoreceptors formed 
abundant synapses in all three cases (Fig. 4d-f). All three 
incorrect synaptic pairings were validated for atglS mutant 
photoreceptors, albeit at lower levels (Fig. 4g-i). These findings 
based on activity-dependent GRASP also indicate that the trans
Tango results were not due to an effect of altered autophagy on 
the ectopically expressed proteins of the trans-Tango system. We 
conclude that loss of autophagy in R7 photoreceptor terminals 
leads to ectopic synapse formation with inappropriate post
synaptic neurons. 

Taken together, our observations reveal that loss of autophagy 
in photoreceptors does not affect overall axon terminal 
morphology and transmission of visual input, but selectively 
leads to increased synapse formation, which includes inappropri
ate postsynaptic partners, and increased visual attention behavior. 
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Fig. 4 Synaptic connections between autophagy-deficient R7s and aberrant postsynaptic partners are functional based on activity-dependent GRASP. 

a-c' Activity-dependent GRASP between control R?s and Mils (a, a'), C2s (b, b'), and Mi4s (c, c') show that wild-type R?s very rarely form synaptic 

connections, if any, with Mil, C2, and Mi4 neurons. d-f' Activity-dependent GRASP between atg6 mutant R?s and Mils (d, d'), C2s (e, e'), and Mi4s (f, f') 

show widespread active synaptic connections between autophagy-deficient R?s and aberrant postsynaptic partners. g, i', Activity-dependent GRASP 
between atg18 mutant R?s and Mils (g, g'), C2s (h, h'), and Mi4s (i, i') show less frequent active synaptic connections compared with atg6 mutants. Note 

that Atg18 loss-of-function does not block autophagosome formation as effective as Atg6 loss-of-function (see Supplementary Fig. 1). Regions inside 

yellow rectangles are shown in close-up images as single greyscale GRASP channels. See Methods for Mil, Mi4, and C2-specific LexA drivers and detailed 

Drosophila genotypes used to perform GRASP experiments. Repeated three times independently with similar results. 

However, how does defective autophagy at the developing 
presynapse affect synaptic partner choice mechanistically? 

Autophagy modulates the stability of synaptogenic filopodia. 
To test when and where exactly autophagosomes function during 
synapse formation, we performed live-imaging experiments of 
autophagosome formation in developing R7 axon terminals in 
developing brains. Autophagosomes have previously been shown 
to form at axon terminals in vertebrate primary neuronal cell 
culture using the temporal series of autophagosome progression 
reporters GFP-AtgS (early) and GFP-AtgSa (late)49. We used the 
same markers to track autophagosome progression after valida
tion that overexpression of neither of these proteins affect 
development, neurotransmission, or synapse numbers in fly 
photoreceptors (Supplementary Fig. 7). Surprisingly, we detected 
autophagosome formation based on these probes selectively at the 
rare, bulbous tips of synaptogenic filopodia of R7 axon terminals, 
followed by filopodial collapse (Fig. Sa, Supplementary Fig. 8, and 
Supplementary Movie 2). 

We have recently shown that altered numbers of synaptogenic 
filopodia lead to changes in synapse numbers14. We therefore 
tested the effects of a loss of autophagy on R7 axon terminal 
filopodial dynamics during synapse formation (developmental 
time point P60). Both atg6 and atg7 mutants exhibited selectively 
increased lifetimes of the population of long-lived axonal 
filopodia compared with wild-type and atg6-rescued photorecep
tors (Supplementary Fig. 9 and Supplementary Table 1). Wild
type axon terminals only formed one to two synaptogenic 
filopodia, as characterized by their bulbous tips, at any point in 
time (Fig. Sb, f-g), which previously led us to propose a serial 

synapse formation process that slowly spreads out the formation 
of 20-25 synapses over 50 h 14 (also see Supplementary Movie 3). 
In contrast, loss of atg6 or atg7 in R7 axon terminals led to three 
to four synaptogenic filopodia at any time point (Fig. Sc, d, f, g 
and Supplementary Movie 3). As expected for synaptogenic 
filopodia, almost all supernumerary bulbous tips were stable for 
more than 40 min (Fig. Sg). Increased autophagy in atg6-rescued 
mutant photoreceptors reversed this effect and lead to a 
significant reduction and destabilization of synaptogenic filopodia 
(Fig. Se-g and Supplementary Movie 3). By contrast, atg6 
overexpression in atg7 mutant photoreceptors did not alter the 
increased filopodial stability of atg7 mutants (Supplementary 
Fig. Sc), indicating that levels of atg6 affect filopodia stability in 
an autophagy-dependent manner. Consistent with selective 
autophagosome formation in synaptogenic filopodia tips, the 
changes to filopodial dynamics were remarkably specific to long
lived, synaptogenic filopodia (Fig. Sb-g, Supplementary Fig. 9, 
and Supplementary Table 1). In sum, analyses of R7 axon 
terminal dynamics during synapse formation in the intact brain 
revealed autophagosome formation in synaptogenic filopodia and 
a specific effect of autophagy function on the kinetics and stability 
of these filopodia. 

A filopodial dynamics model predicts altered synapse numbers. 
Next we asked whether the observed changes to the kinetics of 
synaptogenic filopodia are sufficient to quantitatively explain 
changes in synapse formation throughout the second half of fly 
brain development. We first counted the numbers of overall 
filopodia, bulbous tip filopodia, and synapses at time points every 
10 h between P40 and Pl00 in fixed preparations (Fig. 6a-c). 
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Compared with control, loss of atg6 or atg7 in photoreceptors led 
to mild increases in overall filopodia, while leaving the rates of 
change largely unaltered between time points (Fig. 6a). In con
trast, numbers of synaptogenic bulbous tip filopodia are increased 
twofold throughout the main period of synapse formation 
(P60-P80; Fig. 6b and Supplementary Fig. 10). Synapse numbers, 
based on presynaptic Brpshort labeling, commences indis
tinguishably from wild type, but then increases at a higher rate 
throughout brain development (Fig. 6c). 

We previously developed a data-driven Markov state model 
that predicts the slow, serial development of synapses throughout 
the second half of brain development based on stochastic 
filopodial exploration and one-by-one selection of synaptogenic 
filopodia 14. To test how autophagy-dependent changes of 
filopodial kinetics affect synapse formation in the model, we 
used the measured live dynamics of filopodia at P60 (Fig. Sb-g, 
Supplementary Fig. 9, and Supplementary Tables 1-3) together 
with the measured fixed time points data for filopodia (Fig. 6a, b 
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Fig. 6 Loss of autophagy increases the number of synaptogenic filopodia through defective synaptic seeding factor degradation, leading to increased 
synapse formation throughout development. a-c Quantification of filopodia numbers (a), synaptogenic filopodia numbers (b) , and Brp puncta numbers 

(c) during synaptogenesis (P40-P90) per R? axon terminal based on fixed data. n = 40 terminals per condition. d-f Markov State Model simu lation based 

on data in (a) and live data at P + 60% ( Fig. 5) for filopodia numbers (d), synaptogenic filopodia numbers ( e), and Brp puncta numbers per R? axon 

terminal (f). g The mechanistic model: accumulation of synaptic seeding factors stabilizes synaptogenic filopodia; autophagic degradation of synaptic 

seeding factors destabilizes filopodia. h Measured (solid bars) and simulated (striped bars) synaptogenic filopodia numbers at P + 60% (the simulated 

data are based on synaptic seeding factor availability, see Supplementary Fig. 6). n = 8 axon terminals from independent live-imaging sessions. 

i Representative images of synaptic seeding factors (Syd-1 and Liprin-a) localizing to synaptogenic filopodia. Repeated three times independently with 

si milar results. j, k Quantifications of the number of Liprin-a (j) and Syd-1 (k) positive synaptogenic filopodia. n = 30 terminals per condition. 

Kruskal - Wallis and Dunn's as post-hoc test; ' p < 0.05, ***p < 0.001. Error bars denote mean± SEM. Source data are provided as a Source Data file. 

and Supplementary Fig. 10) as input. As shown in Fig. 6d-f, the 
model recapitulates all aspects of synaptogenic filopodial 
dynamics and synapse formation for both loss and upregulation 
of autophagy. The model thereby shows that the measured 
changes in filopodial kinetics, and specifically altered stabilization 
of synaptogenic filopodia, are sufficient to cause the observed 
alterations in synapse formation over time (see "Mathematical 
modeling" in Methods). These findings raise the question how 
autophagy can specifically regulate the kinetics of synaptogenic 
filopodia mechanistically. 

Degradiation of synaptic proteins tunes filopodia kinetics. We 
have previously shown that the early synaptic seeding factors Syd-
1 and Liprin-a are allocated to only one to two filopodia at any 
given time point, and that their loss leads to the destabilization of 
synaptogenic filopodia and a loss of synapses 14. Autophagy is a 
protein degradation pathway that affects filopodia stability in 
opposite ways in loss- vs. gain-of-function experiments. We 
therefore hypothesized that autophagic degradation may directly 
regulate the availability of synaptic building material in filopodia. 
We first tested this idea using a second Markov state model that 
simulates the stabilization of filopodia as a function of seeding 
factor accumulation and degradation on short time scales (Fig. 6g 
and Supplementary Fig. lla) . In this "winner-takes-all" model, 
synaptic seeding factors are a limiting resources in filopodia that 

increase filopodia lifetime, which in turn increases the time 
available for further accumulation of synaptic seeding factors, 
creating a positive feedback loop 14. If autophagy plays a role in 
the degradation of synaptic seeding factors, then decreased 
autophagic degradation of synaptic seeding factors should lead to 
more synaptogenic filopodia, whereas increased autophagic 
degradation should reduce synaptogenic filopodia through fur
ther restriction of the limiting resource (Fig. 6g and Supple
mentary Fig. l la). The simulations show that the measured 
number of synaptogenic filopodia (Fig. 6h) and their lifetimes 
(Supplementary Fig. ll) can be quantitatively explained by 
degradation and thus availability of synaptic seeding factors for 
both loss and upregulation of autophagy at P60. Specifically, the 
number of long-lived filopodia at autophagy-deficient axon 
terminals was increased compared with control and conversely 
increased autophagic activity led to a decreased lifespan of filo
podia as measured (Supplementary Fig. 9 and Supplementary 
Table 1). Hence, the mechanistic model predicts that modulation 
of autophagy affects the degradation and availability of synaptic 
seeding factors. This primary defect causes secondary changes to 
filopodial kinetics and synapse formation. 

To validate the primary defect, we expressed GFP-tagged 
versions of the synaptic seeding factors Syd- 1 and Liprin-a, and 
analyzed their restricted localization to synaptogenic filopodia. 
We use GFP-tagged versions of both proteins that we have 
previously shown to not affect development or function of fly 
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photoreceptors14; furthermore, we validated the function of the 
tagged proteins by using them to rescue their respective null 
mutant phenotypes in photoreceptors (Supplementary Fig. 12). 
Using these probes, we found that autophagy-deficient terminals 
contain two to three times more synaptogenic filopodia with 
synaptic seeding factors compared with control; conversely, 
upregulation of autophagy leads to reduction of seeding factors 
in filopodia (Fig. 6i-k). In addition, the majority of AtgSa-positive 
autophagosomes present at filopodia tips colocalizes with with 
Syd-1 and Liprin-a (Supplementary Fig. 13a-c). Previous work in 
primary vertebrate neuronal culture as well as Drosophila Rl-R6 
photoreceptors has shown that autophagosomes formed at axon 
terminals traffic retrogradely to the cell body29.49. We therefore 
analyzed photoreceptor cell bodies and detected large AtgSa
positive compartments containing Syd-1 and Liprin-a (Supple
mentary Fig. 13d-d"). We previously implicated the upstream 
receptor Lar and the downstream signaling protein Trio in the 
kinetic regulation of synaptogenic filopodia 14. Of these, we only 
detected the cytosolic protein Trio inside AtgSa-positive com
partments, but not the transmembrane receptor Lar, suggesting 
differential availability to autophagosomal engulfment (Supple
mentary Fig. 13e, f). Together, these findings indicate that 
autophagy controls the amount of synaptic seeding factors in 
filopodia, while degradation may occur during axonal transport 
and in cell bodies (Supplementary Fig. 13g). 

Autophagy sets a global threshold for kinetic restriction. 
Autophagy-dependent filopodial kinetics and synapse formation 
could lead to synapses with incorrect partners through at least 
two mechanisms. In one scenario, autophagy could be triggered 
only in specific filopodia, e.g., based on a molecular signal for a 
contact with an incorrect partner neuron in a wrong layer. Loss of 
autophagy would then lead to a defect in the specific removal of 
incorrect synapses. In support of this idea, specific presynaptic 
proteins have recently been shown to induce autophagy at specific 
places in the presynapse50,51 . Alternatively, autophagy could set a 
global threshold for kinetic restriction for the entire axon term
inal, such that only synaptic partners with sufficient spatial 
availability and molecular affinity can form synapses. 

To distinguish between these two models, we quantified the 
relative increases of all filopodia, synaptogenic filopodia, and 
synapses along the R7 axon terminal in medulla layers Ml-M6 
(Fig. 7a-d). Loss of either atg6 or atg7 increases the absolute 
numbers of synaptogenic filopodia and synapses in all medulla 
layers equally ~ 1.5-fold (dotted lines in Fig. 7b-d). As a result, the 
relative levels of synaptogenic filopodia and synapses between 
layers Ml-M6 remain the same as in wild type (solid lines in 
Fig. 7b-d) . These data indicate that autophagy is not differentially 
triggered in filopodia in specific medulla layers. Instead, loss of 
autophagy equally increases the stability of synaptogenic filopodia 
across the R7 terminal, resulting in the stabilization of only few 
filopodia in layers with low baseline filopodial activity and more 
pronounced increases in layers with higher baseline filopodial 
activity. Conversely, destabilization of filopodia along the entire 
R7 axon terminal in wild type effectively excludes synapse 
formation in layers with few filopodia, e.g., in layer M2 
(Fig. 7a-d). We conclude that autophagy levels set a threshold 
for kinetic restriction across the R7 axon terminal. 

The threshold for kinetic restriction effectively excludes 
synapse formation with at least six potential postsynaptic partners 
that are not otherwise prevented from forming synapses with R7 
(Fig. 7e). We note that the localization of the presumptive 
dendritic trees of these six neuron types correlates well with the 
probabilities to be incorrectly recruited as postsynaptic partners 
(Figs. 3f and 7e). We speculate that specificity arises through a 

combination of context-dependent molecular interactions, posi
tional effects, and kinetic restriction rather than any single factor. 

Discussion 
Brain wiring requires synaptic partner choices that are both 
specific and robust in time and space52. To what extent spatio
temporal vicinity of potential partner neurons facilitates or 
determines partner choice remains unclear. Our findings suggest 
that spatiotemporal vicinity is restricted by filopodial kinetics, 
and that axon terminal autophagy functions as a modulator of 
these dynamics. Hence, kinetic restriction of synaptogenic filo
podia is a means to effectively exclude synapse formation with 
incorrect partners (Fig. 7e) . Conversely, increased stabilization of 
synaptogenic filopodia is sufficient to recruit as synaptic partners 
a surprisingly varied population of interneurons that have the 
principle capacity to form synapses with R7 axon terminals. At 
least Mil, Mi4, C3, C2, MiS, and Tml neurons in medulla col
umns are not prevented by "molecular mismatch" from forming 
synaptic contacts with R7 in vivo. 

Our findings suggest that kinetic restriction sharpens synaptic 
specificity based on promiscuous synapse formation . Numerous 
studies have shown that neurons in ectopic locations readily form 
synapses with incorrect partners, including themselves6,7,53. On 
the other hand, Mil, Mi4, C3, C2, MiS, and Tml are all likely to 
express different cell surface proteins that may bias the likelihood 
of synaptic contacts10,16,54. Our data suggest that R7 terminals 
can form synapses with these incorrect partners simply by 
slowing down and stabilizing filopodial interactions. We conclude 
that axonal and dendritic interaction dynamics may greatly 
facilitate, or restrict, what partner neurons get "to see each other" 
and initiate synapse formation . This model requires a certain level 
of promiscuity in the ability to form synapses, while still being 
consistent with the idea of biasing certain interactions over others 
based on molecular interactions1. Recent evidence highlighted the 
importance of positional strategies for synaptic partner choice 
prior to such molecular interactions7,11,53. Here we have shown 
that positional effects are dynamic and subject to stabilization 
kinetics, not only when and where neuronal processes can be seen 
in fixed preparations. We propose that an "instruction" for 
synapse formation may be the product of the composite action of 
several factors that by themselves appear "permissive" and affect 
when and where neuronal surfaces meet. For example, position
ing and interaction kinetics that are regulated by autophagy 
restrict which cell surfaces get to engage in adhesive or repellent 
interactions. Hence, synaptic specificity can emerge from the 
context-dependent combination of molecular interactions with a 
cell biological mechanism such as autophagy, which by itself 
carries no synaptic specificity information. We speculate that 
different neuronal thresholds for kinetic restriction can critically 
contribute to sharpen specificity as part of the brain's develop
mental growth program. 

