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Περίληψη 

 

Η αυτοφαγία είναι ένα εξαιρετικά συντηρημένο καταβολικό μονοπάτι πολλαπλών 

βημάτων. Κατα τη διάρκεια της αυτοφαγίας κυτταρικά συστατικά απομονώνονται σε 

κυστίδια διπλής μεμβράνης, τα οποία καλούνται αυτοφαγοσώματα, και 

μεταφέρονται στα λυσσοσόματα όπου αποικοδομούνται. Εκτός από τον καλά 

χαρακτηρισμένο αυτό ρόλο της αυτοφαγίας, ως “bulk process” μέσω της οποίας 

περιττά μόρια εξαλείφονται ή πραγματοποιείται κυτταρική απόκριση σε συνθήκες 

στρες, η διεργασία αυτή φαίνεται πως μπορεί να εξυπηρετεί εξειδικευμένες 

λειτουργίες σε συγκεκριμένους κυτταρικούς τύπους. Σε συμφωνία με αυτή την ιδέα, 

πρόσφατες ενδείξεις υποδεικνύουν ότι η αυτοφαγία διευκολύνει την μη-συμβατική 

έκκριση των πρωτεινών που βρίσκονται στο κυτταρόπλασμα όπως οι μη 

κατευθυνόμενες κυτταροπλασματικές πρωτεΐνες. Επίσης, επηρεάζει τις συμβατικές 

εκκριτικές οδούς, συμπεριλαμβανομένης της βασικής και ρυθμιζόμενης έκκρισης, 

ενώ παράλληλα προωθεί εναλλακτικές οδούς για την μεταφορά πρωτεϊνών, οι 

οποίες ενσωματώνοτναι στην πλασματική μεμβράνη. Επιπλέον, αρκετές μελέτες 

αποδεικνύουν ότι τόσο η υπερέκφραση όσο και η αναστολή των μοριών που 

εμπλέκονται στην διαδικασία της αυτοφαγίας, επιφέρει δραματικές αλλοιώσεις στο 

κυτταρικό εκκριτικό προφίλ και επηρεάζει την έκκριση πλήθους παραγόντων. 

Περιλαμβάνοντας ευρύ φάσμα εκκρινόμενων παραγόντων, η έκκριση μέσω της 

αυτοφαγίας έχει συσχετισή με ασθένεις όπως ο καρκίνος ή τα νευροεκφυλιστικά 

νοσήματα. Όσον αφορά στους νευρώνες, πρόσφατη μελέτη αποκάλυψε ότι ο BDNF, 

ο κύριος αυξητικός παράγοντας του κεντρικού νευρικού συστήματος (CNS), προκαλεί 

πλαστικότητα στις νευρικές συνάψεις μέσω καταστολής της αυτοφαγίας, ενώ άλλες 

μελέτες προτείνουν πως η ενεργοποίηση της αυτοφαγίας μπορεί να 

πραγματοποιηθεί μέσω του p75NTR, έναν υποδοχέα στον οποίο δεσμεύεται το 

πρόδρομο μόριο του BDNF (proBDNF).  Συνεπώς, αποφασίσαμε να διερευνήσουμε το 

ρόλο της αυτοφαγίας στην έκκριση του proBDNF υπό συνθήκες στρες και να 

ελέγξουμε εάν ο συγκεκριμένος αυξητικός παράγοντας εμπλέκεται στην επαγωγή της 

αυτοφαγίας. Τα ευρήματά μας υποδεικνύουν ότι υπό συνθήκες έλλειψης θρεπτικών 

στοιχείων ο proBDNF εκκρίνεται μέσω των αυτοφαγοσωμάτων και πιθανώς επάγει 

απόπτωση σε κύτταρα στόχους μέσω ενεργοποίησης του p75ΝΤR υποδοχέα. 

Επιπρόσθετα, αναπτύξαμε ένα ιικό construct για την παρακολούθηση της 

αυτοφαγικής ροής για να επιβεβαιώσουμε την υπόθεσή μας ότι η απόπτωση των 

κυττάρων στόχων του proBDNF πραγματοποιείται μέσω της επαγωγής της 

αυτοφαγίας. 
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Abstract 

 

Autophagy is a highly conserved multistep catabolic process during which cellular 

constituents sequestered in double membrane-bound vesicles, termed 

autophagosomes, and delivered to the lysosomes for degradation. Apart from the 

well-established role of autophagy as a bulk process clearing the cell of superfluous 

molecules or contributing to cell response under stress conditions, it is increasingly 

appreciated that autophagy can serve specific functions in specialized cell types. In 

line with this notion, recent evidence suggests that autophagy facilitates 

unconventional secretion of the cytosolic cargo such as leaderless cytosolic proteins, 

and also affects conventional secretory pathways, including the constitutive and 

regulated secretion, as well as promotes alternative routes for trafficking of integral 

membrane proteins to the plasma membrane. Furthermore, several studies 

demonstrate that either overexpression or inhibition of autophagy mediators, 

dramatic alterations in the cellular secretory profile occur and secretion of a plethora 

of factors is affected. Encompassing a wide range of secreted factors, autophagy-

mediated secretion is involved in diseases ranging from cancer to neurodegeneration. 

As refer to neurons, recent study revealed that BDNF, the major growth factor for the 

central nervous system (CNS) induce synaptic plasticity via suppressing autophagy, 

while other studies suggested autophagy activation by p75NTR, a receptor in which 

BDNF precursor (proBDNF) selectively binds. Thus, we decided to investigate the role 

of autophagy in proBDNF secretion under stress conditions and demonstrate if it is 

involved in autophagic flux induction. Our findings suggest that under nutrient 

deprivation proBDNF is unconventionally secreted via autophagosomes and it likely 

induces apoptosis in post synaptic cells via p75NTR activation. We also developed a viral 

construct for monitoring of autophagic flux in order to confirm our suggestion that 

apoptosis is mediated by autophagy induction. 
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 Introduction  
 

1.1. Autophagy: a cell death phenomenon or a cell survival process? 
 

Autophagy, the process of self-eating, is a highly conserved catabolic pathway through 

which defective or superfluous damaged intracellular constituents are driven to the 

lysosomes for degradation. Autophagy runs in parallel to the Ubiquitin-Proteasome 

System (UPS), however it does not only degrade proteins but also other 

macromolecules and organelles, such as lipids, ribosomes, nuclei, endoplasmic 

reticulum (ER) and mitochondria. Therefore, autophagy is pivotal mechanism for the 

cell to produce new building blocks and safeguard its homeostasis. Apart from its 

housekeeping role under basal conditions, under nutrient starvation, hypoxia or 

energy depletion, hormonal stimulation or pharmaceutical agents autophagy can also 

be increased in the cells in order to recycle cytosolic components and compensate for 

the negative energy equilibrium.  

    Autophagy can be broadly classified into three types: microautophagy, chaperone-

mediated autophagy (CMA) and macroautophagy. Microautophagy refers to the 

invagination of the lysosomal membrane resulting in the direct engulfment of 

substrates that are subsequently degraded by lysosomal proteases. Chaperone-

mediated autophagy involves the direct translocation of cytoplasmic proteins by 

HSC70 and its co-chaperones, that recognize cytosolic proteins with a KFERQ-like 

pentapeptide, to the lysosomal protein LAMP2A resulting in their unfolding and 

degradation (Kaur & Debnath, 2015). Macroautophagy is the major (and most studied) 

type of autophagic process, whereby cargo is recognized and enclosed by an isolation 

membrane, which elongates and forms a double membrane structure, the 

autophagosome which fuses with the lysosome for degradation (Figure 1). (Mizushima 

and Komatsu 2011; Mizushima, Yoshimorim, and Levine 2010; V. Nikoletopoulou et 

al. 2015). Hereafter macroautophagy will be referred to simply as autophagy. 