Our findings suggest a novel role for developmental autophagy 
in synapse formation and brain wiring. Specifically, we report that 
autophagy indiscriminately destabilizes R7 synaptogenic filopodia 
in a manner consistent with the local degradation of a limiting 
resource of proteins required for synapse formation. Specificity of 
autophagic degradation can be triggered through interactions 
with proteins that themselves serve as cargo or restrict the time 
and place where potentially less specific engulfment occurs 19,SO,Sl _ 

The bulbous tips of synaptogenic filopodia are a small space that 
may be easily destabilized through autophagic engulfment of 
proteins and other cargo, even if that engulfment were to occur in 
a non-selective manner. We therefore speculate that a putative 
cargo-specificity of autophagy may not be a prerequisite for the 
developmental function of autophagy described here. 
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Fig. 7 Loss of autophagy recruits incorrect synaptic partners by lowering an axon terminal-wide threshold for kinetic restriction of synapse formation. 

a Representative R? axon terminals at P + 70% with medulla layer information. Note that the edge of medulla (MO) is defined as 0 and the end of M6 layer 
is defined as 100 to calculate relative positions of all filopodia and bulbous tip filopodia, and distributed to medulla layers (M1-M6) using the relative 

thickness of medulla layers defined by Fi schbach and Dittrich46. Repeated five to ten times independently with similar results. b-d Relative frequency (solid 

lines) and absolute numbers (dotted lines) of all filopodia at P + 70% (b), synaptogenic filopodia at P + 70% (c), and synapses at 0-day-old adult (d). 

M1-M6 denote medulla layers. n = 40 terminals per condition. e Model: loss of autophagy during synaptogenesis increases the probability distribution 

(yellow area) compared with wild-type (gray area) of forming connections with postsynaptic partners through increased filopodial stability. Note that cells 

with projections at medulla layers where R?s form most of their synapses (Mil, Mi4, C2, C3) incorrectly synapse with R?s, with higher probability than the 

cells with projections at medulla layers where R?s form a few, if any, synapses (Mi8, Tm1) (see Fig. 3e, f). Redrawn and adapted based on Golgi 

impregnations from Fischbach and Dittrich46. Source data are provided as a Source Data file. 

Autophagy occurs at axon terminals of adult neurons and is 
required for neuronal maintenance in many neurons, including 
Drosophila photoreceptors 19,31,55,56. We currently do not know to 
what extent developmental autophagy and autophagy during 
neuronal maintenance share the same initiation signals or cargo 
(un-)specificity. The exclusivity with which autophagosomes 
form in the tips of synaptogenic filopodia of developing R7 axon 
terminals suggest a locally restricted trigger that may well be 
distinct from those found in axon terminals of mature neurons. 
Given similar roles of autophagy in neuronal maintenance, we 
think it is likely to be that our observation of a specific role for 
developmental autophagy in the regulation of filopodial kinetics 
in Drosophila hints at similar roles in other animals and may 
partially explain the supernumerary dendritic spines observed in 
mice previously27. 

We have previously shown that spatiotemporally regulated 
membrane receptor degradation is required for synapse-specific 
wiring in the Drosophila visual system57. Degradation and turn
over of receptors and synaptic building material restrict synapse 
formation and contribute to specificity in a context-dependent 
manner. Developmentally regulated protein synthesis, trafficking, 
and degradation are likely to differ for different proteins and 
neurons at different points in time and space, where they form 
part of composite instructions during the growth program that 
give rise to specificity. 

Based on this combinatorial model for specificity, we speculate 
that many mutations and single-nucleotide polymorphisms in the 
genome can result in small cell biological changes that differen
tially affect neurons during brain wiring. The changes effected 
through such modulatory, "permissive" mechanisms may not be 
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predictable at the level of circuit wiring and behavior, yet they can 
cause meaningful changes to behavior that are both selectable and 
heritable, and thus a means of evolutionary programming of 
neural circuits. 

Methods 
Drosophila husbandry and strains. Flies were reared at 25 °C on standard 
cornmeal/yeast diet unless stated otherwise . For developmental analyses, white 
pre-pupae (P + 0%) were collected and incubated at 25 °C to pupal stages stated 
on figures . The following Drosophila strains were either obtained from Bloo
mington Drosophila Stock Center (BDSC) or other groups : atg61 and UAS-Atg6 . 
ORF.3xHA (E.H. Baehrecke); atg;,d4 (T.Neufeld); atgl8aKGo3o9o, UAS-Brpshort
GFP, UAS-Syd-1-GFP, and UAS-Liprina-GFP (S. Sigrist); Trans-tango flies (G. 
Barnea); GRASP flies (BDSC); ey3.5flp, GMRflp, GMR-Gal4, FRT42D, FRT80B, 
FRT82B, GMR-Gal80, tub-Gal80, UAS-CD4-tdGFP, UAS-CD4-tdtomato, UAS
GFP-Atg5, UAS-GFP-Atg8a, UAS-mCherry-Atg8a, UAS-Atg5RNAi (VDRC, 
104461), UAS-Atgl6RNAi (VDRC, 105993), GMR22F08-LexA (C2-specific 
driver), GMR49B06-LexA (Mi4-specific driver), and GMR19F01-LexA (Mil
specific driver) (BDSC) . 

Drosophila genotypes. Figure l a-i: Controls: ey3.5flp; FRT42D/FRT42D, C)w+ , 

ey3 .5flp; GMR-Gal4/+ ; FRT82B/FRT82B, C)w+ , ey3.5flp; GMR-Gal4/ + ; FRT80B/ 
FRT80B, C)w+ ~: ey3.5flp; FRT42D, atg;,d4JFRT42D, C)w+ , !!:!Z§_: ey3.5flp;GMR
Gal4/+ ; FRT82B, atg61!FRT82B, C)w+ , atglSa: ey3.5flp;GMR-Gal4/+ ; FRT80B, 
atgl 8aKGo3o9o/FRT80B, C)w+ atg6, GMR>Atg6: ey3 .5flp;GMR-Gal4/+ ; FRT82B, 
atg61, UAS-Atg6.ORF.3xHA /FRT82B, e1w+. 

Figure 2a-h: Controls: GMRflp; FRT42D, GMR-Gal80/FRT42D; GMR-Gal4, 
UAS-CD4-tdtomato/UAS-Brpshort_GFP, GMRflp; GMR-Gal4, UAS-CD4-
tdtomato/UAS-Brp'hort_GFP; FRT80B/FRT80B, tub-Gal80, GMRflp; GMR-Gal4, 
UAS-CD4-tdtomato/UAS-Brp'hort_GFP; FRT82B/FRT82B, tub-Gal80, ~: 
GMRflp; FRT42D, GMR-Gal80/FRT42D, atg;,d4; GMR-Gal4, UAS-CD4-tdtomato/ 
UAS-Brpshort_GFP, ~: GMRflp; GMR-Gal4, UAS-CD4-tdtomato/UAS-Brp'hort_ 
GFP; FRT82B, atg6 /FRT82B, tub-Gal80, atgl ~t GMRflp; GMR-Gal4, UAS-CD4-
tdtomato/UAS-Brpshort_GFP; FRT80B, atgl Sa o3o9o/FRT80B, tub-Gal80, ~ 
GMR > ~ : GMRflp; GMR-Gal4, UAS-CD4-tdtomato/UAS-Brpshort_GFP; 
FRT82B, atg61, UAS-Atg6.ORF.3xHA/FRT82B, tub-Gal80. 

Figure 3a-g: Control: GMRflp/UAS-myrGFP, QUAS-mtdtomato(3xHA); Rh4-
Gal4/trans-Tango; FRT82B/FRT82B, tub-Gal80, !!:!Z§_: GMRflp/UAS-myrGFP, 
QUAS-mtdtomato(3xHA); Rh4-Gal4/trans-Tango; FRT82B, atg61/FRT82B, tub
Gal80, atgl Sa: GMRflp/UAS-myrGFP, QUAS-mtdtomato(3xHA); Rh4-Gal4/trans
Tango; FRT80B, atgl 8aKGo3o9o/FRT80B, tub-Gal80. 

Figure 4a-c': Control: GMRflp; Rh4-Gal4, UAS-nSyb::splitGFPl-10, LexAop
splitGFPll ::GFP/ GMR19F01-LexA (Mil) or GMR22F08-LexA (C2) or 
GMR49B06-LexA (Mi4); FRT82B/FRT82B, tub-Gal80. d-f, !!:!Z§_: GMRflp; Rh4-
Gal4, UAS-nSyb::splitGFPl-10, LexAop-splitGFPll ::GFP/ GMR19F01-LexA (Mil) 
or GMR22F08-LexA (C2) or GMR49B06-LexA (Mi4); FRT82B, atg61/FRT82B, 
tub-Gal80. g-i', atglSa: GMRflp; Rh4-Gal4, UAS-nSyb::splitGFPl-10, LexAop
splitGFPll ::GFP/ GMR19F01-LexA (Mil) or GMR22F08-LexA (C2) or 
GMR49B06-LexA (Mi4); FRT80B, atgl8aKGo3o9o/FRT80B, tub-Gal80. 

Figure Sa: GMRflp; FRT42D, GMR-Gal80/FRT42D; GMR-Gal4, UAS-CD4-
tdtomato/UAS-GFP-Atg5 . b-g, Controls: GMRflp; FRT42D, GMR-Gal80/FRT42D; 
GMR-Gal4, UAS-CD4-tdGFP, GMRflp; GMR-Gal4, UAS-CD4-tdGFP; FRT82B, 
tub-Gal80/FRT82B, ~: GMRflp; FRT42D, atg;,d4JFRT42D, tub-Gal80; GMR
Gal4, UAS-CD4-tdGFP, !!:!Z§_: GMRflp; GMR-Gal4, UAS-CD4-tdGFP; FRT82B, 
atg61/FRT82B, tub-Gal80, atg6, GMR:::_~: GMRflp; GMR-Gal4, UAS-CD4-
tdGFP; FRT82B, atg61, UAS-Atg6.ORF.3xHA/FRT82B, tub-Gal80. 

Figure 6a, b: Controls: GMRflp; FRT42D, GMR-Gal80/FRT42D; GMR-Gal4, 
UAS-CD4-tdGFP, GMRflp; GMR-Gal4, UAS-CD4-tdGFP; FRT82B, tub-Gal80/ 
FRT82B, ~ : GMRflp; FRT42D, atg;,d4JFRT42D, GMR-Gal80; GMR-Gal4, UAS
CD4-tdGFP, !!:!Z§_: GMRflp; GMR-Gal4, UAS-CD4-tdGFP; FRT82B, atg61! 
FRT82B, tub-Gal80, atg6, GMR:::_~: GMRflp; GMR-Gal4, UAS-CD4-tdGFP; 
FRT82B, atg61, UAS-Atg6.ORF.3xHA/FRT82B, tub-Gal80. c, Control: GMRflp; 
FRT42D/FRT42, GMR-Gal80; GMR-Gal4, UAS-CD4-tdtomato, UAS-Brpshort_ 
GFP, ~: GMRflp; FRT42D, atg;,d4JFRT42, GMR-Gal80; GMR-Gal4, UAS-CD4-
tdtomato, UAS-Brpshort_GFP, ~ : GMRflp; GMR-Gal4, UAS-CD4-tdtomato, 
UAS-Brpshort_GFP; FRT82B, atg6 /FRT82B, tub-Gal80, atg6, GMR > ~ : 
GMRflp; GMR-Gal4, UAS-CD4-tdtomato/UAS-Brp'hort_GFP; FRT82B, atg61, 

UAS-Atg6.ORF.3xHA/FRT82B, tub-Gal80. i-k, Controls: GMRflp; FRT42D, UAS
Liprin-a-GFP or UAS-Syd-l-GFP/FRT42D, GMR-Gal80; GMR-Gal4, UAS-CD4-
tdtomato, GMRflp; GMR-Gal4, UAS-CD4-tdtomato, UAS-Liprin-a-GFP or UAS
Syd-1-GFP; FRT82B/FRT82B, tub-Gal80, ~ : GMRflp; FRT42D, atg;,d4, UAS
Liprin-a-GFP or UAS-Syd-l-GFP/FRT42D, tub-Gal80; GMR-Gal4, UAS-CD4-
tdtomato, !!:!Z§_: GMRflp; GMR-Gal4, UAS-CD4-tdtomato, UAS-Liprin-a-GFP or 
UAS-Syd-1-GFP; FRT82B, atg61/FRT82B, tub-Gal80; atg6, GMR:::_~: GMRflp; 
GMR-Gal4, UAS-CD4-tdtomato/ UAS-Liprin-a-GFP or UAS-Syd-1-GFP; 
FRT82B, atg61, UAS-Atg6.ORF.3xHA/FRT82B, tub-Gal80. 

Figure 7a-c: Controls : GMRflp; FRT42D, GMR-Gal80/FRT42D; GMR-Gal4, 
UAS-CD4-tdGFP, GMRflp; GMR-Gal4, UAS-CD4-tdGFP; FRT82B, tub-Gal80/ 
FRT82B, ~ : GMRflp; FRT42D, atg;,d4JFRT42D, GMR-Gal80; GMR-Gal4, UAS-

CD4-tdGFP, !!:!Z§_: GMRflp; GMR-Gal4, UAS-CD4-tdGFP; FRT82B, atg61! 
FRT82B, tub-Gal80. d , Control: GMRflp; FRT42D/FRT42, GMR-Gal80; GMR
Gal4, UAS-CD4-tdtomato, UAS-Brpshort_GFP, ~ : GMRflp; FRT42D, atg;,d4J 
FRT42, GMR-Gal80; GMR-Gal4, UAS-CD4-tdtomato, UAS-Brpshort_GFP, ~ : 
GMRflp; GMR-Gal4, UAS-CD4-tdtomato, UAS-Brpshort_GFP; FRT82B, atg6 I 
FRT82B, tub-Gal80. 

lmmunohistochemistry and fixed imaging. Pupal and adult eye-brain complexes 
were dissected in cold Schneider's Drosophila medium and fixed in 4% paraf
ormaldehyde in phosphate-buffered saline for 40 min. Tissues were washed in 
Phosphate-buffered saline + 0.4% Triton-X (PEST) and mounted in Vectashield 
(Vector Laboratories, CA). Images were obtained with a Leica TCS SP8-X white 
laser confocal microscope with a x63 glycerol objective (c = 1.3). The primary 
antibodies used in this study with given dilutions were as follows: mouse mono
clonal anti-Chaoptin (1 :200; Developmental Studies Hybridoma Bank); rat 
monoclonal anti-nCadherin (1 :100; Developmental Studies Hybridoma Bank); 
rabbit monoclonal anti-Atg8 (1 :100; Abeam); mouse monoclonal anti-Trio (1 :50; 
Developmental Studies Hybridoma Bank); mouse monoclonal anti-LAR (1 :50; 
Developmental Studies Hybridoma Bank); goat polyclonal anti-GFP (1:1000; 
Abeam); rat monoclonal anti-GFP (1 :500; BioLegend); rabbit polyclonal anti-CD4 
(1 :600; Atlas Antibodies); rabbit polyclonal anti-DsRed (1 :500; ClonTech); rabbit 
anti-Syd-1 (1 :500; gift from Sigrist Lab) . The secondary antibodies Cy3, Cy5 
(Jackson ImmunoResearch Laboratories) and Alexa488 (Invitrogen) were used in 
1:500 dilution. 

Brain culture and live imaging. For all ex vivo live imaging experiments an 
imaging window cut open removing posterior head cuticle partially. The resultant 
eye-brain complexes were mounted in 0.4% dialyzed low-melting agarose, covered 
with a round cover slip stationed on spacers in a culture dish and let it solidify for 
15 mins. Modified culture medium was added fully immersing eye-brain com
plexes and cover slip was sealed with glue on the edges 13. After 45 mins of incu
bation at room temperature live imaging was performed using a Leica SP8 MP 
microscope with a 40X IRAPO water objective (numerical aperture = 1.1) with a 
Chameleon Ti:Sapphire laser and Optical Parametric Oscillator (Coherent). For 
single-channel CD4-tdGFP imaging the excitation laser was set to 900 nm and for 
two-color GFP/tomato imaging lasers were set to 890 nm (pump) and 1090 
nm (OPO) . 