 

Figure 1: Different autophagic pathways and analytical scheme of macroautophagy 

mechanism (Kaur & Debnath, 2015). 
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1.2. Molecular mechanism of autophagy 

 

Initiation  

The molecular mechanism of autophagy is evolutionarily conserved from yeast to 

mammals and involves several autophagy–related (Atg) proteins which orchestrate 

the initiation, elongation, maturation and fusion stages of the pathway. Autophagy 

starts with the formation of the initiation complex which consists of ULK1/2-Atg13-

FIP200-Atg101 proteins in phagophore assembly sites (PAS), located in multiple sites 

through the cytoplasm. It is followed by membrane expansion and the formation of 

the primary double-membrane sequestering component, which is termed 

phagophore. Phagophore characterized as a cup shaped membrane which could 

probably derive from endoplasmic reticulum or mitochondria, as the most lipid 

synthesis occurs there (Mizushima 2018). The origin of autophagosomal membranes 

remains a controversial issue, as several studies support that diverse organelles 

including the ER, Golgi, and plasma membrane can be the source of autophagic 

membranes (Bento et al., 2016). During elongation the phagophore fully surrounds its 

cargo and fuses to form the mature autophagosome. Association of PAS components 

is known to lead to proper localization of ULK1 and stimulate its kinase activity. The 

activated Ulk1 complex recruits the (Ptdlns) 3-kinase complex (including Ambra1, 

Beclin 1, Atg14 (L)/barkor, Vps15 and Vps34) to initiate the vesicle nucleation (Ganley 

et al. 2009; V. Nikoletopoulou et al. 2015). 

 

Nucleation and Elongation  

   Essential for vesicle nucleation are Double FYVE-containing protein 1 (DFCP1) and 

WD repeat domain phosphoinositide-interacting protein (WIPI), which form a specific 

ER structure, the omegasome that serves as a platform for the formation of the 

phagophore and the initiation of vesicle nucleation (K. H. Kim and Lee 2014). For 

phagophore elongation and autophagosome completion two ubiquitin–like 

conjugation pathways are required. The first leads to the conjugation of Atg5–Atg12 

through the concerted action of ATG7 (E1-like enzyme) and ATG10 (E2-like enzyme), 

which then form a multimeric complex with Atg16L. The second ubiquitin–like system 

involved in autophagosome formation results in the processing of microtubule–

associated protein light chain 3 (LC3-II). LC3-I, the cytosolic form of LC3 is generated 

by cleavage of pro-LC3 by ATG4B and further processed by ATG7 and ATG3 to form 

the PE-LC3 / LC3-II protein, a species that integrates into lipid membranes of 

phagophores and autophagosomes and can directly interact with autophagic protein 

substrates through the LIR (LC3 interacting region) motif. Atg16–Atg5–Atg12 complex 

dissociates from the autophagosome, after its closure, while LC3B–II is found on both 

the inner and the outer surfaces of the autophagosome and its levels correlate with 

the number of autophagosomes. Hence, LC3-II is used as a marker of autophagy 

(Mizushima and Komatsu 2011; V. Nikoletopoulou et al. 2015). 
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Fusion with lysosome and degradation 

   Mature autophagosomes are transported to lysosomes along microtubules using 

dynein–dynactin complex and fuse with them resulting in the formation of 

autolysosomes. In the final step, cytoplasmic components are digested by lysosomal 

enzymes. Apart from the cargo, lysosomal enzymes also degrade the inner membrane 

of the autophagosome (V. Nikoletopoulou et al. 2015). In mammals, in some cases 

autophagosomes can be fused with early or late endosomes forming an amphisome, 

before fusing with the lysosome (endocytic pathway) (Xie & Klionsky 2007; Parzych & 

Klionsky, 2014). 

 

1.3. Regulation of autophagy 

Autophagy is a highly dynamic process, which can be regulated by many different 

ways. It is a pivotal source of energy that can be induced by starvation or limitation of 

nutrients, amino acids, glucose, growth factors, oxygen and energy or by a variety of 

stress conditions. Availability of these factors results in consecutive activation of the 

serine/threonine protein kinase mTORC1 (mammalian target of rapamycin complex 1) 

and therefore autophagy blockage (Figure 2). 

 

Figure 2: Autophagy regulation by mTOR-dependent pathways. It is interesting to 

highlight that when mTOR is active the formation of Ulk1 complex is inhibited and 

therefore autophagy cannot be initiated (Sarkar, 2013). 
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     In brief, there are three distinct signaling pathways converge on mTORC1 activation 

to inhibit autophagy: the Rag/mTORC1 pathway that senses availability of amino acids 

and nutrient sufficiency, the PI3KC1a/Akt/TSC/mTORC1 pathway that senses growth 

factors sufficiency and the AMPK/TSC/mTORC1 pathway that integrates intracellular 

stress signals and energy levels (Sarkar 2013). In general the mTOR pathway regulates 

vital cellular functions and when it is activated the mTORC1 phosphorylates the Ulk1 

and ATG13 proteins, resulting in the inhibition of their kinase activity. Consequently, 

the PAS complex cannot be assembled (Jung et al. 2010). 

    Furthermore, there are several signaling pathways, like inositol signaling, the 

calcium/calpain pathway, the cAMP and the JNK signaling pathways that regulate 

autophagy in mTOR-independent manner, as they are presented in Figure 3. These 

two pathways act synergistically, therefore enhancement or inhibition of autophagy 

can be achieved by their additive effects or using combination of agents to target 

crucial interactors of both pathways, respectively (Sarkar 2013). 

 

 

Figure 3: Regulation of autophagy by TOR-independent pathways (Sarkar, 2013). 
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1.4. Autophagy in neurons 

Neurons are highly polarized cells which consist of cell body, many short branching 

processes known as dendrites and a separate long process, the axon. Neurons develop 

synapses, highly specialized neuronal structures, in order to communicate with each 

other or with other target cells via electrical or chemical signals (Figure 4, left side). 

On the one side of the synapse there is the presynaptic button that is packed with 

synaptic vesicles containing neurotransmitters and contains the machinery for the 

release of these vesicles into the synaptic cleft and the retrieval of the fused vesicle 

membranes. On the other side, there is the postsynaptic density that contains high 

amount of receptors that can be activated by the released neurotransmitters, and 

other scaffold, cytoskeletal, and signaling molecules, to ensure the activation of the 

postsynaptic neuron (Figure 4, right side). In the majority of neurons, especially the 

pyramidal ones, these postsynaptic densities are mostly located in the dendritic 

spines, outgrowths of dendritic shafts. Given that anatomically synapses are often 

located far away from the neuronal cell soma and it is intuitive to imagine that local 

mechanisms for ensuring proper function may have developed (Nikoletopoulou & 

Tavernarakis, 2018).  

 

 

Figure 4: Schematic representation of a neuron and a neuronal synapse. 

 

     There is a growing body of evidences suggesting that basal autophagy is essential 

for neuronal maintenance and homeostasis. Ablation of autophagy in the neural 

lineage leads to severe neurodegeneration and progressive motor deficit, 

accompanied by accumulation of protein aggregates and reduction in the number of 

pyramidal neurons in the cerebral cortex and of Purkinje cells in the cerebellar cortex 

(Hara et al. 2006; Komatsu et al. 2006). Apart from degradation of unessential cargo, 

autophagy seems to play a key role in other signaling pathways related to specialized 

neuronal functions, such as synaptic plasticity or the regulation of neurotransmitters 

release (Nikoletopoulou & Tavernarakis, 2018).  
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    Synaptic plasticity is the ability of synapses to strengthen or weaken over time, in 

response to increases or decreases in their activity. It is well established that synaptic 

plasticity requires protein turnover during which it exists protein synthesis and 

degradation (Long Term Potentiation (LTP) and Long Term Depression (LTD), 

respectively). Both LTP and LTD are expressed by structural changes in the 

postsynaptic side with the enhancement or shrinkage of pre-existing dendritic spines. 

Learning and memory rely, at least in part, on this process (Alvarez-Castelao and 

Schuman 2015). 

    Despite the fact that autophagy is essential for protein turnover, the regulation of 

this process in the brain remains unclear. It is well-known that brain-derived 

neurotrophic factor (BDNF), the major growth factor of the CNS, increases the number 

of synaptic vesicles docking at active sites and enhances quantal neurotransmitter 

release (Tyler & Miller, 2001). In line with that, recent work from our lab highlighted 

the key role of BDNF on the regulation of neuronal autophagy. In particular, under 

nutrient stress, mature BDNF can block the transition of the phagophore to the 

autophagosome and by doing so, it enables to synaptic proteins that are normally 

autophagic cargo to accumulate in the synapse and mediate the growth and addition 

of new spines that are required for LTP (Figure 5). Suppression of presynaptic 

autophagy by mBDNF enhances memory, which could be an adaptive response that 

increases fitness and facilitates food retrieval. Moreover, the dynamic participation of 

autophagy in synapse remodeling was revealed by directly degrading key synaptic 

proteins (Nikoletopoulou et al. 2017) or induction of PAS components after induction 

of NMDAR- and mGluR- dependent LTD (Kallergi et al., submitted). 