Trans-tango and activity-dependent GRASP. For both trans-tango and GRASP 
experiments, mosaic control and autophagy-deficient R7 photoreceptors were 
generated by mosaic analysis with a repressible cell marker (MARCM) using the 
combination of GMRflp and R7-specific driver Rh4-Gal4 (see "Drosophila geno
types" section for detailed genotypes) . Trans-tango flies were raised at 25 °C and 
transferred to 18 °Con the day of eclosion41. After 1 week of incubation at 18 °C, 
brains were dissected and stained using a standard antibody staining protocol to 
label postsynaptic neurons of R7 photoreceptors. The number of postsynaptic 
neurons was counted manually from their cell bodies using cell counter plugin in 
Fiji including all cell bodies with weak or strong labeling to reveal all potential 
connections. For activity-dependent GRASP experiments, flies were transferred to 
UV-transparent Plexiglas vials on the day of eclosion and kept in a custom-made 
light box with UV light (25 °C, 20-4 light-dark cycle) for 3 days to activate UV
sensitive R7 photoreceptors. Brains were dissected and stained with a polyclonal 
anti-GFP antibody to label R7 photoreceptors, monoclonal anti-GFP antibody to 
label GRASP signal, and polyclonal anti-CD4 antibody to label postsynaptic 
neurons48. 

Eledroretinogram recordings. Newly hatched (0-day-old) adult flies were col
lected and glued on slides using nontoxic school glue. Flies were exposed to 
alternating 1 s "on" 2 s "off' light stimulus provided by computer-controlled white 
LED system (MC1500; Schott) . ERGs were recorded using Clampex (Axon 
Instruments) and quantified using Clampfit (Axon Instruments). 

Buridan's paradigm object orientation assay. Fly object orientation behavior 
was tested according to standard protocols using flies grown in low densities in a 
12/12 h light-dark cycle35,58. The behavioral arena consisted of a round platform 
of 117 mm in diameter, surrounded by a water-filled moat and placed inside a 
uniformly illuminated white cylinder. The setup was illuminated with four cir
cular fluorescent tubes (Osram, L 40w, 640 C circular cool white) powered by an 
Osram Quicktronic QT-M 1 x 26-42. The four fluorescent tubes were located 
outside of a cylindrical diffuser (DeBanier, Belgium, 209005 1, Kalk transparent, 
180 g, white) positioned 147.5 mm from the arena center. The temperature on 
the platform during the experiment was 25 °C and 30 mm-wide stripes of black 
cardboard were placed on the inside of the diffuser. The retinal size of the stripes 
depended on the position of the fly on the platform and ranged from 8.4° to 
19.6° in width (11.7° in the center of the platform) . Fly tracks were analyzed 
using CeTrAn35 and custom-written python code58. We evaluated several 
behavioral parameters, including center deviation and absolute distance walked, 
and focused on absolute stripe deviation as a parameter that gives an estimate of 
how precise the animals follow an object-orientated path. It is calculated as an 
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average of all points of the fly path away from an imaginary line through the two The model's reaction stoichiometries are determined by the following reaction 
black vertical bars. For the absolute stripe deviation, it is irrelevant whether the scheme: 
fly deviates to the right or left. The data was statistically analyzed using analysis 
of variance (ANOV A) and Tukey's honestly significant difference (HSD) as a R1 ,,F : f/J -, sF, Rz,,F : sF -, f/J, Ri ,IF : f/J -, EF, Rz,IF : EF -, f/J 
post-hoc test using R. 

Motion vision assay. Four-day-old female flies were immobilized on ice and glued 
to steel pins (7 mm x 100 µm , ENTO SPHINX s.r.o., Czech Republic) at a 60° angle 
from horizontal using UV-cured glue (Bondie). After a recovery time of at least 30 
min, tethered flies were placed between two vertically aligned magnets. The 
magnetic field kept flies centered within the arena but allowed them to freely rotate 
360° around their yaw-axis. For 5 min, each fly was presented with a rotating 360° 
panoramic pattern of green vertical bars displayed through an LED matrix (Ada
fruit), spanning 360° azimuthal and 45° vertical of the visual field (square wave 
pattern, one period = 45° azimuthal, angular velocity = 50 deg/s). An Arduino 
controller triggered each recording and also controlled the display of the rotating 
vertical bars on the LED matrix (Adafruit) surrounding the fly. Each 5 min trial 
consisted of consecutive iterations of the bars rotating clockwise for 5 s, stopping 
for 5 s and rotating counter-clockwise for 5 s. Flies were filmed from below with 60 
Hz under infrared illumination (880 nm) and each fly's body axis orientation was 
tracked offline using Fiji (source). For each fly the median rotational velocities 
during each 5 s period (CW, CCW, Stop) were calculated using circular statistics in 
Matlab. 

Synapse number analysis. All imaging data were analyzed and presented with 
Imaris (Bitplane). For synapse number analysis, CD4-tomato channel was used to 
generate Surfaces for individual axon terminals and Erp-positive puncta inside the 
Surface are filtered using the masking function. Erp-positive puncta in photo
receptor terminals were automatically detected with the spot detection module 
(spot diameter was set to 0.3 µm) using identical parameters between experimental 
conditions and corresponding controls. Synapse numbers were taken and recorded 
directly from statistics tab of Spot function. Graph generation and statistical 
analyses were done using GraphPad Prism 8.2.0 

Analyses of filopodia and synapse distributions. All imaging data were analyzed 
and presented with Imaris (Bitplane). For synapse distribution analysis, Erp
positive puncta were detected following the same steps in "Synapse number ana
lysis" in R7 axon terminals. Start and endpoints of axon terminals were selected 
manually with the measurements point module using nCad staining as a reference 
(start point = beginning of nCad staining at the most distal part of medulla (MO), 
end point = the beginning of M7, serpentine layer in the medulla). It is noteworthy 
that M7 layer is devoid of synapses, hence is not labeled by nCad. The length of 
axon terminals are measured with the measurement point module and normalized 
as start point = 0 and end point = 100. The actual positions of Erp-positive puncta 
were exported and relative positions were calculated according to the normalized 
length of axon terminals. The following equation is used to calculate relative 
positions of Erp-positive puncta: relative position = (actual position-start point)/ 
length x 100. For all filopodia and bulbous tip filopodia distribution analysis, the 
same steps were followed, except that spots were manually placed on the emerging 
points of all visible filopodia. Graph generation and statistical analyses were done 
using GraphPad Prism 8.2.0 

Filopodia tracing. Filopodia tracing was performed as previously described 14. 

Briefly, we previously developed an extension to the Amira Filament Editor59, in 
which an individual growth cone is visualized as an annotated skeleton tree where 
each branch corresponds to a filopodium. In the first time step of four-dimensional 
(4D) data set, the user marks the GC center, which is automatically detected in the 
subsequent time steps. Filopodia tips marked by the user are automatically traced 
from the tip to the GC center based on an intensity-weighted Dijkstra shortest path 
algorithm60. The user visually verifies the tracing and corrects it using tools pro
vided by the Filament Editor if necessary. After tracing all filopodia in the first time 
step, they are automatically propagated to the next time step with particular filo
podia IDs. In every subsequent steps, the user verifies the generated tracings and 
adds newly emerged filopodia. This process continues until all time steps have been 
processed. Statistical quantities are directly extracted from the Filament Editor as 
spreadsheets for further data analysis. 

Mathematical modeling. Developmental model: We adopted the data-driven 
stochastic model (developmental model) from ref. 14. In short, the model structure 
remained identical, while we estimated genotype-specific parameters from the live
imaging data presented in this manuscript (Fig. Sb-e, Supplementary Movie 3, and 
Supplementary Table 2). In brief, we modeled synapses (S), short-lived transient 
bulbous tips (sB) that appeared and disappeared within the 60 min-imaging 
interval, and stable synaptogenic bulbous tips (synB) that persisted for more than 
40 min. We also modeled two types of filopodia, which are distinguished by their 
lifetime and were denoted short-lived (sF) and long-lived (F) filopodia. 

R3 : F -, sB, R4 : sB -, f/J, Rs : sB -, synB, R6 : synB -, S 

where reactions R1_,F and R1.eF denote the generation of short- and long-lived 
filopodia, whereas R2_,F and R2 _eF denote their retraction. Reaction R3 denotes the 
formation of a (transient) bulbous tip, whereas R4 denotes its retraction. Reaction 
Rs denotes the stabilization of a transient bulbous tip and, finally, a stable bulb 
forms a synapse with reaction R6. 

It is noteworthy that in R3 we denote by F any filopodium (short-lived and 
long-lived) and in R4 we have ignored the flux back into the filopodia compartment 
sF + fF, as it insignificantly affects the number of filopodia (small number of 
bulbous tips, small rate r4) . 

Similar to the published model14, reaction rates/propensities of the stochastic 
model are given by 

rs(sB ) = Cs· sB , r6 (synB) = c6 · synB, 

where c1 ... c6 are reaction constants (estimated as outlined below). The feedback 
function f 1 (synB ,Bs0 ) = (synB + Bs0 )/Bso models bulbous auto-inhibition due to 
limited resources and synaptic seeding factor competition as introduced before14. 

The functions fp(t) and fFB (t, ti) model slow-scale dynamics of filopodia- and 

bulbous dynamics, with previously determined parameters14: 

f p8 (t) is a tanh function with 

fp8 (t , 1112) = ½ ( 1 + tanh [~ (1 - 111, ) ]). which models a time-dependent 

increase in the propensity to form bulbous tips with tl/2 = 1000 (min). The time

dependent functionfp (t) = max(0 , E ~~o P; · t;) is a fifth-order polynome with 
coefficients Ps = - 2.97 x 10- 14, p4 = 3.31 x 10- 13, p3 = - 1.29 x 10- 9, p2 = 2.06 x 
10- 6, p1 = - 1.45 x 10- 3, and p0 = 1, which downregulates the generation of new 
filopodia at a slow time scale. It is noteworthy that t denotes the time in (min) after 
P40 (e.g., 1r40 = 0 and lp60 = 60 x 20). 

Parameter estimation: Using the methods explained below, we derived the 
parameters depicted in Supplementary Table S2. We first estimated c2_,F, c2_eF from 
the filopodial lifetime data, whereby c2,F was approximated as the inverse of the 
lifetimes of all filopodia that lived <8 min and c2_eF from all filopodia living at least 
8 min. We realized that the number of filopodia per time instance was Poisson 
distributed (Supplementary Fig. 9, solid black lines), i.e., sF~ P(A,p) and fF~ P(Aep) , 
where A denotes the average number of filopodia per time instance. Given the first
order retraction of filopodia (~exponential lifetime), the Poisson distribution can 
be explained by a zero-order input with rate c1,F and c1.m and A,F = r1_,F/ c2_,F and 
Aep = r 1.ep/c2_eF, respectively. Using the mean number of sF, fF at P60 we then 
estimated c1 ,F = A,p(P60 ) · c2,,p/f p(P60 ) and c1 IF = A,p(P60 ) · c2 1p/fp(P60 ). 

Next, we' investigated the lifetimes of bulbo~s tip filopodia (S~pplementary 
Fig. llb-e). We realized that akin to the wild type, the atg6 and atg7 exhibited 
almost no transient bulbous tips. We therefore set c4 = 1/120 (min- 1) according to 
the published model1 4. Furthermore, we determined c6 from the steepest slope in 
Fig. 6c (control data) divided by the average number of Bulbs 
(5 ""J:H

1r6 (s) ds = J:H'synB(s) · c6 ds =,, c6 "" 11 } 0_60 = 1/ 133 min- 1). We then 
estimated the three parameters cs, Bso, and r3(t) fort = P60. To do so, we used the 
number distribution of short-lived and synaptogenic bulbous tips (Fig. Sf, g), and 
set up the generator matrix 

G( [i,j], [i - l ,j]) = i · C4, 

G( [i,j], [i + l ,j]) = r3 (t) ·fi(J,Bs0 ), 

G( [i,j], [i,j - 11) = j · c6 

G( [i,j ], [i,j + 11) = j · Cs 

with diagonal elements such that the row sum equals 0. In the notation above, the 
tupel [i, j] denotes the state where i short-lived bulbous tips sB and j synaptogenic 
bulbous tips synB are present. The generator above has a reflecting boundary at 
sufficiently large N (maximum number of bulbous tips). Above, r3(t) is auto
inhibited by the number of stable bulbous tips through function f 1. The stationary 
distribution of this model is derived by solving the eigenvalue problem 

GT. V = V. A 

and finding the eigenvector corresponding to eigenvalue Ao = 0. From this 
stationary distribution, we compute the marginal densities of sB and synB (e.g., 
summing over all states where i = 0, 1, ... for sB) and fit them to the experimentally 
derived frequencies by minimizing the Kullback- Leibler divergence between the 
experimental and model-predicted distributions. Lastly, parameter c3 is derived by 
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calculating Code availability 
MATLAB codes for model parameter inference for model simulation have previously 

r3 (t) 

c, = (sF(t) + £F(t)) ·fFn(t,111,) 
(l) been published14 and are available through https://github.com/vkleist/Filo2. 

where sF(t) = sF(tp6o), fF(t) = fF(tp6o), and fpn(t) = fpn(tP60• 1112) , 
Mechanistic model: This model explains autophagy mutant phenotypes as a 

consequence of increased seeding factor abundance. We adopted the mechanistic 
model from ref. 14. This model essentially assumes a dynamic pool of a limited 
resource of bulbous tip-stabilizing factors (Fig. 6g and Supplementary Fig. lla) . 
The model consists of four types of reactions: new filopodia emerge (reaction G1), 

accumulate resources (reaction G2 ), retract (reaction G3 ), or release resources 
(reaction G4) . 

where F denotes an "empty" filopodium, S denotes the seeding factor, and FS, 
denotes a fi lopodium with i seeding factor proteins in it. The reaction rates 
(propensities) were modeled as 

g1 = canst, g2 (i - 1) = FS,_1 · S · c,n, 

g, (i) = FS, · ~, g4(i) = FS, · c0 u,, 
l 

where we set g1 equal to the average rate of transient bulbous tip emergence in the 
control experiments at P60, i.e., g1 = r3(tP60 , WT) . Reaction rate g3 implements a 
competitive advantage: the lifetime of bulbous filopodia is increased proportionally 
to the number of seeding factors it accumulated. The parameters c,,, and c0 u, were 
set to values 0.07 and 1.5 (time- 1), and as initial condition we set 
S(t0 ) = ll n · B(tP6o) II , where n is the number of states (we used n = 120), B(tP60 ) 

denotes the genotype-specific average number of bulbous tips at P60 and 11 · 11 

denotes the next integer function. 
Importantly, in the model, the wild-type and the atg6- and atg7-knockout 

mutants only differ in the total number of seeding factors available. 
We stochastically ran the model 100,000 time steps to reach a steady state and 

discarded the first half as a burn-in period (pre-steady state) . Subsequently, we 
analyzed the number of bulbous tips and their lifetimes from the remaining time 
steps as shown in Supplementary Fig. llb-i. Thereby, we assumed that fi lopodia 
would be recognized as bulbous tips only if they contained at least n/4 seeding 
factors . 

In summary, these computational experiments highlight that the phenotype of 
the atg6- and atg7-knockout mutants can be solely explained by an increased 
abundance of seeding factors ( = compromised ability to degrade seeding factors) . 

In the case of autophagy upregulation (atg6, GMR > Atg6), we observed a 
different phenotype: from the data-driven model, we could see that bulbous tips 
were destabilized (parameter r4 in Supplementary Table S2) and also that the 
feedback was lost (parameter E[fl] close to 1 in Supplementary Table S2) . We 
tested different parameter- and model alterations to reproduce both the number 
and lifetime distribution of bulbous tips. Finally, we found that if seeding factors no 
longer stabilized bulbous tips (loss in the competitive advantage), both the lifetime 
and the number distribution of bulbous tips can be accurately reproduced . Thus, 
we set reaction rate g3 to g3 = FS-const, for autophagy upregulation, where canst = 
c4 (time- 1; Supplementary Table 3). 

Statistical analysis. Individual data in the same group were first checked for 
normal distribution using D' Agostino and Pearson normality test. If all distributed 
normal, one-way ANOVA and Tukey's HSD as post-hoc tests were used. If at least 
one data shows non-normal distribution, then non-parametric Kruskal-Wallis and 
Dunn's as post-hoc tests were used. All significance values are denoted on the 
graphs and in their respective legends . Data were analyzed using GraphPad Prism 
8.2.0 (GraphPad Software, San Diego, CA). 

Lead contact and materials availability. All reagents used in this study are 
available for distribution. Requests for resources and reagents should be directed to 
Robin Hiesinger (robin.hiesinger@fu-berlin.de). 