 

 

 

 

 

 

 

 

 

 

Figure 5: The crucial role of BDNF in neuronal autophagy regulation. A shematic 

representation. Note that BDNF act through TrkB receptor to suppress autophagy 

(Nikoletopoulou &Tavernarakis, 2018). 
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1.5. How is autophagy affected by starvation in brain? 

Nutrients deprivation represents the best and most widely studied paradigm of 

autophagy induction that mostly acts via suppressing mTOR pathway. Despite the 

existence of several studies showing the induction of autophagy in primary neuronal 

cultures under starvation (Young, J.E. et al., 2009; Young, J.E. & LaSpada ,A.R., 2009; 

Kaushik, S. et al.,2011), there are other studies suggesting that starvation effects in 

brain are not global and merit to note. Recent work from our lab demonstrated that 

autophagy is induced in hypothalamus with a simultaneously decrease in BDNF levels, 

while it was suppressed in the cortex and hippocampus accompanied with increased 

BDNF levels upon starvation. This fact most likely caused by different composition in 

neuronal cell types between these regions. Furthermore, the same study revealed that 

starvation effects in autophagy in forebrain altering during maturation, highlighting 

that neuronal autophagy is differentially regulated not only spatially but also 

temporally (Nikoletopoulou et al., 2017).  In addition, sex differences have been 

reported, indicating that starvation triggers a more profound autophagy induction in 

male cultured neurons (Du, L. et al., 2009). Given that the brain is not a homogenous 

tissue, the effects of starvation to autophagic flux should be investigated not only in 

brain region level but in a cell type specific manner. 

 

1.6. BDNF neurotrophic factor  

Brain-derived neurotrophic factor (BDNF) is an activity-dependent neurotrophin that 

mediates diverse brain functions including neuronal survival, neurite morphology, and 

synaptic plasticity (Huang and Reichardt, 2001; McAllister et al., 1995; Nikoletopoulou 

et al., 2017). BDNF is initially synthesized as a precursor form, the pre-pro-BDNF 

(Figure 6). The pre-region sequence is a signal peptide normally removed when 

translocated across the Golgi membrane, yielding the 32 kDa proBDNF. Small amounts 

of a 28 kDa, truncated proBDNF can also be formed in the endoplasmic reticulum 

without interfering with final levels of mature-BDNF (mBDNF) (Mowla et al., 2001). 

The N-terminal pro-domain of BDNF facilitates intracellular trafficking and regulated 

secretion (Egan et al., 2003). In vivo, intracellular proBDNF can have three different 

fates: (a) intracellular cleavage and release of m-BDNF, (b) secretion as proBDNF and 

extracellular cleavage, or (c) secretion as pro-BDNF with no further modifications. 

 

 Figure 6: A schematic 

representation of the 

BDNF precursor pro-

BDNF and the two 

cleavage products pro-

peptide and BDNF 

(Dieni et al., 2012). 
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     Intracellular proteolytic cleavage of proBDNF can take place within granules by 

convertases. Following this pathway, proBDNF binds to intracellular sortilin in the 

Golgi to facilitate proper folding of the mature domain, while a motif in the mature 

domain of BDNF binds to carboxypeptidase E (CPE), an interaction that sorts BDNF 

into large dense core vesicles, which are a component of the regulated secretory 

pathway.  If this motif is missing, BDNF is sorted in the trans-Golgi by furin, to be 

constitutively released, as it is shown in figure 7 (Lu et al., 2005). ProBDNF can also be 

subjected to extracellular cleavage by the serine protease plasmin (Pang et al., 2004) 

and matrix metalloproteases (MMP) (Hwang et al., 2005). Plasmin is the active form 

obtained through plasminogen cleavage by the tissue plasminogen activator (tPA). 

Plasminogen is present in the synaptic cleft, where tPa is secreted by axonal terminals 

to the extracellular space (Tsirka et al., 1997). Moreover, in vitrostudies revealed that 

plasminogen, tPA and proBDNF can be co-packaged in dense core granules and co-

transported along dendrites of hippocampal cultured neurons (Lochner et al., 2008). 

Furthermore, efficient conversion of proBDNF to mBDNF by several MMP was also 

demonstrated in in vitrostudies (Lee et al., 2001; Hwang et al., 2005). Interestingly, 

MMPs have a well characterized role in synaptic plasticity and long-term potentiation 

(Vafadari et al., 2016), and more importantly, MMP-9 has been shown to be 

responsible for conversion of proBDNF to mBDNF in the hippocampus of mice 

(Mizoguchi et al., 2011). Thus, the processing of proBDNF has several levels, and 

expression or activation of the involved proteases represent candidate targets to 

regulate the balance of BDNF isoforms. 

Figure 7: Schematic representation of synthesis and sorting of BDNF (Lu et al., 2005). 
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      Production of multiple transcripts is another mechanism by which BDNF 

expression is tightly controlled. The Bdnf gene has 9 unique promoters that drive 

transcription of at least 20 different Bdnf transcripts that encode an identical BDNF 

protein (Aid et al., 2007; Liu et al., 2006; Pruunsild et al., 2007; Timmusk et al., 1993). 

Each splice variant consists of a 5′ untranslated region (UTR) exon that is alternatively 

spliced to a downstream common coding exon with a 3′UTR containing two different 

polyadenylation signals. The existence of multiple Bdnf splice variants has led to the 

spatial code hypothesis, which suggests that differential expression of 5′UTR 

transcripts enables local spatial, temporal, and stimulus-specific BDNF production 

(Tongiorgi, 2008). Indeed, Bdnf mRNA variants are differentially expressed across 

brain regions and show activity-dependent targeting to dendrites, especially in the 

hippocampus (Sathanoori et al., 2004; Timmusk et al., 1993; Tongiorgi et al., 2004). In 

vivo localization studies and in vitro functional studies provide evidence supporting 

the notion of unique roles for Bdnf 5′UTR splice variants. Upon activation of both 

cortical and hippocampal neurons, specific Bdnf transcripts are localized to the cell 

body and proximal dendrites, while other transcripts are found in distal dendrites (Baj 

et al., 2011; Chiaruttini et al., 2008; Pattabiraman et al., 2005). 

 

 

1.7. Jekyll–Hyde Neurotrophins: the proBDNF story 

Although difficult to verify in vivo, proBDNF is apparently the main form secreted 

(Mowla et al., 2001; Dieni et al., 2012). The regulated equilibrium between proBDNF 

and mBDNF becomes decisive for physiological as well as pathological conditions. The 

diametrically opposite effects of neurotrophins and their precursors in cell survival or 

death pave the way to the suggestion of a “yin and yang” model of neurotrophin 

action (Figure 8). According this model, the binary actions of neurotrophins depend 

on both the form of the neurotrophin (pro- versus mature) and the class of receptor 

that is activated. In particular, pro-neurotrophins bind with high affinity to p75NTR 

promoting cell death, while mature neurotrophins preferentially bind to Trk receptors 

promoting cell survival. This model recently was extended to the bidirectional control 

of synaptic plasticity. Several studies suggest that mBDNF promotes long-term 

potentiation (LTP) and simultaneously inhibits long term depression (LTD) via TrkB 

activation, while proBDNF increases LTD and triggers cell death and neuronal 

apoptosis through activation of a receptor complex of p75NTR and sortilin (Akaneya, Y. 

et al., 1996; Ikegaya et al., 2002; Nikoletopoulou et al., 2017; Teng H.K. et al., 2005). 

However, it remains to be established whether the yin and yang actions of mature and 

proBDNF are equally prevalent. 

       In addition, there posttranslational modifications presented to all pro-

neurotrophins and their presence seems to be crucial for pro-neurotrophins 

maturation. More specifically, pro-BDNF undergoes N-glycosylation and glycosulfation 

on residues located within the pro-domain of the precursor.  N-glycosylation may play 
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an important role in stabilizing the BDNF precursor during its processing and 

subcellular trafficking and affect pro-neurotrophin half-life. Moreover, pro-BDNF of 32-

kDa as well as the truncated 28-kDa form of the precursor are sulfated. Mature BDNF, 

in contrast, is not sulfated. However, protein sulfation is not required for the 

transport, sorting, or proteolytic processing of proteins directed to the regulated 

secretory pathway (Mowla S. J. et al., 2001). Thus, post-translational modifications 

most likely play a key role both in pro-BDNF sorting and trafficking and in regulation 

of BDNF/proBDNF ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: The yin-yang model of neurotrophin receptors and neurotrophin function 

(Lu et al., 2005). 

 

1.8. p75NTR role in autophagy 

Apart from the well-established role of p75 NTR in apoptosis induction after its 

activation by proBDNF, recent in vitrostudies support the p75 NTR involvement in 

autophagy regulation. Briefly, activated p75 NTR seems to induce autophagy under 

nutrient deprivation conditions. In more detail, cultured Purkinje neurons 

maintenance under starvation conditions causes a caspase-independent programmed 

cell death which is distinct from apoptosis and is characterized by excessive 

autophagosome-lysosomal vacuolization (Florez-McClure, M.L. et al., 2004). However, 

the clear mechanism through which p75 NTR regulates autophagy and confirmation of 

its role in vivo is not yet determined.  
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1.9. Secretory autophagy 

Recent evidence suggests that autophagy besides its basal crucial role in cell 

constitutes degradation, facilitates unconventional secretion of the cytosolic cargo 

such as leaderless cytosolic proteins, and also affects conventional secretory 

pathways, including the constitutive and regulated secretion, as well as promotes 

alternative routes for trafficking of integral membrane proteins to the plasma 

membrane (Dupont N. et al., 2011; Ponpuak M. et al., 2015). Furthermore, several 

studies demonstrate that either overexpression or inhibition of autophagy mediators, 

dramatic alterations in the cellular secretory profile occur and secretion of a plethora 

of factors is affected.  

  Both degradative and secretory autophagy are atg5-dependent mechanisms. The 

route followed each time based on trafficking molecules that direct autophagosomes 

either to the lysosome or to the plasma membrane. In particular, autophagosomes 

destination determined by the SNARE machinery coating the cytosolic membrane. In 

a degradative autophagosome, STX17 enables the fusion with the lysosome. In a 

secretory autophagosome, SEC22b facilitates fusion with the plasma membrane. 

Other molecules involved in the pathway that autophagosomes will follow are small 

GTPases isoforms Rab8a (decisive for secretory autophagy) and Rab8b (essential for 

degradative autophagy).  These subtle differences in the cytosolic membrane proteins 

determine whether the contents are degraded or expelled (Nikoletopoulou et al., 

2017; Itakura, E. et al., 2012; Kimura T. et al., 2017). 

    Despite the necessity of highly controlled release of molecules and 

neurotransmitters from cells in order to communicate with their environment and 

interact with other cells in a well-connected network the secretory autophagy 

contribution as an additional release route in neurons under basal or pathological 

conditions has not fully demonstrated yet. Recent studies reveal that secretory 

autophagy is involved in aggregates secretion under pathological conditions such as 

Alzheimer’s, Huntington’s and Parkinson’s diseases, where secretion of cytosolic 

amyloids, mutant huntingtin, and a-synuclein respectively have been noted to take 

place in a secretory autophagic pathway, not well characterized yet (Borland, H. & 

Vilhardt, F., 2017; Nilsson, P. et al., 2013; Trajkovic, K. et al., 2017). 

      A growing body of evidences suggests the secretory autophagy contribution of 

proteins under stress conditions like glucose deprivation. Release of proteins as Acb1, 

a small leaderless protein, and IL-1β has been referred to taking place following 

secretory autophagic pathway upon starvation (Duran, J.M. et al., 2010; Harris, J. et 

al., 2011). Several studies have been also demonstrated the unconventional trafficking 

of proteins, like Mpl receptor, to the plasma membrane. While the fully glycosylated, 

mature, receptor follows the canonical ER-to-Golgi-to-membrane pathway, the 

unconventional, autophagy-related secretory pathway allows the core-glycosylated, 

immature, protein to reach the cell surface through a GRASP-dependent pathway. 

Complementing these observations, autophagic route for delivery of immature (core-

glycosylated) Mpl was significantly activated by pharmacological induction of 
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autophagy (Cleyrat C, et al., 2014). Furthermore, plethora of neuronal surface 

membrane proteins, including GABA receptors and subunits of AMPA and NMDA-type 

receptors, are core-glycosylated, thus exhibiting unconventional secretory processing. 

These high levels of glycosylation profiles are classically associated with immature 

intracellular proteins (Hanus, C. et al., 2016). 

 

 

Aim of the study 

The aforementioned studies highlight the essential role of neurotrophins (especially 

of BDNF) in the regulation of autophagy, in particular in neurons as well as the 

involvement of autophagic pathway in a variety of cellular processes. However, the 

role of autophagy in the regulation of some of these processes is not yet determined. 

   The aim of this study is mainly, to investigate the role of autophagy in proBDNF 

secretion under stress conditions and to understand the role of secreted proBDNF in 

target cells. What are the effects of secreted proBDNF in target cells and which 

signaling pathway is activated during their response? Is autophagy involved in this 

pathway? To demonstrate that, we developed a viral construct that enables us to 

monitor the autophagic flux in primary neural cells when p75NTR is activated by 

secreted proBDNF in vitro. 
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Results 

 

3.1 proBDNF existence in isolated forebrain autophagosomes 

To demonstrate if proBDNF is a cargo of autophagy, we isolated purifiede forebrain 

autophagosomes from wild type mice of postnatal day 25 (P25) and P180 mice, which 

had been starved for 12 hours. Autophagosomes were subjected to proteinase K 

treatment, by which proteins that are located in the external part of the outer 

autophagosomal membrane are digested, while proteins in the autophagosomal 

intermembrane space, the inner membrane of the organelle and the lumen are 

protected. Moreover, we separated the autophagosomal autophagosomal membrane 

proteins from the soluble ones by carbonate extraction (CE) and the supernatant, 

which contains the autophagosomal cargo, and the pellet, composited of membrane 

proteins, were run in western blot for proBDNF indication (Figure 9).  In this 

experiment proBDNF band clearly indicated only in supernatant fraction, confirming 

that the pro-neurotrophin is autophagic cargo, while a significant increase of proBDNF 

expression was noted in case of P180 starved animals. Antibodies against p62 and LC3 

were used to confirm the purity of each autophagosomal compartment, as p62 is a 

well-known protein of autophagic cargo, while lipidated LC3-II is integrated into lipid 

membranes, as aforementioned. 

 

 

Figure 9: Western blot against proBDNF, LC3-II and p62 in autophagosomes from P25 

animals after PK treatment and CE (left side). Western blot of P180 purified forebrain 

autophagosomes from starved animals against proBDNF, LC3-II and p62 after PK 

treatment and CE (right side). For each case 200μg of protein were loaded. ProBDNF 

recombinant protein was used as loading control for proBDNF molecular weight.  
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3.2. ProBDNF levels in autophagosomes are affected by the age and nutrient 

availability 

A question raised from this experiment was if there are proBDNF expression 

alterations in autophagosomes depending on the age or cellular stress conditions. To 

address this question, we compared proBDNF levels in autophagosomes isolated from 

P25 and P180 wild type animals by western blot and after they had been subjected to 

PK treatment and CE. This experiment revealed that proBDNF levels in 

autophagosomes are decreasing with age, while p62 was significantly increased in 

autophagosomes of aged animals. This result agrees with decrease synaptic plasticity 

and hence neurotrophin necessity as well as the increase of protein aggregates with 

age (Figure 10 A, B and C).  