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

Data availability 
Raw (.lif format) and processed (.ims and.am format) imaging datasets are available on 
request. The fi lopodia-tracking software is an extension of the commercial software 
Amira, which is available from Thermo Fisher Scientific. The filopodia-tracking software 
is available from the corresponding author upon request in source code and binary form. 
Executing the binary requires a commercial license for Amira. The source data 
underlying Figs. ld, e, i, 2f, g, h, 3d, g, Sg, 6h, j, k, 7b-d and Supplementary Figs. le, 2d, 
2f, 2g, 2i, 3b, 4b, 4d, 4h, 41, Sb, 7b, 7c, 7e, 12f, 13c are provided as a Source Data file. 
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Supplementary Figure 1. Atg6, Atg7 and Atg18 are required for developmental 
autophagy in Drosophila photoreceptors. a-d', Atg8 immunolabelled autophagosomes in 
GFP-positive photoreceptor clones ofatg7d4 (a-a') , atg61 (b-b'), atg61, GMR>Atg6 (c-c') and 
atgl 8aKGo3o9o ( d-d') versus non-GFP control clones in genetic mosaics of P+50% pupal 
retina. Repeated 3 times independently with similar results. e, Number of autophagosomes in 
a given volume. Note almost complete abolishment of autophagosomes in atg7d4 and atg61 

mutant photoreceptors, milder decrease in autophagosome number in atgl 8aKGo3o9o mutant 
photoreceptors and a significant increase in autophagosome number in atg61

, GMR> Atg6 
photoreceptors. n= 10 retinas per condition, one region of interest is randomly selected per 
retina. One-way ANOVA and Tukey HSD as post hoc test; ***p<0.001 , ****p<0.0001. Error 
bars denote mean ± SEM. Source data are provided as a Source Data file. 
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Supplementary Figure 2. Downregulation of autophagy by Atg5 and Atg16 knockdown 
leads to increased neurotransmission and synapse number. a-c', Atg8 labelled 
autophagosomes in Chaoptin labelled photoreceptor cell bodies of GMR-Gal4 driven control 
RNAi(a-a') , Atg5 RNAi (b-b') and Atgl6 RNAi (c-c'). Dashed lines encircle photoreceptor 
cell bodies in individual ommatidium. Repeated 3 times independently with similar results. d, 
Number of autophagosomes per ommatidium. n=20 ommatidia per condition. e, 
Representative ERG traces recorded from control (GMR-Gal4/Control RNAi), Atg5 
knockdown (GMR-Gal4/Atg5 RNAi) and Atgl6 knockdown (GMR-Gal4/Atgl6 RNAi) 
photoreceptors. Repeated 3 times independently with similar results. f-g, Quantifications of 
ERG depolarization (f) and ERG on-transient (g). n=20 flies per condition. h, Representative 
images ofBrpshort_GFP labelled active zones in control, Atg5 knockdown and Atgl6 
knockdown R 7 axon terminals. Repeated 3 times independently with similar results. i, 
Number ofBrp puncta in control, Atg5 knockdown and Atgl6 knockdown R7 axon terminals. 
n=20 terminals per condition. One-way ANOV A and Tukey HSD as post hoc test; *p<0.05 , 
**p<0.01 , ***p<0.001. Error bars denote mean± SEM. Source data are provided as a Source 
Data file. 



 

69 
 

a Control 
60 60 b 

C. 40 40 60 ns 20 20 
E 

;? so ----r--- 0 0 
ns e... 

$ 
*** Cl> -20 -20 

§ 40 :::c ;, 

l 30 
-r-

-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 Cl) 

~ 20 
Ill 60 60 C. ~ 
~ 

~ 10 ----CJ 40 40 ns .. 20 20 o' -ni 0 0 
0 -.s 

~ ::, § 
'O -20 -20 (j ~ 
:~ -40 -40 
'O .= -60 -60 

-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 

Supplementary Figure 3. Loss of atg7 in Drosophila photoreceptors leads to increased 
visual attention behavior. a, Stripe fixation behavior of adult flies with control and atg7 
mutant photoreceptors is shown on the population level (heatmap) and as individual tracks. 
b, Quantification of stripe deviation. The bottom-most and top-most horizontal lines, the 
lower and upper hinges, and the middle line of the boxplots indicate the minimum and 
maximum values, the 25th and 75th percentiles, and the median, respectively. n=60 flies per 
condition, two-way ANOVA and Tukey HSD as post hoc test, ***p<0.001. Note that similar 
to flies with atg6 mutant photoreceptors (see Fig. lh) , flies with atg7 mutant photoreceptors 
show increased stripe fixation behavior and repetitive walks between stripes. Source data are 
provided as a Source Data file. 
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Supplementary Figure 4. Optomotor behavior is unaffected in flies deficient of 
autophagy in photoreceptors. a, The parameter ' center deviation' measures how much a fly 
deviates from the center point of the arena. b, Quantification of center deviation. n=60 flies 
per condition, two-way ANOVA and Tukey HSD as post hoc test; ***p<0.001 , 
****p<0.0001. c, The parameter ' distance' measures the total distance travelled by a fly 
during the imaging window. d, Quantification of distance. n=60 flies per condition, two-way 
AN OVA and Tukey HSD as post hoc test; ****p<0.0001. e, Schematic representation of the 
optomotor setup. A tethered fly is presented with moving green vertical stripes (a= 45°, 
rotational velocity either 0°/s, or 50°/s CCW or CW, respectively). f-g and i-k, Averaged 
optomotor responses of all flies of the tested groups for periods of the vertical stripes not 
moving (red), moving CW (green) or moving CCW (blue), respectively. Shaded areas 
indicate the standard deviation. hand I, Box plots depict the average difference in angular 
velocity (mean CW - mean CCW) for all tested flies of each individual group. n=l5 (control 
for atg7), n=l4 (atg7), n=l4 (control for atg6 and atg6, GMR>Atg6), n=l3 (atg6), n=l3 
(GMR>Atg6). Wilcoxon rank sum test. No significant difference found between groups. The 
bottom-most and top-most horizontal lines, the lower and upper hinges, and the middle line of 
the boxplots indicate the minimum and maximum values, the 25th and 75th percentiles, and 
the median, respectively. Source data are provided as a Source Data file. 
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Supplementary Figure 5. Decreased filopodial stability and synapse number in Atg6 
overexpression is due to upregulation of autophagy. a, Representative images of control 
(same as in fig.2a) , atg7; GMR>Atg6; and atg7, GMR>Atg6 R7 photoreceptor axon terminals 
with Brpshort-GFP marked active zones. Repeated 5 times independently with similar results. 
b, Number ofBRP puncta in control, atg7, GMR>Atg6, and atg7, GMR>Atg6 R7 
photoreceptor axon terminals. n=20 terminals per condition. Kruskal-Wallis and Dunn's as 
post hoc test; ****p<0.0001. Error bars denote mean± SEM. c, Live imaging of atg7, 
GMR>Atg6 R7 axon terminals at P+60%. Note that Atg6 overexpression on atg7 mutant 
background still shows increased number of stable bulbous tip filopodia similar to atg7 
mutant alone (see fig. 5c). Repeated 2 times independently with similar results. Source data 
are provided as a Source Data file. 
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a 

Supplementary Figure 6. Dm8 and Tm5 neurons are the main postsynaptic targets of R7 
photoreceptors. a, Schematic ofDm8 and Tm5 neuronal morphology in Drosophila optic 
lobe. b, Sparse trans-Tango labelling protocol with R7-specific Rh4-Gal4 revealed that R7 
photoreceptors mainly connect to Dm8 and Tm5 neurons in wild-type brains. Repeated 3 
times independently with similar results. 
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Supplementary Figure 7. Atg5 or Atg8a overexpression does not alter 
neurotransmission or synapse number. a, Representative ERG traces recorded from control 
(GMR-Gal4/+), GFP-Atg8a expressing (GMR-Gal4/GFP-Atg8a) and GFP-Atg5 expressing 
(GMR-Gal4/GFP-Atg5) photoreceptors. Repeated 3 times independently with similar results. 
b-c, Quantifications of ERG depolarization (b) and ERG on-transient ( c). n=20 flies per 
condition. d, Representative images ofBrpshort_mKate labelled active zones in control, GFP
Atg8a expressing, GFP-Atg5 expressing R7 axon terminals. Repeated 5 times independently 
with similar results. e, Number of Brp puncta in control, GFP-Atg8a expressing, GFP-Atg5 
expressing R7 axon terminals. n=20 terminals per condition. One-way ANOVA and Tukey 
HSD as post hoc test. Error bars denote mean± SEM. No significant difference found 
between groups. Source data are provided as a Source Data file. 
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Supplementary Figure 8. The essential autophagy proteins Atg5 and Atg8a localize to 
synaptogenic filopodia tips. a-b', Localization of autophagy essential proteins Atg5 ( a-a') 
and Atg8a (b-b') to bulbous tip filopodia (P+60% ). Yellow arrows show the presence of Atg5 
and Atg8a at bulbous tips, while white arrowheads show bulbous tips without Atg5 and 
Atg8a. Repeated 5-10 times independently with similar results. c, Percentage of bulbous tip 
filopodia with Atg5 and Atg8a signal to all bulbous tip filopodia. n=30 terminals. All bulbous 
tip filopodia from 30 axon terminals were pooled for quantification. 
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Supplementary Figure 9. Number of short-lived and long-lived filopodia at P60. Bars 
denote the observed numbers during live imaging and the dashed vertical line indicates the 
average numbers. The solid black trace depicts a Poisson distribution with expectation value 
equal to the average number of observed filopodia. short-lived filopodia = filopodia exist 
shorter than 8 mins, long-lived filopodia = filopodia exist longer than 8 mins. Values for 
lifetimes and numbers are shown in Supplementary Table 1. 
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Supplementary Figure 10. Morphology of R7 photoreceptor axon terminals throughout 
the second half of pupation (the period of synapse formation). Representative images of 
control, atg7, atg6 and atgl8 mutant R7 axon terminal morphologies at P+40%, P+50%, 
P+60%, P+70%, P+80%, and P+90% pupal development. Red arrowheads show examples of 
supernumerary bulbous tip filopodia at P+ 70%. Note that loss of autophagy leads to increased 
numbers of bulbous tip filopodia especially during the peak time of synaptogenesis (P+60%
P+80% ). Repeated 5-10 times independently with similar results. 
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Supplementary Figure 11. The Mechanistic Model: Lifetimes of synaptogenic bulbous 
tip filopodia as a function of a limiting resource of synaptic seeding factors. a, Graphical 
depiction of the mechanistic model. b-e, Measured data: Histograms depicting the observed 
frequency of the respective bulbous tip life times during live imaging at P60. The numbers on 
histograms indicate the number of observations in the respective life time category per growth 
cone. Numbers in brackets with a star, e.g. (1 *), indicate that the bulbous tip either already 
existed in the first imaging frame, or persisted until the last image. Thus, these life times 
might actually be longer than indicated here. f-i, Model output: Histograms depicting the 
frequency of the respective bulbous tip lifetimes according to simulations using the 
mechanistic model. Note that the mechanistic model successfully recapitulates the observed 
lifetimes of bulbous tip filopodia. 
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Supplementary Figure 12. Sydl or Liprina overexpression does not alter synapse 
number. a, sydl mutant R7 photoreceptors fails to target their correct medulla layer, M6. b, 
Sydl-GFP overexpression in sydl mutant R7 photoreceptors rescues mistargeting phenotypes. 
c, liprina mutant R7 photoreceptors fails to target their correct medulla layer, M6. d, Liprina
GFP overexpression in sydl mutant R 7 photoreceptors rescues mistargeting phenotypes. 
Repeated 2 times independently with similar results. e, Representative images ofBrpshort_ 
mKate labelled active zones in control, Sydl-GFP expressing and Liprina-GFP expressing R7 
axon terminals. Repeated 3 times independently with similar results. f, Number ofBrp puncta 
in control, Sydl-GFP expressing and Liprina-GFP expressing R7 axon terminals. n=20 
terminals per condition. One-way ANOV A and Tukey HSD as post hoc test. Error bars 
denote mean± SEM. No significant difference found between groups. Source data are 
provided as a Source Data file. 
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Supplementary Figure 13. Autophagosomes colocalize with synaptic seeding factors at 
filopodia tips and contain synaptic seeding factors in autolysosomes at cell bodies. a-a", 
Representative R7 axon terminals expressing Liprin-a-GFP and mCherry-Atg8a. b-b", 
Representative R7 axon terminals expressing Syd-1-GFP and mCherry-Atg8a. Yellow 

arrows: co-localization of Atg8a with synaptic seeding factors Liprin-a and Syd-1 at filopodia 

tips; white arrowheads: Liprin-a and Syd-1 at filopodia tips without apparent Atg8a co-
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localization. Repeated 5-10 times independently with similar results. c, Percentages of Syd-1 

only, Liprin-a only, Atg8a and Syd-1 together (Atg8a + Syd-1 ), Atg8a and Liprin-a together 

(Atg8a + Liprin-a), and Atg8a-only filopodia tips. n=30 terminals per condition. Note that 

most Atg8a-positive compartments are also positive for the synaptic seeding factors. All 

filopodia from 30 terminals were pooled for quantification. d-d", Atg8a-positive 

autolysosomes contain Sydl (detected with anti-Sydl antibody) and Liprina (UAS-Liprin

GFP) at photoreceptor cell bodies. e-r, Atg8a-positive autolysosomes at photoreceptor cell 

bodies contain Trio (e-e') but not membrane receptor LAR (f-P). Repeated 3 times 

independently with similar results. g, Schematic of proposed mechanism of degradation of 

synaptic seeding factors by autophagy in photoreceptor neurons, including capture at axon 

terminal filopodia tips and degradation during retrograde transport to the cell body, as first 

shown in vertebrate cell culture 1
. Source data are provided as a Source Data file. 
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Supplementary Tables 

Short lived (sF) Long-lived ( -e F) 
Life time Number Life time Number 

wild type 2.3 (1.6) 2.6 (1.8) 15 (10) 2.6 (1.4) 
atg6 2.7 (1.9) 2 (2.3) 21 (16) 4.8 (1.2) 
atg7 2.4 (1.6) 2.2 (1.9) 20 (15) 5.6 (2.6) 
atg6, GMR>Atg6 2.2 (1.7) 2.9 (1.9) 13 (7) 1.4 (0.84) 

Supplementary Table 1: Lifetimes (min) and average numbers of short- and long-lived 
filopodia at P60. Mean± (standard deviation). Number distributions are shown in 
Supplementary Fig. 9. 

r3 r2B E[fl] r4 r5 Avg. bulbs 

wild type 0.0122 0.0948 0.1291 0.0014 0.0108 1.653 

atg6 0.0229 0.0932 0.2463 0.0025 0.0205 3.028 

atg7 0.0189 0.1985 0.0955 0.0019 0.0170 2.501 

atg6, GMR> Atg6 0.1032 0.1085 0.9515 0.1010 0.0018 1.644 

Supplementary Table 2: Measured average rates of the data-driven model at P60. 