    To investigate the impact of stress conditions to the proBDNF levels found in 

autophagosomes, P180 animals   were starved for 12 hours and the autophagosomes 

isolated were compared to autophagosomes of ad libitum housed mice in the same 

age. Western blot analysis revealed that both proBDNF and p62 levels were increased 

(Figure 10 D and E). Taking into account that starvation is the most widespread way of 

autophagy induction and the well-known role of proBDNF in apoptosis induction, the 

accumulation of proBDNF in autophagosomes from starved animals could be driven 

not only by the necessity of cell to degrade proteins in order to survive but also by 

another way to response and communicate with its environment. 

 

3.3. ProBDNF expression profiles in forebrain, hippocampus and cortex in 

autophagy deficient mice and their littermates upon starvation 

Based on recent work from our lab demonstrating that starvation regulates autophagy 

in different way between brain regions (Nikoletopoulou et al., 2017), we wanted to 

investigate if proBDNF levels in forebrain, hippocampus and cortex are altered upon 

starvation and if so, the role of autophagy in these different brain regions. To achieve 

that, we performed ex vivo of autophagy deficient mice and their littermates with the 

same background, as control.  In particular, we used atg5KO mice, in which atg5 gene 

is depleted in neuronal lineage when they crossed with Nestin cre mice and their 

littermates in which the atg5 allele is located between loxP sites but they do not 

express nestin Cre gene. Brain regions in slices of P25 mice of both genotypes were 

separated and maintained in oxygenated CSF under normal conditions or upon 

nutrient deprivation. Western blot analysis against proBDNF antibody highlights the 

difference to proBDNF expression as well. In hippocampus of no Cre; Atg5f/f mice, 

proBDNF expression was almost eliminated upon starvation, while autophagy 

deficient mice shown an accumulation of proBDNF with time under nutrient 

deprivation (Figure 11 A). Cortices of no Cre; Atg5f/f mice showed a significant 

decrease in proBDNF levels upon starvation, in contrast to those of atg5KO mice 

where proBDNF levels were decreased but not significantly altered upon starvation 

(Figure 11 B).  
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Figure 10: A) Western blot against proBDNF, LC3-II and p62 in autophagosomes 

isolated from P25 and P180 animals after PK treatment and CE. Triton 1% was used as 

internal positive control for the PK treatment. For each condition 50ug of protein were used. 

B, C) Quantification of proBDNF (B) and p62 (C) protein levels in P25 (N=3) and P180 (N=3) 

autophagosomes after PK and CE. D) Western blot against proBDNF, LC3-II and p62 in 

autophagosomes from P180 and P180 starved animals after PK treatment and CE. For 

each condition 50ug of protein were used. E) Quantification of proBDNF and p62 

protein levels in autophagosomes from P180 and P180 starved animals after PK 

treatment and CE (N=1). 
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Figure 11: A) Western blot against proBDNF and Tuj1 from P25 no Cre; Atg5f/f and 

atg5KO hippocampi explants maintained upon starvation conditions and 

quantification of proBDNF levels (N=3), B) Western blot against proBDNF and Tuj1 

from no Cre; Atg5f/f and atg5KO cortices explants maintained upon starvation 

conditions and quantification of proBDNF levels (N=2), C) Western blot against 

proBDNF and Tuj1 from no Cre;Atg5f/f and atg5KO forebrain explants maintained upon 

starvation conditions and quantification of proBDNF levels (N=2). For each condition 

50ug of protein were used. Samples represented in quantifications follow the same 

order with that of the western blot to which they respect. 
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In the forebrain, no significant differences were observed in proBDNF expression in 

control animals upon starvation, while atg5KO shown a slight but important 

accumulation of proBDNF upon stress conditions (Figure 11 C).  

   Suppression of autophagy in hippocampus and cortex upon starvation that was 

previously showed by our lab (Nikoletopoulou et al., 2017). Decrease of proBDNF 

levels upon starvation, that showed here suggest the potential uncoventional 

proBDNF secretion in response to stress conditions mediated by autophagy. 

 

3.4. ProBDNF secretion under stress conditions is prevented by the blockade of 

autophagy in wild type  P10 mice 

We decided to address the question if proBDNF is secreted by autophagosomes upon 

stress conditions, wild type P10 male animals explants were subjected to SBI 

treatment, which prevents the activated phosphorylation of Ulk1 and consequently 

inhibits the selective autophagy induction by mTOR inhibition. Then, both control and 

SBI treated explants were maintained upon nutrient deprivation conditions. Western 

blot analysis of both cerebrospinal fluid (CSF) where explants were maintained and 

lysates reveal that upon stress conditions proBDNF is secreted and it is very likely that 

it is secreted by autophagy. This suggestion derived from the observation that upon 

starvation proBDNF levels significantly increased in CSF of control mice, while 

proBDNF was absent from the CSF of explants that were treated with SBI. (Figure 12 

A). In line with this observation, western blot analysis of lysates demonstrated that 

proBDNF is almost eliminated in control mice upon starvation, in contrast to the 

lysates of explants subjected to SBI treatment which showed proBDNF accumulation 

upon nutrient deprivation (Figure 12 B). Taken together these data suggest that 

proBDNF is secreted via autophagosomes under stress conditions. 

Figure 12: A) Western blot against proBDNF, from a-CSF of explants from P10 B6 

animals (control and SBI treated) and B) lysates of these explants subjected to nutrient 

deprivation. For each sample of CSF 500ug of protein were used, while for each 

condition of lysates 100ug of protein were used. 
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3.5. p75NTR is activated in vitro by secreted proBDNF under stress conditions 

ProBDNF secretion under stress conditions suggests a potential role for proBDNF in 

signaling of target cells. Several studies have previously shown that proBDNF post-

synaptically acts via activating p75NTR receptor. In vitro experiments using HEK293T 

cells transfected with p75NTR and RIP2 (an intracellular interactor of p75NTR) were 

treated with secreted proBDNF from P10 B6 male animal’s explants under stress 

conditions. To induce stress conditions explants were subjected to 1 hour starvation. 

HEK293T cells were treated with CSF containing proBDNF, NFG and proBDNF peptides 

(which were used as internal control for p75 activation) under serum (S) and serum 

free (SF) conditions for 20 or 50 minutes. Immunoprecipitation of cell lysates for 

p75NTR showed a significant increase in RIP2 activation via binding to p75NTR receptor 

after 50 minutes treatment of cells with secreted proBDNF, demonstrating that this 

could be a potential pathway through which proBDNF possibly has pro-survival effects 

to target cells under stress conditions (Figure 13 A and B). However, the signaling 

pathway activated in target cells needs deeper investigation. 

 

 

Figure 13: A) Western blot analysis treated HEK293T cell lysates against p75 and RIP2 

antibodies after Immunoprecipitation of treated with CSF-derived proBDNF, proBDNF 

and NGF peptides the lysates using antibody against p75NTR. B) Western blot analysis 

of the same cell lysates against p75NTR, RIP2 and Actin antibodies. For each condition 

100ug of protein were used. 

 

 

 

 

 



Page | 24  
 

3.6. Development of a viral construct as a tool to monitor autophagic flux 

In order to investigate the role of autophagy in signaling triggered by proBDNF in 

postsynaptic neurons, we developed a viral construct which gives us the opportunity 

to monitor autophagic flux even in primary neuronal cultures (Figure 14 A and B). 

 

Figure 14: A) Shematic model of the questions tried to be answered in the study. 

B)Shematic representation of the three plasmids the pLV-hSyn-RFP lentivirus consists 

of. pLV-hSyn-RFP was used for new construct development. C) Shematic 

representation of Lenti virus production and primary neuronal cultures transduction 

(image C was adapted from Hassen S. et al., 2013 and modified). 
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3.7. pLV-RFP lenti-virus titration in HEK293T cells 

For the virus development three commercial available plasmids (pLV-hSyn-RFP; for 

gene of interest expression, psPax2; responsible for virus packaging and pMD2.G for 

envelope formation) were used. The plasmid responsible for gene of interest 

expression carries RFP under Synapsin promoter, which has widespread expression 

promoter in neurons, and consequently each gene under its regulation expressed in 

neural lineage.  RFP is a useful marker for the successful cell transduction. At the first 

step, the virus was produced in HEK293T cell line, viral particles were harvested 

followed by virus titration.  Titration was performed in HEK293T cell line as well and 

for the estimation of the most appropriate concentration of virus RFP expression was 

evaluated using confocal imaging, after HEK293T cells transduction and 

immunostaining against RFP (Figure 15). 

 

Figure 15: A) Confocal imaging of DIV3 HEK293T cells transducted with lentivirus and 

immunostained for RFP antibody demonstrating that third virus dilution is the most 

appropriate for viral transduction. B) Graph showing quantifications of RFP expression 

for N=3 samples per dilution. 
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3.8. Primary cortical cultures successful transduction with pLV-RFP lenti-virus 

Having developed the virus and concluded to the appropriate concentration for 

successful transduction using the less virus quantity, the next goal was to confirm that 

the same virus dilution is capable of successful transduction in primary cortical 

cultures from wild type animals. To achieve that, primary cortical cultures in day in 

vitro1 (DIV1) were transducted with the virus third dilution and in DIV5 they were 

subjected to immunostaining against RFP antibody. Confocal imaging analysis showed 

that virus was successfully expressed in transducted cells, while in control cells there 

was no RFP expression, as it is shown in Figure 16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 16: Confocal imaging of primary cortical cultures DIV5 after transduction 

with pLV-hSyn-RFP virus and immunostaining against RFP antibody. RFP and 

consequently the virus was not expressed in control samples (two indicative 

control samples in the left side), while high expression levels were observed in 

virus transducted samples (two indicative virus transducted samples in the right 

side). 
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3.9. Development of pLV-hSyn-IP-GFP-LC3-RFP-LC3ΔG  viral construct 

The final step was to develop the construct to monitor autophagic flux. To achieve 

that pMRX-IP-GFP-LC3-RFP-LC3ΔG was used. GFP-LC3-RFP-LC3ΔG is a fluorescent 

probe for autophagic flux evaluation, well described by Kaizuca et al., 2016. This probe 

cleavage by endogenous ATG4 proteases conclude to equimolar amounts of GFP-LC3 

and RFP-LC3ΔG. GFP-LC3 is degraded by autophagy, while RFP-LC3ΔG remains in the 

cytosol, serving as an internal control. Hence, autophagic flux can be estimated by 

calculating the GFP/RFP signal ratio.   

    The GFP-LC3-RFP-LC3ΔG probe was extracted by pMRX-IP-GFP-LC3-RFP-LC3ΔG 

plasmid via double digestion with the enzymes Age I and BamH I giving a product of 

2200bp as it is shown in figure 17 A and C.  The pLV-hSyn-RFP plasmid was subjected 

to the same double digestion and then the product of the first ligation was ligated to 

the vector having the same sticky ends. However the RFP gene derived from pLV-hSyn-

RFP vector had to be excluded from the new construct. Thus, the new construct was 

subjected to double digestion with the enzymes Kpn I and Age I which cut only once 

the construct giving a product of ~1500bp containing the pLV-derived RFP gene and 

the rest of the vector containing the GFP-LC3-RFP-LC3ΔG probe under hSynapsin 

promoter regulation (Figure 17 B and C).  

    The next step was the self-ligation of the vector but its different sticky ends were an 

obstacle. To cope with this difficulty, the vector containing the GFP-LC3-RFP-LC3ΔG 

probe was subjected to DNA polymerase I large fragment (Klenow Fragment) reaction, 

which endow the vector with blunt ends and then is was self-ligated. New virus 

production was the following step using the same plasmids for the packaging and 

envelope but the new construct for containing the autophagic flux probe. HEK293T 

cells were used again for the virus production (Figure 17 C). 

    New virus could be used for HEK293T transduction before the p75NTR and RIP2 

transfection to investigate the postsynaptic role of autophagy after p75  NTR activation 

of secreted under stress conditions proBDNF. Furthermore, transduction of primary 

cortical cultures of wild type and p75KO animals with this virus could shed light to the 

role of p75 NTR in the regulation of autophagy. These experiments are still in progress 

and data could not be shown in the present study.  
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Figure 17: A) Double digestion of pMRX-IP-GFP-LC3-RFP-LC3ΔG and pLV-hSyn-RFP 

plasmids with the enzymes Age I and BamH I giving a product of 2200bp containing 

GFP-LC3-RFP-LC3ΔG probe and develop the same sticky ends to pLV-hSyn-RFP vector 

(~9000bp). B) Double digestion of the new construct with the enzymes Kpn I and Age 

I concluding to the extraction the pLV-derived RFP gene (product of ~1500bp). C) 

Schematic representation of the enzymes cut sites in each plasmid and the new 

construct development.  
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Discussion 

 

What is the role of autophagy in proBDNF secretion under stress conditions? 

Our findings suggest that proBDNF is secreted unconventionally via secretory 

autophagy under nutrient deprivation conditions. In line with this notion we observed 

that under starvation proBDNF levels are increased in autophagosomes. However the 

levels of pro-neurothophin in autophagosomes seem to decrease with age. This is 

expected taking into account that critical period of pruning has reached its end and 

synaptic plasticity is decreasing as well as in aging. In contrast, degradative autophagy 

is necessary to remove protein aggregates which are increased during aging.  

   Despite the already published studies regarding protein secretion through 

unconventional secretory pathway under stress conditions, proBDNF secretion by 

autophagy has not yet been determined. Thus, a deeper study should be performed 

in the next step in order to demonstrate the decisive mechanism that drive proBDNF 

to follow this pathway of secretion. It remains elusive if this mechanism involves the 

recognition of post-translational modifications like a core glycosylation in the 

proBDNF molecule as found for other molecules targeted to this type of secretion 

(Mowla S. J. et al., 2001). 

   Brain is not a homogenous tissue. Thus, different regulation of proBDNF secretion 

by autophagosomes was expected, as brain regions are characterized by different 

composition in neuronal cell types which may present diverse response to nutrient 

deprivation (Nikoletopoulou et al., 2017). Our findings highlight the crucial role of 

autophagy in proBDNF secretion under stress conditions, which supported by the fact 

that in autophagy deficient mice proBDNF was accumulated. Hippocampus was the 

most profound affected region, with the forebrain following with a slighter 

accumulation. In contrast, in wild type mice there was a significant decrease in 

proBDNF levels in lysates of explants depended on the time of starvation implying an 

increase in proBDNF secretion. Focusing not only in the different brain regions but also 

in the different cell types of the brain, is needed in order to clearly demonstrate the 

circumstances under which proBDNF fates to unconventional secretion. 

   Further investigation is also necessary to confirm prevention of proBDNF secretion 

in autophagy deficient mice. Another factor whose contribution we have to take into 

account is the age of the animals. As proBDNF seems to be decreased in 

autophagosomes with age, we are planning to check if proBDNF secretion decreased 

as well in aged wild type animals. 
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What are the effects of secreted proBDNF in target cells and which signaling 

pathway is activated during their response? 

ProBDNF is a well characterized ligand of p75 receptor. Previous studies demonstrated 

that proBDNF causes cells apoptosis to target cells and LTD through binding to p75 NTR 

receptor (Teng H. K. et al. 2005; Lu et al., 2005). In general, neurotrophin binding to 

p75NTR can lead to activation of NF-kB and cell survival (Carter et al., 1996; Khursigara 

et al., 2001), activation of JNK, caspases, and cell death (Yoon et al., 1998), and 

inhibition of the small GTPase RhoA and axonal growth (Yamashita et al., 1999; 

Yamashita and Tohyama, 2003). In addition, activation of p75NTR by pro-neurotrophins 

together with the co-receptor sortilin is thought to preferentially result in cell death 

(Lee et al., 2001; Nykjaer et al., 2004).  

      Investigation of the effects of secreted proBDNF in target cells was conducted in 

HEK293T cells, transfected with wild type p75NTR and RIP2 plasmids, reveal that 

secreted-proBDNF promote pro-survival signal in target cells inducing RIP2-mediated 

activation of NF-kB. Unexpectedly, we found that high levels of RIP2 protein were bind 

to p75NTR after treatment of cells with secreted-proBDNF. However, these are 

preliminary data and further experiments on the investigation of RhoA and caspase 3 

/JNK pathways are needed. Furthermore, experiments with secreted-proBDNF 

secreted under nutrients deprivation of explants from animals of other ages, like P25 

are in progress in order to determine the role of age in the quantity and the 

functionality of secreted proBDNF. 