The denotation is taken from the original model in Figure 3A of 2 and refer to the following 
filopodial transitions: 

r3=r2B •f1 r5 
Filopodia ~- Transient Bulbs ➔ Stable Bulbs 

r4 

r3: measured rate of bulb formation, contains r2B * fl , unit: 1/min 
r2B: propensity to form bulbs, cannot be measured, because feedback fl reduces r2B, shown is 
the only possible fit ofr2B, unit: 1/min 
fl: negative feedback on bulb formation, cannot be measured, see r5, shown is the only possible 
fit of the data ( r2B; smaller fl indicates stronger feedback; fl= 1 indicates no feedback 
r4: measured rate of bulb disappearance, unit: 1/min 
r5: measured rate of bulb stabilization, unit: 1/min 
Avg. bulbs: average number of bulbs per time instance (min) over an hour (P60) 
In blue: direct measurements 

Cl ,sF C2 ,sF C1 ,fF C2,fF C3 C4 Cs C6 

wild type 1.82 0.43 0.28 0.07 0.024 1/120§ 0.063 1/133 

atg6 1.19 0.37 0.37 0.05 0.018 1/120§ 0.068 1/133 

atg7 1.48 0.42 0.45 0.05 0.033 1/120§ 0.075 1/133 

atg6, 2.13 0.45 0.17 0.08 0.033 0.071 0.001 1/133 GMR>Atg6 

Bso l112 

0.078 1000§ 

0.716 1000§ 

0.162 1000§ 

3.733 1000§ 

Supplementary Table 3: Parameters of the data-driven model. All parameters in units min-1 

except for Bso (unitless) and t112 (min). §previously determined 2
. 
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Abstract 
During brain development, neurons use several molecular and cellular strategies to 

identify correct synaptic partners that is fundamental to the proper assembly and function 

of neuronal circuits. Although the contribution of genetic factors for synapse-specific brain 

wiring is well established, to what extent environmental factors play a role in circuit 

assembly and synaptic precision still remains elusive. Here, using Drosophila R7 

photoreceptors, we show that developmental temperature affects synapse formation and 

synaptic partner choice during the assembly of neuronal circuits. Specifically, low 

developmental temperature increases R7 axonal filopodial stability and dendritic 

branching of R7’s potential postsynaptic partners that eventually leads to increased 

number of synapses and recruitment of more synaptic partners. This temperature induced 

synaptic promiscuity can be mimicked by the cellular ablation of R7’s main synaptic 

partner Dm8 in which R7s synapse with alternative partners. We propose that neurons 

have the capacity to form synaptic connections with a broad range of cell types but 

prevented from doing so by the control of axonal filopodia kinetics, dendritic reach and 

synaptic partner survival. 
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Introduction 
Proper brain wiring during development is largely based on the ability of neurons to 

recognize appropriate partners and initiate synapse formation. A prerequisite to establish 

a synaptic connection is that axonal and dendritic projections of two neurons need to be 

in close proximity in time and place. Such spatiotemporal patterning of neuronal 

projections in a dynamically changing environment during development may restrict 

neuronal encounters that could be sufficient to ensure right partnerships even if synapse 

formation is a promiscuous process. Evidently, many neurons readily form synapses with 

incorrect partners when projected to wrong target fields or form synapses with themselves 

when no other choice is given (Berger-Muller et al., 2013; Kulkarni et al., 2016; Van der 

Loos and Glaser, 1972). Recent years have seen a remarkable progress to identify 

positional strategies used by neurons during development to establish proper neuronal 

circuits. Such strategies include axon pre-sorting, dendritic self-avoidance and tiling, axo-

dendritic approach angles that determines the degree of synaptic contacts and also the 

regulation of filopodia dynamics to dynamically restrict neuronal encounters (Balaskas et 

al., 2019; Hassan and Hiesinger, 2015; Kiral et al., 2020; Petrovic and Schmucker, 2015). 

To date, brain wiring studies have mostly focused on genetic and molecular factors 

determining precision and variability of neuronal circuits despite a generally accepted 

notion that environmental factors may equally contribute to final wiring pattern. Non-

amniotic animals are especially susceptible to changing environmental conditions 

including fluctuations in environmental temperature during their development. For 

instance, it is well established that temperature affects the rate of embryonic, larval and 

pupal development of insects including the Drosophila (Ludwig and Cable, 1933; 

Powsner, 1935). A few studies on the effect of environmental temperature during 

development have shown behavioral differences in adults reared at different 

temperatures (Spencer et al., 2019; Tautz et al., 2003). However, it still remains elusive 

whether and how developmental temperature affects nervous system development, 
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especially synaptic partner choice and synapse formation during the establishment of 

neuronal circuits. 

In this study, using Drosophila R7 photoreceptors as a model, we show that 

developmental temperature affects filopodia speed and stability in R7 axon terminals 

leading to changes in neuronal connectivity. Particularly, low developmental temperature 

decreases filopodia speed leading to stabilization of more filopodia that eventually 

increases R7 synapse number and number of postsynaptic partners they recruit including 

incorrect partners. Interestingly, killing R7’s main synaptic partner Dm8 neurons by DIPγ 

loss-of-function leads to similar promiscuous synapse formation with aberrant synaptic 

partners. Our findings argue against the idea that synapse specificity is established 

through specific molecular interactions between neuronal partners and support a model 

whereby instead, a developmental growth program that brings right partners together in 

time and space leading to precise ensembles of neuronal circuits by allowing 

promiscuous synapse formation. 

 
Results 
We have previously shown that the level of autophagy in developing R7 photoreceptors 

influences filopodia speed and stability. Particularly, loss of autophagy in developing R7 

terminals decreased the filopodia speed allowing stabilization of more filopodia, which 

eventually led to ectopic synapse formation and recruitment of aberrant synaptic partners. 

This observation led us to propose that neurons use filopodia kinetics as a means to 

restrict synapse formation and synaptic partner choice that are not otherwise prevented 

from forming synapses with incorrect partners.    

Developmental temperature influences R7-Dm8 connectivity  
Ectotherms including the Drosophila are particularly susceptible to environmental 

temperature during development. Although previous studies showed the effect of rearing 

temperature on adult behaviors, it is still largely unknown whether or how developmental 

temperature affects brain wiring (Spencer et al., 2019; Tautz et al., 2003). In physical 

terms, temperature affects the motion of molecules that may have a direct effect on 

biological processes. Therefore, we first tested the effect of temperature on R7 axon 
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terminal filopodia dynamics during synapse formation (60% of pupal development – 

P+60%). We performed fast, high-resolution live imaging of R7 axon terminals (1 min time 

lapse for 1h periods) at 18°C, close to low end of physiologically relevant rearing 

temperature for Drosophila and at 29°C on the warm side. R7 axon terminals imaged at 

low temperature showed decreased filopodia speed and increased formation of stable, 

synaptogenic filopodia (Figure 1a), while axon terminals exposed to high temperature had 

faster filopodia and mostly fail to stabilize synaptogenic filopodia (Figure 1b). 

Consistently, quantification of synaptogenic filopodia lifetime showed that most 

synaptogenic filopodia of R7 axon terminals exposed to low temperature were stable 

throughout the 1-hour imaging window (filopodia lifetime >60min), while oppositely, most 

filopodia of R7 axon terminals exposed to high temperature lived shorter than 30 mins 

(Figure 1c). These results demonstrate that environmental temperature affects filopodia 

dynamics of developing neurons and raises the question of whether changes in filopodia 

speed and stability due to temperature have an influence on synapse formation and 

synaptic partner choice.  

To address this question, we first generated sparse clones of R7 photoreceptors 

expressing the active zone marker Brpshort-GFP that is specifically localized to presynaptic 

active zones without affecting synaptic development (Ozel et al., 2019; Schmid et al., 

2008). Also, we exposed developing animals to different temperatures only between 40% 

to 100% of pupal development (P+40%-100%) since P+40% marks the end of layer-

specific targeting and the onset of synaptogenesis in developing R7 photoreceptors (Kiral 

et al., 2020; Ozel et al., 2019; Ozel et al., 2015). R7s developed at 25°C, usual laboratory 

temperature for Drosophila rearing, formed around 20-25 synapses. However, R7s 

developed at low temperature formed significantly higher synapses and oppositely R7s 

developed at high temperature formed significantly less synapses suggesting that 

synapse formation is affected by developmental temperature possibly through changes 

in filopodia speed and stability (Figure 1d-g). R1-R6 photoreceptor synapse numbers 

were also similarly affected by developmental temperature, which was reflected in 

electroretinogram (ERG) recording as the flies developed at low temperature showed 

increased ERG on-transient amplitudes that is indicative of increased neurotransmission 

between photoreceptors and their synaptic partners (Supplementary Figure 1). 



 

88 
 

 

Figure 1: Developmental temperature influences R7s synapse number through altered 
filopodia stability. a-b, Live imaging of R7 terminals at P+60% (during synaptogenesis) at 18°C (a) and 
29°C (b). white arrows: unstable bulbous tip filopodia, yellow arrows: stable bulbous tip filopodia throughout 
the live imaging window, red arrows: bulbous tip filopodia that appear during imaging and stay stable until 
the end of imaging. See ‘Materials and methods’ for live imaging protocol details. c, Synaptogenic filopodia 
lifetime distribution at 18°C and 29°C shown as fractions of 10 min increments. n=23 terminals per condition. 
d-f’, Representative images of R7 photoreceptor axon terminals with Brpshort-GFP marked active zones 
developed at 18°C between P+40%-P+100% (synaptogenesis phase) (d-d’), at 25 °C (e-e’), and 29°C 
between P+40%-P+100% (f-f’). g, Number of Brp puncta per R7 terminals at different developmental 
temperatures. n=40 terminals per condition. Kruskal-Wallis and Dunn’s as post-hoc test; ***p<0.0002, 
****p<0.0001. The bottom-most and top-most horizontal lines, the lower and upper hinges, and the middle 
line of the boxplots indicate the minimum and maximum values, the 25th and 75th percentiles, and the 
mean, respectively.   

 

Previous electron microscopy reconstruction studies have identified the synaptic partners 

of R7 photoreceptors developed at 25°C revealing highly stereotypic connections 

(Takemura et al., 2015). The main synaptic partner of R7s is the wield-field amacrine 

neuron Dm8 (Gao et al., 2008; Takemura et al., 2015). To a lesser extent, R7s also form 

synaptic connections with Dm9, Dm11 and Tm5 neuron subtypes (Gao et al., 2008; 

Karuppudurai et al., 2014; Takemura et al., 2015). Here, to address the question whether 

and how R7 connectivity is affected by temperature, first we investigated the effect of 

temperature on R7’s main synaptic partner Dm8. Since there is no developmental Dm8-

specific driver to reliably perform live imaging on these neurons, instead we generated 
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single cell clones of Dm8s and exposed developing animals to low and high temperatures 

during synaptogenesis between P+40%-100%. Dm8s developed at low temperatures had 

increased number of dendritic branches and total branch length while mean branch length 

was not affected compared to the ones developed at high temperature (Figure 2a-e, 

Supplementary Figure 2). Consistently, occupying a larger area, Dm8s developed at low 

temperature contacted with more R7s (Figure 2f). Following the effects of temperature on 

R7s’ filopodia stability and synapse numbers and also Dm8’s dendritic branching, we 

performed activity-dependent GRASP, which is based on trans-synaptic reconstruction 

of GFP fragments only when synaptic vesicle release occurs (Feinberg et al., 2008; 

Macpherson et al., 2015), between R7s and Dm8s developed at low and high 

temperatures during synaptogenesis to assess the changes in strength of R7-Dm8 

connectivity. As shown in Figure 2g-i, R7s and Dm8s form stronger connections when 

developed at low temperatures. 

  

 
Figure 2: Low developmental temperature increases Dm8 branching and R7-Dm8 contacts. 
a-b, Dorsoventral (top view) (a) and proximodistal (side view) (b) views of a single Dm8 cell developed at 
18°C between P+40%-P+100%. c-d, Dorsoventral (top view) (a) and proximodistal (side view) (b) views of 
a single Dm8 cell developed at 29°C between P+40%-P+100%. e, Total branch length of Dm8s developed 
at different temperatures during synaptogenesis. n=14 cells for 18°C (P+40%-P+100%), n=16 cells for 29°C 
(P+40%-P+100%). Kolmogorov-Smirnov test; ****p<0.0001. f, The number of R7s contacted per Dm8 
developed at different temperatures during synaptogenesis. n=14 cells for 18°C (P+40%-P+100%), n=16 
cells for 29°C (P+40%-P+100%). Kolmogorov-Smirnov test; **p<0.0021. g-h’, Activity-dependent GRASP 
between yellow R7s (yR7) and Dm8s developed at 18°C between P+40%-P+100% (g-g’) and at 29°C 
between P+40%-P+100% (h-h’). i, GRASP signal intensity (normalized to R7 signal intensity) between 
yR7s and Dm8s developed at different temperatures during synaptogenesis. n=85 terminals per condition. 
Kolmogorov-Smirnov test; ***p<0.0002. The bottom-most and top-most horizontal lines, the lower and 
upper hinges, and the middle line of the boxplots indicate the minimum and maximum values, the 25th and 
75th percentiles, and the mean, respectively.                  
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Low developmental temperature leads aberrant synaptic connections 

Stronger R7-Dm8 synaptic connectivity in brains developed at low temperatures suggest 

that environmental factors may have a role in shaping the strength of connectivity 

between normal synaptic partners. An interesting question arises here whether these 

changes in filopodia dynamics and dendritic branching will be enough to create a different 

wiring pattern through promiscuous synapse formation between incorrect partners. To 

address this question, we made use of an anterograde trans-synaptic tracing method 

called trans-Tango. This method unbiasedly labels all postsynaptic neurons connected to 

a neuron of interest (Talay et al., 2017). Here, we used a yellow-type R7-specific driver 

(Rhodopsin4-Gal4) to reveal neurons synaptically connected to R7s at different 

developmental temperatures. Consistent with previous electron microscopy connectome 

studies performed with flies raised at 25°C, trans-Tango mainly showed Dm8 connections 

and to a lesser degree Tm5 connections in fly brains raised at 25°C (Figure 3b). At higher 

temperatures, the general wiring pattern stayed the same although with apparent, but not 

statistically significant, decrease in the number of postsynaptic partners (Figure 3c-d). 

However, remarkably, R7s in brains developed at low temperature connected to higher 

number of postsynaptic partners and more importantly it led to R7s connect to extra, 

morphologically recognizable cell types including Mi neurons, C2-C3 neurons and Tm9 

neurons (Figure 3a and d). To test whether these synaptic contacts between R7s and 

aberrant partners are functional, we next used activity-dependent GRASP between R7s 

and some aberrant partners we identified from trans-Tango. Activity-dependent GRASP 

between R7s-Mi1s, R7s-Mi4s, and R7s-Tm9s in brains developed at low temperature 

revealed active connections between these cells, while expectedly brains developed at 

25°C did not show active synaptic signals (Figure 3e-j’). Furthermore, similar to the effect 

of developmental temperature on Dm8 branching, Mi4 neurons developed at low 

temperature showed increased branch number and total branch length leading their 

branches to invade M6 layer where R7s are synaptically most active (Supplementary 

Figure 3). This suggests that altered filopodia activity and dendritic branching pattern at 

different developmental temperatures not only change the strength of synaptic 

connections between usual partners but also may induce synapse formation between 

incorrect partners simply increasing visibility of them to each other in time and space.    
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Figure 3: Developmental temperature influences R7’s synaptic partner choice. a-c, 
Representative images of neurons connected to yR7s in brains developed at 18°C between P+40%-
P+100% (a), 25°C (b), and 29°C between P+40%-P+100% labelled with trans-Tango. Arrows point 
examples of cell types aberrantly connect to yR7s at low developmental temperature. 
Magenta=postsynaptic neurons, green=CadN. d, Number of postsynaptic neurons per optic lobe connected 
to yR7s in brains developed at different temperatures during synaptogenesis. n=10 optic lobes per 
condition. Kruskal-Wallis and Dunn’s as post-hoc test; *p<0.0332, ***p<0.0002, ns=not significant. The 
bottom-most and top-most horizontal lines, the lower and upper hinges, and the middle line of the boxplots 
indicate the minimum and maximum values, the 25th and 75th percentiles, and the mean, respectively. e-
j’, Activity-dependent GRASP between yR7s and some aberrant partners shown in trans-Tango (a) 
demonstrate active promiscuous synapses formed at low developmental temperature (18°C between 
P+40%-P+100%). Dashed lines mark the region between the edge of the medulla and M6 layer where 
R7axon terminals extend along.               
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Taken together, our observations revealed that low developmental temperature during 

synaptogenesis changes dynamic neuronal encounters both through increased filopodia 

dynamics and increased dendritic branching, which lead to increased synapse formation 

between appropriate partners but also change brain wiring pattern leading to promiscuous 

synapse formation between inappropriate partners. These findings support the notion that 

brain wiring is under control of both genetic and environmental factors especially for non-

amniotic animals subjected to fluctuations in environmental temperature during 

development. 

Dm8 cell death due to DIPγ loss-of-function does not affect R7 synapse number 
A great progress has been made over the last couple of decades in the study of molecular 

mechanisms contributing to the development of neuronal circuits and the focus has been 

mainly on identifying molecularly encoded instructions that specify synaptic connections 

(Kolodkin and Tessier-Lavigne, 2011; Sanes and Zipursky, 2020). This view interprets 

synapse specification process as a molecular key-and-lock mechanism in which synaptic 

partners express matching molecular codes to recognize each other and initiate synapse 

formation. A recent discovery of a family of interacting cell surface proteins, Dprs and Dpr 

interacting proteins (DIPs), have been investigated in the context of synapse specification 

due to the observations showing that interacting pairs of Dpr/DIPs are expressed in 

synaptic partners in the Drosophila brain with a remarkable specificity (Carrillo et al., 

2015). However, so far, loss of different Dpr/DIP pairs interactions have been primarily 

implicated in branch arborization and cell survival (Courgeon and Desplan, 2019; Xu et 

al., 2019; Xu et al., 2018). Particularly, a recent study showed that Dpr11/DIPγ interaction 

between yellow subtypes of R7s and Dm8s (yR7 and yDm8) before synapse formation 

starts is required for survival of yDm8s. In DIPγ loss-of-function, the majority of yDm8s 

die and the surviving yDm8s lack their home-columns sprigs, a distally extended 

membrane protrusion that wraps R7 axon terminal from medulla layers M4 to M6 where 

R7s and Dm8s form majority of their synaptic connections (Courgeon and Desplan, 

2019). Therefore, DIPγ loss-of-function phenotypes give us the opportunity to address 

two questions: First, Do R7s still form synaptic contacts with surviving Dm8s despite 

lacking Dpr11/DIPγ interaction, which was proposed to be required for synapse 

specification between these neuronal partners? and second, what happens to R7s when 
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they lose majority of synaptic contacts with their main synaptic partners? Will they only 

form synapses with other usual partners where Dpr11/DIPγ interaction is not required? 

Or will they find alternative/incorrect partners and promiscuously form synaptic contacts?  

To address these questions, we first set out the experiments to reproduce previously 

shown effects of DIPγ loss-of-function on Dm8 survival and home-column sprig 

morphology (Courgeon and Desplan, 2019). As shown in Figure 4a-e’, DIPγ loss-of-

function leads to partial lethality of Dm8s and surviving Dm8s lack their home-column 

sprigs only maintaining membrane contacts with yR7s at M6 medulla layer. Next, we 

sought to address the question whether yR7s can still form synaptic contacts with 

surviving Dm8s. Here, activity-dependent GRAPS between yR7s and Dm8s in DIPγ 

mutant background revealed that yR7s still form synaptic contacts with surviving Dm8s 

although the GRASP signal is mostly confined to M6 layer due to the absence of Dm8 

home-column sprigs at medulla layers M4 and M5 (Figure 4f-h). Therefore, we concluded 

that Dpr11/DIPγ interaction is not required to specify synapses between R7s and Dm8s 

but required for Dm8 survival and proper home-column sprig morphology.  

During synaptogenesis, R7 photoreceptors form the majority of their synapses between 

medulla layers M4-M6 where they are in direct membrane contact with Dm8s. Since DIPγ 

loss-of-function leads partial Dm8 lethality and the survivors lack membrane protrusion at 

medulla layers M4 and M5, the majority of R7-Dm8 synaptic contacts are lost. This raises 

the question of whether R7s will have reduced number of synapses when they lost the 

majority of synaptic contacts with their main partners or will they compensate this loss 

contacting with other potential partners. To address this question, first, we labelled active 

zones in yR7s driving Brpshort-GFP with a yR7s-specific driver Rh4-Gal4 in controls and 

DIPγ mutants. Suprisingly, the number of synapses R7s form was not significantly 

different between controls and DIPγ mutants (Figure 4i-k). In fact, previous analysis of R7 

synapse number in Dpr11 loss-of-function also showed no effect (Xu et al., 2018).  These 

results collectively suggest that the number of synapses R7s form during development is 

independent of Dpr11/DIPγ interaction and the presence of R7’s main synaptic partner 

Dm8s and they possibly compensate the loss synaptic contacts with their main partner 

by contacting with other potential partners. 
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Figure 4: Dm8 partial cell death and home-column sprig morphology defects in DIPγ 
mutants does not affect R7 synapse number. a-b, Proximodistal view of Dm8s in control (DIPγ+/-) 

(a) and DIPγ mutants (DIPγ-/-) (b). Note partial Dm8 cell death caused by DIPγ loss-of-function. c, Number 
of Dm8s per optic lobe. n=7 optic lobes per genotype. Kolmogorov-Smirnov test; ***p<0.0002. d-e’, 
Dorsoventral view of Dm8s (green), yR7s (blue) and all photoreceptor terminals (red) in control (DIPγ+/-) 

and in DIPγ mutants (DIPγ-/-). Arrows show both yellow and pale type of Dm8s have home-column sprigs 
extending between medulla layers M4-M6 in controls (e-e’). Asterisks mark morphological defects in 
surviving yDm8 home columns in DIPγ mutants (DIPγ-/-) as sprigs through M4-M5 layers are lost. f-g’, 
Activity-dependent GRASP between yR7 and Dm8s in control (DIPγ+/-) (f-f’) and in DIPγ mutants (DIPγ-/-) 
(g-g’). h, GRASP signal intensity between yR7s and Dm8s at medulla layers M3 to M6. Error bars denote 
mean ± SEM. Note that yR7s form active synaptic connections with surviving Dm8s although mostly 
confined to M6 layer due to lack of home-column sprigs in DIPγ mutants. i-j’, Representative images of 
yR7 synapses (Brpshort-GFP marked active zones) in control (DIPγ+/-) (i-i’) and in DIPγ mutants (DIPγ-/-) (j-

j’). k, Number of Brp puncta per R7 terminals in control (DIPγ+/-) and in DIPγ mutants (DIPγ-/-). n=40 
terminals. Kolmogorov-Smirnov test; ns=not significant. The bottom-most and top-most horizontal lines, the 
lower and upper hinges, and the middle line of the boxplots indicate the minimum and maximum values, 
the 25th and 75th percentiles, and the mean, respectively.                    
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R7s compensate for loss of Dm8 contacts by forming stronger connections with 
other usual partners and forming connections with aberrant partners 

The fact that R7s largely preserve their synapse number and distribution (Figure 4i-k) in 

the loss of the majority of synaptic contacts with their main partner Dm8s suggest that 

they may compensate for this loss by increasing contact numbers with their other usual 

partners or start forming synapses with other potential partners in the vicinity or both. 

Apart from Dm8s, R7s also form synaptic contacts with Dm9s, Dm11s and Tm5 subtypes 

(Gao et al., 2008; Karuppudurai et al., 2014; Takemura et al., 2015). To assess the 

strength of synaptic connections between R7s and their other usual partners, we 

performed activity-dependent GRASP between yR7s and Dm9s and yR7s and Dm11s. 

Although the GRASP signal in controls were largely uniform across R7 terminals in the 

medulla, in DIPγ loss-of-function roughly half of yR7s terminals showed stronger GRASP 

signal with both Dm9s and Dm11s (Figure 5a-g). Unfortunately, the direct visualization of 

which R7s lack Dm8s in their columns was not possible in this background but we may 

speculate that R7s with stronger synaptic connections with Dm9s and Dm11s might be 

the ones lacking their main partner Dm8s in those columns. Therefore, this data suggests 

that R7s may compensate for loss of Dm8 contacts by forming stronger connections with 

their other usual synaptic partners. 

Loss of Dm8 cells in DIPγ loss-of-function may increase the synaptic availability of other 

usual partners but also may make other potential partners available, which R7s normally 

do not form synapse with. To probe for such promiscuous synaptic connectivity between 

R7s and potential partners in close proximity, we performed unbiased trans-synaptic 

tracing method trans-Tango in controls and DIPγ mutants with yR7s-specific driver Rh4-

Gal4. Expectedly, controls brains mainly showed Dm8 labelling at M4-M6 medulla layers 

and Tm5 connections were also visible in the lobula (Figure 6a). However, in DIPγ mutant 

brains, several other neurons were also labelled demonstrating that R7s start to form 

synaptic connections with aberrant partners when they lose their main synaptic partner 

(Figure 6b). Also, although in decreased numbers, some Dm8 projections were still visible 

at M4-M6 medulla layers corroborating our result that yR7s still form synaptic connections  
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Figure 5: R7s compensate for loss of Dm8 contacts by forming stronger connections with 
other usual synaptic partners. a, Schematic representations of R7, Dm9 and Dm11 morphologies 
with R7 synapse distribution (green dots) through medulla layers M0-M6. b-c’, Activity-dependent GRASP 
between yR7s and Dm9s in control (DIPγ+/-) (b-b’) and in DIPγ mutants (DIPγ-/-) (c-c’). d, GRASP signal 
intensity (normalized to R7 signal intensity) between yR7s and Dm9s. n=70 terminals per genotype. 
Kolmogorov-Smirnov test; **p<0.0021. e-f’, Activity-dependent GRASP between yR7s and Dm11s in 
control (DIPγ+/-) (e-e’) and in DIPγ mutants (DIPγ-/-) (f-f’). g, GRASP signal intensity (normalized to R7 
signal intensity) between yR7s and Dm11s. n=70 terminals per genotype. Kolmogorov-Smirnov test; 
**p<0.0021. The bottom-most and top-most horizontal lines, the lower and upper hinges, and the middle 
line of the boxplots indicate the minimum and maximum values, the 25th and 75th percentiles, and the 
mean, respectively.         

with surviving Dm8s in DIPγ loss-of-function (Figure 6b). Furthermore, to show that these 

aberrant connections were active synapses, we performed activity-dependent GRASP 

between yR7s and Mi1s, yR7s and Mi4s, and yR7s and Tm9s. Expectedly, we observed 
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active connections between these cells and yR7s in DIPγ mutant brains whereas control 

brains lacked these connections (Figure 6c-h’). We therefore concluded that R7s lacking  

 
Figure 6: R7s lacking their main partners (Dm8s) in DIPγ mutants form promiscuous 
synapses with aberrant partners. a-b, Representative images of neurons connected to yR7s in control 
(DIPγ+/-) (a) and in DIPγ mutants (DIPγ-/-) (b). Arrows point examples of cell types aberrantly connect to 
yR7s at low developmental temperature. Magenta=postsynaptic neurons, green=CadN. c, Number of 
aberrant partners per optic lobe in DIPγ mutant brains developed at different temperatures. Note the 
additive effects of DIPγ loss-of-function and developmental temperature on synaptic promiscuity. n=10 optic 
lobe per condition. Kruskal-Wallis and Dunn’s as post-hoc test; *p<0.0332, **p<0.0021, ***p<0.0002, 
ns=not significant. The bottom-most and top-most horizontal lines, the lower and upper hinges, and the 
middle line of the boxplots indicate the minimum and maximum values, the 25th and 75th percentiles, and 
the mean, respectively. c-h’, Activity-dependent GRASP between yR7s and some aberrant partners shown 
in trans-Tango (b) demonstrate active promiscuous synapses formed in DIPγ mutants (DIPγ-/-). Dashed 
lines mark the region between the edge of the medulla and M6 layer where R7 axon terminals extend along.       
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their main synaptic partners not only strengthen synaptic connections with other usual 

partners but also start connecting with neuronal partners that they normally do not form 

synapse. 

Lastly, given the fact that both low developmental temperature and DIPγ loss-of-function 

lead to synaptic promiscuity but the former through affecting filopodia stability and 

dendrite branching and the latter through making other partners more visible by the loss 

of main synaptic partner, we sought after a possible additive effect of these two 

phenomena on synaptic promiscuity. Here, DIPγ mutant brains developed at different 

temperatures showed varying number of aberrant partners connected to yR7s. 

Specifically, we observed the highest number of aberrant partners in DIPγ mutant brains 

developed at low temperature (at 18°C between P+40%-100%) and oppositely the lowest 

number in DIPγ mutant brains developed at high temperature (at 29°C between P+40%-

100%) (Figure 6c and Supplementary Figure 4). Collectively, our results suggest that 

synapse-specific brain wiring can be established through composite instructions of 

several factors including the control of partner survival, the extent of axo-dendritic overlap, 

and dynamic neuronal interactions. Alterations in such biological mechanisms may result 

in recruitment of more or less synaptic partners which are not otherwise prevented from 

forming synaptic contacts.         

 

Discussion 

Brain wiring has long been thought as a process that appropriate synaptic partners 

express complementary molecular tags that allow them to recognize each other and form 

synaptic contacts. Such a molecular key-and-lock mechanism favors precise, hardwired 

assembly of neuronal networks but prevents individual variability, which contributes to the 

evolvability of biological systems. In fact, individuals with identical genes often have 

variable neuronal ensembles suggesting that non-heritable factors play important roles in 

neurodevelopment and synaptic connectivity. However, it remains unclear to what extent 

this is due to inherently imprecise development, i.e., stochastic and noisy neuronal 

development or environmental factors. In this study, using the Drosophila, a non-amniotic 

and ectothermic organism whose development is more susceptible to environmental 
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factors, we showed that developmental temperature affects synapse formation and 

synaptic partner choice leading to different brain wiring patterns in adults. Specifically, 

low developmental temperature leads to increased filopodial stability and axo-dendritic 

overlap between potential partners that are sufficient for the formation of not only stronger 

synaptic connections between usual synaptic partners but also the recruitment of other, 

aberrant synaptic partners. Interestingly, killing the main synaptic partner before synapse 

formation leads to a similar synaptic promiscuity suggesting that neurons have a capacity 

to form synaptic connections with most, if not all, neurons in the vicinity and factors 

including filopodia kinetics, axo-dendritic overlap and the survival of synaptic partners 

restrict the partner choice in time and space. 

We and others previously showed that neurons use several positional strategies, i.e., axo-

dendritic overlap and approach angles of axons and dendrites, and filopodia kinetics to 

exclude potential partners in the close proximity and to define the degree of synaptic 

connections between usual partners. It is also likely that differential molecular 

composition of neuronal surfaces contributes to final connectivity biasing certain synaptic 

partnerships over others. Such combinatorial activity of several factors during brain wiring 

suggests a ‘composite instruction’ including many minor contributors to the precision of 

neuronal assemblies that can each be labelled as ‘permissive’ rather than a molecularly 

encoded instruction that specifies synaptic contacts between certain partners. For 

example, our previous analysis of developmental autophagy restricting synaptic partner 

choice by the regulation of filopodia kinetics is one such example of a ‘permissive‘ factor. 

Autophagy, a ubiqutious protein degradation mechanism in all cell types, carries no 

synaptic specificity information yet leads to meaningful and predictable changes in which 

neurons get to see each other in time and space during the assembly of neuronal circuits. 

Likewise, in the present study, temperature, a physical property of outside world, leads to 

changes in neuronal characteristics that directly affect the synaptic availability of partners 

to each other. In this view, a plethora of molecular and cellular mechanisms, possibly 

under the influence of environmental conditions, work hand in hand to bring the right 

synaptic partners together in time and space although synapse formation per se may be 

a promiscuous event. Restrictions of which partners get to see each other in time and 
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space ensure a level of pre-specification by excluding most incorrect partnerships. The 

more encounters are restricted, the more synaptic promiscuity may be permissible.       

 

Materials and Methods 

Experimental model and subject details 

Flies were reared at 25°C on standard cornmeal/yeast diet unless stated otherwise. For 

developmental analyses white pre-pupae (P+0%) were collected and staged to pupal 

developmental stages shown on figures. The following Drosophila strains were either 

obtained from Bloomington Drosophila Stock Center (BDSC) or other groups: UAS-

Brpshort-GFP (S.Sigrist); Trans-tango flies (G.Barnea); DIPγnull (C.Desplan); Rh4-Gal4, 

Rh4-LacZ (M.Wernet); GRASP flies, hsflp, GMRflp, GMR-Gal4, GMR(FRT.stop)Gal4, 

FRT82B, GMR-Gal80, tub-Gal80, UAS-CD4-tdGFP, UAS(FRT.stop)CD4-tdGFP, 

GMRmyrtomato, GMR49B06-LexA (Mi4-specific driver), GMR19F01-LexA (Mi1-specific 

driver), GMR25F10-LexA (Tm9-specific driver), GMR42H01-LexA (Dm9-specific driver), 

GMR20D11-LexA (Dm3-specific driver), GMR38H06-LexA (Dm6-specific driver), 

GMR11C05-LexA (Dm11-specific driver), ortC1-3-LexADBD, ortC2B-dVP16AD (Dm8-

specific driver), GMR24F06-Gal4 (Dm8-specific driver), GMR19F01-Gal4 (Mi1-specific 

driver), GMR24C08-Gal4 (Tm9-specific driver), R48A07-p65ADZp(attP40); R79H02-

ZpGdbd(attP2) (Mi4-specific driver) (BDSC). 

 

Immunohistochemistry and fixed imaging 

Pupal and adult eye-brain complexes were dissected in cold Schneider’s Drosophila 

medium and fixed in 4% paraformaldehyde (PFA) in PBS for 40 minutes. Tissues were 

washed in PBST (0.4% Triton-X) and mounted in Vectashield (Vector Laboratories, CA). 

Images were obtained with a Leica TCS SP8-X white laser confocal microscope with a 

63X glycerol objective (NA=1.3). The primary antibodies used in this study with given 

dilutions were as follows: rat monoclonal anti-nCadherin (1:100; Developmental Studies 

Hybridoma Bank); goat polyclonal anti-GFP (1:1000; Abcam); rat monoclonal anti-GFP 

(1:500; BioLegend); rabbit polyclonal anti-CD4 (1:600; Atlas Antibodies); rabbit polyclonal 
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anti-DsRed (1:500; ClonTech). The secondary antibodies Cy3, Cy5 (Jackson 

ImmunoResearch Laboratories) and Alexa488 (Invitrogen) were used in 1:500 dilution.   