 

 Is autophagy involved in this pathway?  

To investigate autophagy induction via p75 receptor under starvation, we developed 

a viral construct to monitor autophagic flux after p75NTR activation by secreted-

proBDNF. These experiments are still in progress, but they will shed light on the 

potential autophagy involvement during the response of target cells when triggered 

by secreted-proBDNF-mediated p75NTR activation. 

   Taken together, these experiments will give us novel insight on the role of autophagy 

in pro-neurotrophins unconventional secretion under stress conditions, while raising 

new questions and development of the new viral construct for autophagic flux 

monitor pave the way for deeper research about the role of p75NTR activated by 

proBDNF in the regulation of autophagy. 
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Materials and Methods 

 

5.1. Mouse models 

All mice were housed with ad libitum access for food and water, and maintained at 
constant temperature and humidity in a 12 hr/12 hr light/dark cycle. All animal 
protocols were approved by the FORTH Animal Ethics Committee (FEC). All the animals 
of this study were mice of C57BL/6 genetic background. 
    Atg5flox/flox mice (a generous gift of Dr. Chamilos-Medical Department of 

University of Crete) were crossed with Nestin-Cre mice to generate animals where 

Atg5 is conditionally ablated in the whole neural lineage (cAtg5), as previously 

described (Hara et al., 2006).   

 

 5.2. Genotyping 

Mouse genomic DNA was isolated from tail biopsies following 1h incubation at 95oC 

in 60ul Denaturating Buffer (50mM NaOH, 0,4mM EDTA) and equivalent 

neutralization (40mM Tris pH=8). The primers used to detect the existence of Nestin-

cre, the Atg5 flox allele and the existence of IV exon in p75 alleles are shown in a table 

below. 

Nestin-cre F 5- AGG TGT AGA GAA GGC ACT CAG C-3 

Nestin-cre R 5- CTA ATC GCC ATC TTC CAG CAG G-3 

MEH-F 5-AAG TGA GTT TGC ATG GCG CAG C-3 

MEH-R 5-CCC TTT AGC CCC TTC CCT CTG-3 

Atg5-1 5-GAA TAT GAA GGC ACA CCC CTG AAA TG-3    

Atg5-2  5-ACA ACG TCG AGC ACA GCT GCG CAA GG-3 

Atg5-3  5-GTA CTG CAT AAT GGT TTA ACT CTT GC-3 

 

 

5.3. Western Blotting  
Tissues were lysed in RIPA buffer (500 mM Tris-HCl pH 7.2, 1MNaCl, EDTA, Triton 100-
X, Na-deoxycholate, 10% SDS), containing protease inhibitors (Roche) and sonicated 
for 3x20 seconds on ice. They were incubated overnight on ice and centrifuged at 
13,200 rpm for 30 minutes. The concentration of the samples was measured by 
Bradford and the samples were separated on a 15% polyacrylamide gel and 
transferred to a nitrocellulose membrane. For proBDNF indication, the proteins 
transferred on the nitrocellulose membrane were fixed using 0,05% glutaraldehyde 
for 30min followed by 3x5min washes using PBS-T. After blocking for 1 hour at room 
temperature in 5% skim milk, membranes were incubated with the primary antibodies 
overnight at 4oC. After washing (3x10 minutes) in PBS-T (100 mM Na2HPO4, 100mM 
NaH2PO4, 0.5N NaCl, 0.1% Tween-20), membranes were incubated for 1 hour at room 
temperature in corresponding secondary horseradish peroxidase-conjugated 
antibodies in 2% milk solution in PBS-T. Blots were washed (3x10 minutes) and 
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developed by chemiluminescence (Supersignal chemiluminescent substrate, pico and 
femto, Thermo Fisher Scientific) according to the manufacturer’s instructions.  
The primary antibodies used: 
 

antibody species company concentration 

β-actin  mouse Santa Cruz 1:5000 

βIII-tubulin mouse Santa Cruz 1:5000 

BDNF #1 mouse DSHB 1:1000 

BDNF #9 mouse DSHB 1:1000 

BDNF N-20 rabbit Santa Cruz 1:1000 

pro-BDNF Ant006 rabbit Alomone 1:1000 

Lc3  rabbit Sigma-Aldrich 1:1000 

p62 mouse Biogen 1:2000 

p75 rabbit Promega 1:1000 

RIP2 rabbit Enzo 1:1000 

 
The secondary antibodies used in this study were horseradish peroxidase-conjugated 
anti-mouse and anti-rabbit antibodies (Abcam, both 1:10000).  
 

 

 

5.4. Immunoprecipitation (IP) 

HEK293T cells were lysed into lysis buffer (commercial kit by BioRad) containing 

protease and phosphatase inhibitors (Roche). Approximately 100μg samples were 

diluted in 120μl final volume of cell lysis and incubated with p75 antibody (Abcam, 

concentration 1:100) overnight at 4oC. Preclearing of samples was performed by 

incubating each sample with 20μl agarose beads. Next day, fresh agarose beads were 

used for 4hrs incubation at 4oC and then samples were centrifuged at 3,000g for 5min 

at 4oC. The supernatant (unbound) was collected and the pellet after a wash with lysis 

buffer, 2x Laemmle buffer addition and boil for 5min at 95oC is ready for western blot. 

 

5.5. Isolation of autophagosomes from forebrain tissue of mice  

The protocol for isolation of autophagosomes from mouse forebrain was the one 

published in Nikoletopoulou et al., 2017; Cell Metabolism. 

For each batch of isolated autophagosomes, ten male B6 mice were sacrificed and 

their cortices and hippocampi were collected in 25ml of 10% (w/v) sucrose, 10mM 

HEPES and 1mM EDTA and then homogenized by 20 strokes using a Dounce glass 

homogenizer. The homogenate was diluted with half volume of homogenization 

buffer (HB) (250mM sucrose, 10mM HEPES, 1mM EDTA pH 7.3) containing 1.5mM 

glycyl-L-phenylalanine 2-naphthylamide (GPN) in order to achieve a final GPN 

concentration of 0.5mM. The material was incubated at 37oC for 7min for the 

lysosomes to be osmotically disrupted and then cooled at 4oC. From this step of the 

protocol was performed on ice. Centrifugation of the homogenate at 2000 g for 2min 
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was followed and the supernatant was collected. The obtained nuclear pellets were 

washed once in HB bf and were centrifuged again. The supernatants were combined 

to give the single post nuclear supernatant (PNS). Discontinuous Nycodenz gradients 

were prepared using per gradient 7ml of 22.5% heavy Nycodenz (1,127 g/ml) using HB 

buffer and 17ml of 9.5% light Nycodenz (1,072 g/ml), in order to remove mitochondria 

and peroxisomes. The PNS was placed on the top of the gradients in 40ml AH629 tubes 

(14ml of PNS per gradient) and was centrifuged at 28,000rpm (Sorvall centrifuge) for 

1h at 4oC. The interface (AVs and endoplasmic reticulum) was isolated and diluted with 

an equal volume of HB buffer to be loaded on Nycodenz-Percoll gradients in order to 

remove the small-vesicular and unmembraneous material. The Nycodenz-Percoll 

gradients were prepared in 40ml AH629 tubes by placing 7ml of 22.5% Nycodenz 

(1,127 g/ml) using HB buffer at the bottom and 21ml of 33% Percoll in double strength 

HB buffer at the top. Then the material was centrifuged at 20,000rpm (Sorvall 

centrifuge) for 30min at 4oC to remove the endoplasmic reticulum, and the interface 

was collected again. The material was then diluted with 0.7V of 60% buffered Optiprep 

and the removal of Percoll silica particles followed by placing 8.5ml of the diluted 

material in TH641 tubes overlayed with 1.5ml of 30% iodixanol and a top layer of 2.5ml 

of HB buffer. The material was then centrifuged at 20,000 rpm (Sorvall centrifuge) for 

30min at 4oC resulting to the sedimented Percoll particles at the bottom of the tube 

and the autophagosomes band floated to the iodixanol/HB interface. 

Autophagosomes were collected and diluted with three volumes of HB buffer and 

mixed gently to a homogeneous suspension. At this step autophagosomes are ready 

to be used for further experiment or stored at -80oC for future use. 