 

Brain culture and live imaging 

For all ex vivo live imaging experiments an imaging window cut open removing posterior 

head cuticle partially. The resultant eye-brain complexes were mounted in 0.4% dialyzed 

low-melting agarose in a modified culture medium. Live imaging was performed using a 

Leica SP8 MP microscope with a 40X IRAPO water objective (NA=1.1) with a Chameleon 

Ti:Sapphire laser and Optical Parametric Oscillator (Coherent). The excitation laser was 

set to 900 nm for single channel CD4-tdGFP imaging. Live imaging of R7 axon terminals 

at different temperatures was performed as follows: white pre-pupae (P+0%) were 

collected and staged to P+60% at 25°C. After eye-brain complexes were mounted in 0.4% 

dialyzed low-melting agarose in a modified culture medium, they were incubated 1 hour 

in imaging chamber at given temperatures on figures and scanned live for another hour 

with 1-min time resolution at the same incubation temperature.     

 

Trans-tango and activity-dependent GRASP 

Trans-tango and GRASP experiments were performed with yellow R7-specific driver Rh4-

Gal4. Trans-tango flies were raised at 25°C until P+40% and moved to 18°C or 29°C for 

temperature shift experiments. On the day of eclosion, flies were transferred back to 25°C 

and dissected after 1 week. The number of postsynaptic neurons was counted manually 

from their cell bodies using cell counter plugin in Fiji including all cell bodies with weak or 

strong labelling to reveal all potential connections.  For activity-dependent GRASP 

experiments, the same experimental flow was followed as in Trans-tango temperature 

shift experiments. Flies were transferred to UV-transparent Plexiglas vials on the day of 

eclosion and kept in a custom-made light box with UV light (25°C, 20-4 light-dark cycle) 

for 4 days to activate UV-sensitive R7 photoreceptors. Brains were dissected and stained 

with a polyclonal anti-GFP antibody to label R7 photoreceptors, monoclonal anti-GFP 
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antibody to label GRASP signal, and polyclonal anti-CD4 antibody to label postsynaptic 

neurons (Feinberg et al., 2008). 

 

Electroretinogram (ERG) recordings 

Newly-hatched (0-day old) adult flies were collected and glued on slides using nontoxic 

school glue. Flies were exposed to alternating 1s “on” 2s “off” light stimulus provided by 

computer-controlled white LED system (MC1500; Schott). ERGs were recorded using 

Clampex (Axon Instruments) and quantified using Clampfit (Axon Instruments). 

 

Quantification and statistical analysis 

Synapse number analysis 

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 individual axon 

terminals and Brp-positive puncta inside the Surface are filtered using the masking 

function. Brp-positive puncta in photoreceptor terminals were automatically detected with 

the spot detection module (spot diameter was set to 0.3 µ) using identical parameters 

between experimental conditions and corresponding controls. Synapse numbers were 

taken and recorded directly from statistics tab of Spot function.   

 

Dendritic branch analysis 

All imaging data were analyzed and presented with Imaris 9.0.1 (Bitplane). Dendritic 

branches were detected automatically with Filament tracer using identical parameters 

between experimental conditions and corresponding controls (largest dendrite diameter: 

3.0 µm, thinnest dendrite diameter: 0.2 µm). Inconsistencies in automatic detection were 

checked and corrected manually. The resultant values of branch numbers and dendrite 

lengths were taken and recorded directly from statistics tab of Filament tracer.      
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Statistical Analysis 

Statistical comparison of two groups was performed with non-parametric Kolmogorov-

Smirnov 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. 
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Supplementary information 

 

 
Supplementary Figure 1: Developmental temperature influences R1-R6 photoreceptors 
synapse number and neurotransmission. a-c’, Representative images of R1-R6 photoreceptor axon 
terminals with Brpshort-GFP marked active zones developed at 18°C between P+40%-P+100% 
(synaptogenesis phase) (a-a’), at 25 °C (b-b’), and 29°C between P+40%-P+100% (c-c’). d, Number of Brp 
puncta per R1-R6 terminals at different developmental temperatures. n=40 terminals per condition. Kruskal-
Wallis and Dunn’s as post-hoc test; *p<0.0332, ***p<0.0002, ****p<0.0001. e, Representative 
electroretinogram (ERG) traces recorded from fly eyes developed at 18°C between P+40%-P+100%, at 25 
°C, and at 29°C between P+40%-P+100%. f-g, Quantification of ERG depolarization (f) and on-transient 
(g) amplitudes. n=20 flies. Kruskal-Wallis and Dunn’s as post-hoc test; **p<0.0021, ****p<0.0001, ns=not 
significant. The bottom-most and top-most horizontal lines, the lower and upper hinges, and the middle line 
of the boxplots indicate the minimum and maximum values, the 25th and 75th percentiles, and the mean, 
respectively.    
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Supplementary Figure 2: Developmental temperature affects Dm8 branching. a-b, 
Skeletons reconstructed from Dm8 cells developed at 18°C between P+40%-P+100% (a) and at 29°C 
between P+40%-P+100% (b). Red dots represent contact points between R7s and Dm8s. c, Branch 
number of Dm8s developed at different temperatures during synaptogenesis. n=14 cells for 18°C 
(P+40%-P+100%), n=16 cells for 29°C (P+40%-P+100%). Kolmogorov-Smirnov test; ***p<0.0002. d, 
Mean branch length of Dm8s developed at different temperatures during synaptogenesis. n=14 cells for 
18°C (P+40%-P+100%), n=16 cells for 29°C (P+40%-P+100%). Kolmogorov-Smirnov test; ns=not 
significant. The bottom-most and top-most horizontal lines, the lower and upper hinges, and the middle 
line of the boxplots indicate the minimum and maximum values, the 25th and 75th percentiles, and the 
mean, respectively.  
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Supplementary Figure 3: Developmental temperature affects Mi4 branching. a, Dorsoventral 
view of a single Mi4 cell developed at 18°C between P+40%-P+100% and at 29°C between P+40%-
P+100%. Arrows point branches from an Mi4 cell developed at 18°C between P+40%-P+100% occupying 
M6 medulla layer where R7s are synaptically most active. b-d, Branch number (b), total branch length (c), 
and mean branch length (d) of Mi4s between medulla layers M0-M6 developed at different temperatures 
during synaptogenesis. n=16 cells per condition. Kolmogorov-Smirnov test; ****p<0.0001, ns=not 
significant. The bottom-most and top-most horizontal lines, the lower and upper hinges, and the middle 
line of the boxplots indicate the minimum and maximum values, the 25th and 75th percentiles, and the 
mean, respectively.      
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Supplementary Figure 4: Additive effect of main partner loss and developmental 
temperature on R7’s synaptic promiscuity. a-b, Representative images of neurons connected to 
yR7s in DIPγ mutant (DIPγ-/-) brains developed at 18°C between P+40%-P+100% (a) and at 29°C 
between P+40%-P+100% (b) labelled with trans-Tango. Note increased labelling of neurons aberrantly 
connected to yR7s at low developmental temperature showing the additive effects of DIPγ loss-of-
function and developmental temperature on synaptic promiscuity. Magenta=postsynaptic neurons, 
green=CadN.  
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6. General Discussion 

The aim of my doctoral work has been on contributing to answer the long-lasting and 

challenging questions in neurobiology such as “How do neurons form specific synaptic 

contacts with only some neuronal partners while avoiding others during brain 

development?” and once they establish these contacts and become mature neurons, 

“How do they keep themselves and particularly their synapses functional and healthy over 

a long period of time?”. I approached these questions from the perspective of possible 

local roles of lysosomal degradation pathways including endocytic and autophagic routes 

and also possible effects of developmental temperature. Both in development and 

function, neurons need robust ways to ensure to maintain protein quality and proper 

membrane turnover, which are particularly challenging at axon terminals and dendrites 

generally situated away from the cell body. Previous studies showed the presence of local 

translation machineries and mRNAs at axon terminals and dendrites suggesting rapid 

production of proteins locally without communicating with the cell body (Sachdeva et al., 

2016; Steward, 2002; Steward and Schuman, 2001). However, to date, local protein 

degradation studies have particularly focused on proteasomal degradation that mainly 

degrades cytosolic proteins (Hakim et al., 2016; Hamilton and Zito, 2013; Yi and Ehlers, 

2007). This leaves unanswered questions regarding possible local roles of other protein 

degradation pathways including endolysosomal degradation and autophagy both in 

developing and functional neurons. Also, to date, studies on the effect of environmental 

temperature on brain wiring mainly focused on behavioral changes in adult animals 

leaving the question whether and how developmental temperature may affect formation 

of neuronal circuits in cellular level.  In the following sections, the results obtained during 

my doctoral work will be discussed in relation to previously published studies.       

Local degradation of synaptic vesicle and plasma membrane proteins in 
distinct endolysosomal compartments 

Neurons need compartmentalized regulation of membrane protein turnover in axons, 

dendrites and the cell body to ensure normal development and function. Recent studies 

have shown local generation of autophagosomes and endocytic compartments and 

identified several synaptically enriched proteins regulating their formation (Maday and 
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Holzbaur, 2016; Maday et al., 2012; Okerlund et al., 2017; Uytterhoeven et al., 2011). 

Particularly, previous discovery of neuron-specific endosomal sorting mechanism 

operated by synaptic vesicle proteins n-Syb and V100 at axon terminals suggests that 

neurons may exploit local, neuron-specific protein quality control pathways (Haberman et 

al., 2012; Williamson et al., 2010a). However, the exact locale that degradation occurs, 

i.e., whether these locally generated organelles are transported back to the cell body for 

degradation or whether degradation can occur locally is still unclear. In addition, it still 

remains largely unknown whether different degradation mechanisms exert distinct cargo-

specificity. 

In the first study (Chapter 1), we addressed these questions in an unbiased way by live 

observation of cargo sorting and degradation at different locales of Drosophila 

photoreceptors using mCherry-pHluorin acidification-sensing degradation probes. Our 

key findings in this study were: (1) Both general plasma membrane proteins and synaptic 

vesicle proteins are sorted and degraded locally at axon terminals and (2) different types 

of cargos (plasma membrane proteins vs synaptic vesicle proteins) are sorted for 

degradation into distinct endolysosomal compartments or ‘hubs’ at axon terminals and 

are degraded by molecularly distinct pathways. We named these distinct sort-and-

degrade compartments as hubs because we never observed appearance or 

disappearance of these structures although smaller compartments constantly fuse and 

bud off. The composition of hub compartments at a given time finely reflects their dynamic 

nature: although some are enriched in early endosomal markers, others are marked by 

lysosomal markers. This finding blurs the spatial distinction of endocytic compartments 

and suggest that the same compartment, though possibly according to its maturation 

state at different times, may be used as a general sort-and-degrade station. 

The hub compartments as sort-and-degrade stations at axon terminals clearly show that 

proteins are sorted and degraded locally at axon terminals. However, in order to address 

the question of cargo-specificity, i.e., which membrane proteins are degraded by what 

mechanisms, we designed two mCherry-pHluorin probes: first, a general membrane 

cargo by fusing myristoylated residue with mCherry-pHluorin that is located on most 

membrane in an unbiased manner and second, fusing a synaptic vesicle protein 
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Synaptotagmin 1 (Syt1) with mCherry-pHluorin that is located on synaptic vesicles with 

high specificity. Here, live imaging of these probes at axon terminals demonstrated sorting 

of different cargos into morphologically distinct, non-overlapping hub compartments. This 

morphological distinction is also reflected by the protein machineries that differentially 

control sorting and degradation of distinct cargos. Although general membrane cargos 

are sorted and degraded by Rab7-dependent ubiquitous endomembrane degradation, 

synaptic vesicle cargos are sorted and degraded by previously identified neuronal sort-

and-degrade mechanism operated by synaptic proteins n-Syb and V100 in a Rab7-

independent manner. Given the fact that Rab7 is the key regulator of endosomal 

maturation from early endosome to late endosome/MVB in all cells including neurons 

(Guerra and Bucci, 2016), the question arises here: How are synaptic vesicle proteins 

specifically sorted into synaptic vesicle hubs? Synaptic vesicle protein sorting into distinct 

hub compartments is Rab7-independent suggesting that maturation of synaptic vesicle 

hubs bypasses the requirement of Rab5-to-Rab7 switch for normal maturation of 

endosomes in degradative route (Rink et al., 2005). One possibility of synaptic vesicle 

protein sorting in a Rab7-independent way is direct fusion of synaptic vesicles with the 

synaptic vesicle hub. Such mechanism might also require an intermediate endocytic 

sorting station downstream of synaptic vesicle retrieval from the plasma membrane. 

Recent reports on Rab35/Sky-dependent sorting mechanism into such intermediate 

endocytic compartments for synaptic vesicle rejuvenation might represent such a route. 

However, in our work, we observed similar overlap of Sky with both hub types implying 

that it may have role in both ubiquitous and neuron-specific pathways. Consistently, Sky-

dependent synaptic vesicle turnover is affected by Rab7 loss-of-function and sky mutant 

affects turnover of some synaptic vesicle proteins including n-Syb (Fernandes et al., 

2014; Uytterhoeven et al., 2011). Further work is still needed to identify molecular players 

regulating synaptic vesicle sorting into degradative pathways.  

Autophagy is another possible route for degradation of general and synaptic vesicles 

cargos. Our co-localization experiments with autophagy marker Atg8 showed significantly 

higher co-localization with Rab7-dependent general cargo hubs than synaptic vesicle 

hubs. However, live observation of autophagosomes formed at axon terminals revealed 

that they are distinct from hub compartments based on dynamics. Following their 
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formation at axon terminals, they directly enter the axon without initial involvement in any 

fusion or fission process. However, it is possible that autophagosomes can engulf hub 

compartments as a whole providing alternative degradation route for both types of 

proteins. Still, the different dynamics of autophagosomes compared to hub compartments 

urged us to investigate its possible roles at axon terminals of developing neurons, which 

will be discussed in the next section.                 

Filopodia dynamics restrict synapse formation and synaptic partner choice 

Previous reports showed continuous, de novo formation of autophagosomes at axon 

terminals of primary mammalian neuron cultures and developing Drosophila R1-R6 

photoreceptor terminals (Maday and Holzbaur, 2016; Maday et al., 2012; Okerlund et al., 

2017). However, the possible functions played by developmental autophagy at axon 

terminals have remained unknown. One of the key findings in the second study (Chapter 

2) was the observation of selective autophagosome formation at the tip of synaptogenic 

filopodia of developing R7 axon terminals and subsequent destabilization of these 

structures. Previously, our group demonstrated an active role of R7 axonal filopodia 

dynamics during synaptogenesis which led to the proposal of serial synapse formation 

model based on competitive distribution of synaptic building materials between 

synaptogenic filopodia (Ozel et al., 2019). Based on this model and our observation of 

autophagosome formation at the tip of synaptogenic filopodia, we showed that autophagy 

regulates axonal filopodial dynamics by keeping the amount of synaptic building materials 

at axon terminals in balance and consequently loss of autophagy leads to ectopic 

synapse formation during brain wiring. More importantly, using trans-synaptic tracing 

method ‘Trans-tango’ and GFP reconstitution across synaptic partners (GRASP), we 

showed that autophagy-deficient neurons connect to several aberrant synaptic partners 

causing neuronal miswiring. 

Given the fact that loss of autophagy during brain wiring particularly affects axonal 

filopodial dynamics without affecting R7’s axon targeting to normal medulla layer target 

M6 but still leads to aberrant connections with wrong partners suggest that it kinetically 

restricts synapse formation with incorrect partners through regulation of filopodia 

dynamics. Previous studies have shown that when directed to ectopic locations, neurons 
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readily form synapses with incorrect partners suggesting that synapse formation per se 

can be promiscuous (Hassan and Hiesinger, 2015; Kulkarni et al., 2016). Our findings in 

this study point to the fact that after normal axonal pathfinding to the correct target region, 

regulation of filopodia dynamics, i.e., speed and stability, might restrict or facilitate 

neuronal encounters between potential partners. Together with adhesive and repellent 

molecular interactions between potential neuronal partners, such dynamic interactions 

between axons and dendrites may sharpen synaptic specificity leading to proper neural 

circuit ensembles.  

How does a ubiquitous degradation mechanism like autophagy regulate synaptic 

specificity? In one scenario, autophagy might be particularly triggered to remove 

immature synapses when two wrong partners attempt to form a synaptic connection. 

Alternatively, autophagy might set a global threshold on filopodial stability along axon 

terminals so that only partners in close proximity and with proper molecular affinity can 

form synapses. Our synaptogenic filopodia and synapse distribution data along R7 axon 

terminals in loss of autophagy showed a proportional increase in all medulla layers 

suggesting that autophagy is not differentially triggered in filopodia in distinct medulla 

layers. One interesting outcome of this global thresholding is that, in loss of autophagy, 

the aberrant partners R7s more frequently connect to have dendritic branches at medulla 

layers where R7s possess most of their filopodia and eventually form most of their 

synapses. Oppositely, aberrant partners with dendritic braches at medulla layers where 

R7s have very little filopodial activity during development form synaptic connections in a 

lesser extent. These findings suggest that synapse specificity between R7 photoreceptors 

and potential synaptic partners is established through combination of several layers of 

cellular processes: first, intrinsic developmental program of R7 photoreceptors control 

when and where at their axon terminals to form filopodia; second, cell biological 

mechanisms such as autophagy set thresholds to dynamic encounters between neuronal 

partners although these mechanism themselves carry no synaptic specificity information; 

and third, different adhesive and repellent molecular interactions might bias certain 

synaptic interactions over others. Based on this combinatorial model for synaptic 

specificity, we can speculate that many other biological mechanisms might play a role in 



 

113 
 

establishing synaptic specificity and small changes in these biological mechanisms might 

be a driving force of evolutionary programming of neuronal circuits. 

Our findings on filopodia speed and stability affecting synapse number and synaptic 

partner choice during development of neuronal circuits in an autophagy-dependent 

manner urged us to ask the question whether filopodia dynamics is a general strategy 

used by neurons to restrict which partners they get to see in time and space or is it caused 

by some other biological mechanism affected by loss of autophagy that we did not 

investigate in Chapter 2. Here, to generalize the idea that filopodia dynamics play an 

important role in synaptic partner selection, we took an unconventional way to affect 

filopodia dynamics during development. Instead of using a genetic manipulation, in 

Chapter 3, we exposed pupae to different environmental temperature during 

synaptogenesis phase and showed that temperature experienced by pupae during 

development affects filopodia speed and stability in an expected way: R7 axonal filopodia 

show slow and more stable filopodia at low temperature and oppositely, filopodia get 

faster and unstable at high temperature. Similar to autophagy-dependent changes in 

filopodia speed and stability affecting synaptic partner choice, here we also showed that 

low developmental temperature leads to aberrant synaptic connections between R7s and 

potential partners in close proximity. Collectively, these results demonstrate that filopodia 

kinetics play an important role in synaptic partner selection during formation of neuronal 

circuits.  

Brain wiring with combinatorial role of several ‘permissive’ factors 

To date, most efforts to explain synapse-specific brain wiring have focused on studying 

of molecularly encoded instructions that specify synaptic contacts. In this view, 

‘instructive’ cues present on presumptive synaptic partners bring right partners together 

through attraction or exclude wrong connections through repulsion. Such an instructive 

mechanism can be described as a molecular key-and-lock mechanism so that synaptic 

connections would not form if the key does not fit the lock. In fact, over the years several 

examples of such molecular interactions have been found that bias certain synaptic 

interactions over the others (de Wit and Ghosh, 2016; Sanes and Zipursky, 2020). On the 

other hand, several other works demonstrated that neurons readily form synapses with 
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incorrect partners when given the opportunity (Agi et al., 2020; Clements et al., 2008; 

Edwards and Meinertzhagen, 2009; Hassan and Hiesinger, 2015; Van der Loos and 

Glaser, 1972). Dm8 cell ablation experiments presented in Chapter 3 also favors this idea: 

In the absence of their main synaptic partner, R7 photoreceptors find alternative partners 

to synapse with. A molecular key-and-lock mechanism does not allow synapse formation 

between wrong partners but the fact that neurons can form promiscuous synapses when 

projected to wrong target areas or lose their normal synaptic partners suggest that 

synaptic promiscuity may be the integral part of the brain wiring process. Simply, 

restriction of neuronal encounters in time and space ensures only certain partners get to 

see each other with the exclusion of most, maybe in some cases all, incorrect partners 

even if the last synapse formation step is promiscuous. The results presented in this 

doctoral work also favor such a view of brain wiring. Autophagy as a general protein 

degradation mechanism and temperature as a physical property of outside world do not 

contain synaptic specificity information but yet lead to meaningful changes in synaptic 

partner selection. Therefore, we propose that proper brain wiring is the result of 

combinatorial action of several such ‘permissive’ factors, which do not instruct synapse 

specificity but collectively form composite instructions during growth program that give 

rise to specificity. Small changes in permissive mechanisms such as in level of autophagy 

may lead to subtle but selectable and heritable changes in brain wiring program that may 

be a means of evolutionary programming of neuronal circuits and behavior.                                
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7. Outlook and future directions  

The goal of this doctoral work was to identify possible strategies neurons use for synaptic 

partner selection and maintenance of these synaptic connections. The first work led to 

the discovery of two parallel endolysosomal degradation pathways operating locally at 

axon terminals with distinct molecular players and with distinct cargo specificity. Although 

we successfully showed degradation of plasma membrane and synaptic vesicle cargos 

in distinct local degradative hub compartments, the exact mechanism of how different 

cargos are sorted into distinct compartments for degradation still remains elusive. 

Screening for molecular players in this sorting process would be a good direction to 

address this question. Particularly, the large family of Rab GTPases and their effectors 

with many neuron-specific and neuron-enriched members would be ideal candidates to 

screen for regulators of synaptic vesicle hub sorting and degradation. In addition to 

intracellular local degradation mechanisms in neurons, recent evidence demonstrated 

degradation of cargos originated in neurons by neighboring cells, particularly glia (Han et 

al., 2014; Jin et al., 2018; Song et al., 2008; Yuyama et al., 2012). An unpublished 

observation we made during this study was the presence of degradative compartments 

outside of photoreceptor axon terminals where several different type of glial cells are 

located. Following this observation, it would be interesting to address the following 

questions: Are these compartments released by photoreceptor axon terminals? If so, 

what molecular machinery controls this release and capture by recipient cells? And what 

is the physiological importance of cargo degradation by neighboring cells during 

development and maintenance? Together with compartmentalized intracellular 

degradation mechanisms in neurons, future research on extracellular degradation 

mechanisms might progress our understanding of the role of these biological processes 

in neuronal development and maintenance.  

Our observation of local generation of autophagosomes but their distinct dynamic 

behaviors compared to local endocytic hub compartments urged us to investigate the role 

of autophagy in developing axon terminals. This study led to the discovery of a highly 

specific role of autophagy to regulate axonal filopodial dynamics. Subsequent loss of 

function analyses demonstrated ectopic synapse formation and neuronal miswiring due 
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to increased stability of axonal filopodia. Considering that autophagy is a bulk degradation 

mechanism and mostly unspecific in nature, one can assume that defects in several other 

biological processes might have a similar or opposite impact on filopodial stability and 

eventual impact on brain wiring. The anterograde transsynaptic circuit tracing method 

‘Trans-tango’ can ideally be used to identify proteins and protein families affecting brain 

wiring via mutant or knockdown analyses of target genes. Strong candidates for such a 

screen would be actin regulatory proteins since they are known to regulate filopodia 

extension and retraction through polymerization/depolymerization of actin filaments. 

Furthermore, there are several Rab GTPase proteins known to be involved in 

formation/maturation process of autophagosomes that one can investigate localization of 

these protein in filopodia, whether and how they affect filopodia dynamics and 

subsequently if their loss- and/or gain-of-function leads to brain wiring defects.     
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8. Summary 

The daunting complexity of the brain emerges from the large number of neurons it 

contains and their compartmentalized synaptic interactions at axon terminals and 

dendrites. Generation of functional neuronal networks requires robust, unambiguous 

developmental processes to ensure synapse-specific neuronal partner choice and 

subsequent maintenance mechanisms to keep neurons and particularly synapses healthy 

and functional over a long time. Defects in wiring and maintenance mechanisms are 

associated with neuropsychiatric and neurodegenerative disorders.  

Having regard to the importance of protein quality control mechanism both during 

development and function of the nervous system, in this doctoral work, I investigated 

possible local roles of lysosomal degradation pathways including ubiquitous and neuron-

specific endolysosomal degradation and autophagy at axon terminals. Using live imaging 

in intact Drosophila brains and novel acidification-sensing degradation probes, first, we 

reported a direct live observation of local protein degradation at axon terminals in large, 

acidified compartments. These acidic, degradative endocytic compartments undergo 

continuous flux of fusion and fission of smaller compartments that is reflected by their 

molecular composition at a given time. Therefore, we named these compartments ‘local 

hubs’ as they behave as sort-and-degrade stations for local protein turnover at axon 

terminals. Secondly, we reported differential, cargo-specific sorting of plasma and 

synaptic vesicle membrane proteins into distinct hubs via two molecularly distinct 

pathways. Although plasma membrane protein sorting and degradation depends on 

ubiquitous Rab GTPase, Rab7, synaptic vesicle membrane protein sorting and 

degradation is Rab7-independent and operated by previously characterized synaptic 

vesicle proteins V100 and n-Syb. V100, as a subunit of a proton pump, particularly affects 

acidification of synaptic vesicles hubs, whereas n-Syb is required for the delivery of golgi-

derived microvesicles containing acidic hydrolases into synaptic vesicle hubs. 

Interestingly, autophagy does not overlap with any of these local degradation pathways. 

Following their formation at axon terminals, they enter in axons without engaging in any 

fusion/fission events, hence morphologically and dynamically distinct from local hub 

compartments.  
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Despite several reports on formation of autophagosomes at axon terminals, potential 

physiological roles it may exert still remain largely unknown, especially during neural 

circuit assembly. Live imaging of developing Drosophila photoreceptor axon terminals 

with autophagosome markers revealed their formation at the tip of synaptogenic filopodia 

followed by destabilization of these structures. Consistent with this observation, loss of 

function analyses of autophagy in developing Drosophila photoreceptors revealed 

increased stability of synaptogenic filopodia and subsequent increase in synapse 

numbers. More importantly, autophagy-deficient neurons connect to several aberrant 

synaptic partners causing neuronal miswiring. Finally, adult flies with miswired brains due 

to loss of autophagy show distinct and predictable behavioral phenotypes such as 

prolonged, repetitive visual attention to objects. Interestingly, development at colder 

temperatures exerts similar effect on filopodial stability as in loss of autophagy where 

axonal filopodia slow down and stabilize more synaptogenic filopodia. This effect on 

filopodia stability further leads to increased synapse formation and recruitment of aberrant 

synaptic partners changing brain wiring pattern. Collectively, these results demonstrate 

that filopodia kinetics play an important role to restrict or facilitate synaptic partnerships 

between neurons in close proximity during brain wiring.   

In conclusion, my doctoral work contributed to better understanding of local functions of 

protein degradation machineries and developmental temperature during brain wiring and 

maintenance. Unexpected roles of such cellular mechanisms and external factors in 

establishing proper neuronal circuits point to the fact that combinatorial action of several 

factors in time and space during brain development contribute to the final outcome, a 

functional brain.         
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9. Zusammenfassung 

Die ungeheure Komplexität des Gehirns ergibt sich aus der großen Anzahl von Neuronen, 

sowie die um mehrere Größenordnungen höheren Anzahl von synaptischen 

Verbindungen zwischen den axonischen und dendritischen Bereichen der Neuronen. Die 

Bildung funktioneller neuronaler Netzwerke erfordert robuste, eindeutige 

Entwicklungsprozesse, um die synaptische Spezifität bei der neuronalen Partnerwahl und 

nachfolgender Erhaltungsmechanismen zu gewährleisten, damit Neuronen und 

insbesondere Synapsen über lange Zeit gesund und funktionsfähig bleiben. Defekte in 

den Verdrahtungs- und Erhaltungsmechanismen werden mit neuropsychiatrischen und 

neurodegenerativen Störungen in Verbindung gebracht.  

In dieser Doktorarbeit untersuche ich die lokale Rolle von lysosomalen Abbauwegen als 

Mechanismus zur Kontrolle von Proteinqualität sowohl während der Entwicklung als auch 

während der Funktion des Nervensystems. Hierbei konzentriere ich mich auf den 

ubiquitären und Neuronen spezifischen endolysosomalen Abbau sowie der Autophagie 

in Axonendigungen. Unter Verwendung von ‚live-imaging‘ in intakten Drosophila-

Gehirnen und neuartigen optischen Proben, die durch die Messung der Azidität indirekt 

Aufschluss über den Degenrationszustand geben, berichteten wir zunächst, dass der 

lokale Proteinabbau an Axonendigungen in großen, sauren Kompartimenten stattfindet. 

Diese sauren, endocytische Kompartimente unterliegen einem kontinuierlichen 

Wechselspiel von Verschmelzung und Spaltung kleinerer Kompartimente, was sich in 

ihrer molekularen Zusammensetzung zu einem gegeben Zeitpunkt widerspiegelt. Diese 

Kompartimente nannten wir "lokale Hubs", da sie als lokale Sortier- und Abbaustationen 

für Proteine an den Axonendigungen fungieren. Desweitern berichteten wir über die 

differentielle Sortierung von Plasmamembranproteinen und synaptischen 

Vesikelmenbranproteinen in verschiedene ‚Hubs‘ über zwei molekular unterschiedlich 

Wege. Obwohl die Sortierung und der Abbau von Plasmamembranproteinen von der 

ubiquitären Rab-GTPase, Rab7, abhängt, ist die Sortierung und der Abbau von 

synaptischen Vesikelmembranproteinen Rab7-unabhängig und wird von den zuvor 

charakterisierten synaptischen Vesikelproteinen V100 und n-Syb betrieben. V100, 

Untereinheit einer Protonenpumpe, beeinflusst insbesondere die Azidifikation der 
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synaptischen Vesikel-Hubs, während n-Syb für die Zufuhr von Mikrovesikeln aus dem 

Golgi Apparat, die azidifizierende Hydrolasen enthalten, in die synaptische Vesikel-Hubs 

erforderlich ist. Interessanterweise überschneidet sich die Autophagie mit keinem dieser 

lokalen Degradationswege. Nach der Bildung der Hubs an den Axonendigungen wandern 

diese in das Axon ein ohne an weitern Fusions- oder Spaltungsereignissen beteiligt zu 

sein, und unterscheiden sich daher morphologisch und dynamisch von ‚lokalen Hub‘.  

Trotz mehrerer Berichte über die lokale Entstehung von Autophagosomen an 

Axonendigungen ist ihre mögliche physiologische Rolle noch weitgehend unbekannt, 

insbesondere während der Entwicklung neuronaler Schaltkreise. ‚Live-imaging‘ von 

Autophagosomen-Markern in sich entwickelnden Axonendigungen von Drosophila-

Photorezeptoren zeigte die Bildung von Autophagosomen an der Spitze synaptogener 

Filopodien und die anschließende Destabilisierung dieser Strukturen. Im Einklang mit 

dieser Beobachtung zeigten Analysen des funktionellen Verlust von Autophagie in sich 

entwickelnden Drosophila-Photorezeptoren eine erhöhte Stabilität der synaptogenen 

Filopodien und eine anschließende Zunahme der Synapsen Anzahl. Noch wichtiger ist, 

dass Neuronen mit verminderter Autophagie sich vermehrt mit atypischen synaptischen 

Partnern verbinden, was zu Fehlentwicklung neuronaler Netzwerke führt. Adulte Fliegen 

mit fehlentwickelten neuronalen Netzwerken, aufgrund des Verlusts der Autophagie, 

zeigen ausgeprägte und vorhersagbare Verhaltensphänotypen wie verlängerte, 

wiederholt auftretende visuelle Aufmerksamkeit auf Objekte. Interessanterweise hat die 

Entwicklung bei kälteren Temperaturen eine ähnliche Wirkung auf die Stabilität der 

Filopodien wie der Verlust von Autophagie, wie etwa die Verlangsamung der  axonalen 

Filopodien die zu einer erhöhten Stabilisation der synaptogenen Filopodien führt. Dieser 

Effekt auf die Stabilität der Filopodien führt außerdem zu einer verstärkten 

Synapsenbildung und zur Rekrutierung von atypischen synaptischen Partnern, die das 

Verdrahtungsmuster des Gehirns verändern. Zusammengenommen zeigen diese 

Ergebnisse, dass die Filopodienkinetik eine wichtige Rolle spielt bei der Etablierung von 

synaptischen Verbindungen zwischen Neuronen während der Entwicklung des 

Nervensystems. 
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Abschließend möchte ich sagen, dass meine Doktorarbeit zu einem besseren 

Verständnis der lokalen Funktionen von Proteinabbaumechanismen und der 

Entwicklungstemperatur während der Entwicklung und Erhaltung des Nervensystems 

beigetragen hat. Die unerwartete Rolle solcher zellulären Mechanismen sowie externer 

Faktoren, wie die Entwicklungstemperatur,  bei der Etablierung von funktionellen 

neuronalen Schaltkreisen deuten darauf hin, dass die synergistische Wirkung mehrerer 

Faktoren, in zeitlicher und räumlicher Abfolge, elementare zur Entwicklung eines 

funktionierenden Gehirnes beitragen. 
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