 

 5.6. Proteinase K protection assay (PK) 

Autophagosomes isolated from animals of different ages were centrifuged at 13,000g 

for 15min at 4oC and then pellet was diluted in homogenization buffer HB buffer 

(250mM sucrose, 10mM HEPES, 1mM EDTA pH 7,3)  and incubated with PK (20ng/ml) 

for 20min on ice. Inactivation of PK was achieved by phenyl-methyl-sulfonyl fluoride 

(PMSF) addition (4mM final concentration) and incubation 10min on ice. After 5min 

centrifugation at 13,000g at 4oC autophagosomes were pellet for further use. 

 

5.7. Carbonate Extraction (CE) 

Autophagosomes were subjected to carbonate extraction in order to separate the 
membrane-bound proteins’ from the soluble autophagosomal protein cargo. During 
carbonate extraction autophagosomes were incubated with freshly prepared ice cold 
sodium carbonate (Na2CO3) 0,1M for 30min on ice. After 30min centrifugation at 20psi 
at 4oC using airfuge centrifuge, supernatant (autophagic cargo) was subjected to TCA 
precipitation and pellet (membrane-bound proteins) was collected, washed with 
Na2CO3  0,1M and resuspended in 2xLaemmle buffer . 
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5.8. Neuronal cultures  
 The cortices and hippocampi of embryonic day 16.5 (E16.5) per embryo were 
dissected in PBS. After washing and centrifugation (2 x 5 minutes at 1000 rpm), cells 
were treated with 0.25% trypsin at 37oC followed by mechanically dissociation. After 
inactivation of the trypsin with DMEM/FBS solution, cells were plated in 24-well plates 
containing 13-mm glass coverslips, which had been coated overnight with poly-D-
lysine (Sigma-Aldrich), and cultured in Neurobasal medium (GIBCO) supplemented 
with B-27 (2%), L-glutamine (300 mM), penicillin (5 mg/ml), and streptomycin (12.5 
mg/ml) and b-mercaptoethanol (25uM). The initial density of plated neurons was 
800.000 cells/cm2 in a final volume of 1 ml/well. At 5 days in vitro(5 DIV), neurons 
were fixed for 20 minutes with 4% paraformaldehyde at room temperature, rinsed 
and stored in PBS at 4oC.  
 
 
5.9. HEK293T cultures 

Human kidney (fetal) cell line encoding SV40T-antigen were cultured with initial 
density 2x105 cells/well and maintained in DMEM containing 10% FBS and 1% 
penicillin-streptomycin. When cells would be used for staining or for virus titration 
they were plated in 12-well plates containing 13-mm glass coverslips, coated at least 
for 2 hours with 0,2% gelatin(diluted in ddH2O), and cultured in the same medium. 
 
 

5.10. Immunostaining  
 
Cells were incubated for 1 hour in blocking solution (10% fetal bovine serum and 0.2% 

Triton-X in PBS) at room temperature and overnight with primary antibodies diluted 

in blocking solution at 4oC. The following primary antibodies were used: RFP, βIII-

Tubulin and Actin. Neurons or HEK293T cells were rinsed in PBS (3 x 10 minutes) and 

incubated with the following secondary antibodies for 1 hour at room temperature 

and dark: anti-mouse Alexa 488 (1:1000), anti-rabbit pig Alexa 594(1:1000) and 

Hoechst 33342 (1:5000). Cells were rinsed in PBS (3x10 minutes) and mounted onto 

slides using 80% glycerol. Confocal images of fluorescently labeled proteins were 

captured using the LSM 710 NL multi-photon microscope (Zeiss). 

 

5.11. Ex vivo experiments 

Μale mice (fed ad libitum) were sacrificed and their cerebellum and olfactory bulbs 

were removed. Subsequently, the brain from each animal was cut in slices of 200μm 

while being in oxygenated cerebrospinal fluid (CSF) using vibratome (Leica VT1000S) 

and then were maintained in oxygenated cerebrospinal fluid. Slices were separated 

and supplemented with different agents depending on the necessities of each 

experiment.    
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   In order to investigate proBDNF expression and secretion under stress conditions, 

slices of 2 animals (P25) from each genotype (B6, nestin-cre; Atg5f/f and no cre; Atg5f/f) 

were equally separated in three pots containing oxygenated CSF, the one of them was 

used as control and the others were supplemented with oxygenated CSF without 

glucose and incubated for 10min and 1 hour respectively. Then, tissues were 

processed for preparation of lysates, as described above under ‘‘Western blotting’’ 

and CSF was collected and concentrated as described below. Both were analyzed by 

western blot with antibodies against proBDNF and βIII -tubulin. 

    For investigation of proBDNF expression under stress conditions in different brain 

regions, cortex, hippocampus and forebrain were isolated from each slice of 2 P25 

female animals of each genotype (nestin-cre; Atg5f/f and no cre; Atg5f/f) and 

subsequently were separated in tree pots for each region. One of them maintained in 

oxygenated CSF was the control, and the others were supplemented with oxygenated 

CSF without glucose and incubated for 10min and 1 hour respectively. Then, 

preparation of tissue lysates followed, as described above under ‘‘Western blotting’’ 

and were analyzed by western blot with antibodies against proBDNF and βIII -tubulin. 

   For SBI experiment, slices from two B6 P10 male animals were equally separated in 

four pots containing oxygenated CSF. Two of them were supplemented with the 

selective autophagy inhibitor (SBI-0206965, 400nM, SIGMA). After four hour- 

incubation, one pot from the SBI-supplemented pots and one from control were 

emptied and simultaneously supplemented with oxygenated CSF without glucose and 

incubated for another 1 hour (starvation conditions).  Subsequently, CSF from each 

pot was collected and explants were manipulated in the same way with the above 

experiments and analyzed by western blot with antibodies against proBDNF and βIII -

tubulin. 

   CSF collected from each sample were supplemented with protease inhibitors and 

filtrated using a 5ml syringe and 0,45 diameter filter to get rid of small tissue pieces. 

From this step and on, everything was done on ice. CSF was concentrated using a 

column of 3kDa cut off (Amicon UFC9003 Millipore AmiconR Ultra-15 Centrifugal Filter 

Unit Ultracel-3 regenerated cellulose membrane, 15 mL sample volume) by which 

water and proteins with a molecular weight less than 3kDa can go through it while the 

rest is collected. After a centrifugation at 3,500g for 50min at 4oC, approximately 350ul 

of CSF were collected, protein concentration was estimated via Bradford assay and 

samples were subjected to TCA precipitation and then western blot with antibodies 

against proBDNF and βIII-tubulin. 

   CSF for HEK293T cells treatments was collected from slices of two B6 P10 male 

animals supplemented with oxygenated CSF without glucose for 1 hour as described 

above. 
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pLV-hSyn-IP-GFP-LC3-RFP construct 

 

5.12. DH5a competent cells  

For the preparation of a batch of DH5a competent cells, we performed restricking 

from a glycerol stock to a plate containing LB and the plate was incubated overnight 

incubation was performed. Then, a 2lt-flask was prepared with SOB (tryptone, yeast 

extract, NaCl 1M, KCl 1M and pH=6,8) and 1% Mg Salt 2M (MgCl2 1M, MgSO4 1M) , 

to be  inoculated with 5-6 colonies of DH5α cells and incubated overnight by shaking. 

Next day, the cell culture was measured at 600nm using spectrophotometer When, 

OD gets between 0,37-0,4 the flask was placed on ice to stop cellular growth. The 

culture flask continent was transferred into 50ml sterilized falcons and centrifuged to 

3.400rpm for 10min at 4oC. Subsequently, supernatant was carefully discarded and 

the pellet was resuspended in Transformation buffer TrB (10mM PiPes, 15mM CaCl2, 

250mM KCl, 55mM MnCl2  and pH= 6,7) and incubated on ice for 10min. After a 10min 

centrifugation at 3.400rpm at 4oC, the supernatant was discarded and the pellet was 

placed on ice for 10min. Then the pellet was resuspended in TrB and DMSO, speared 

into 500μl Eppendorf-tubes and stored at -80oC for future use. Every step of the 

procedure took place under flame and each buffer and piece of equipment used was 

steril. 

   The following day the efficiency of DH5a competent cells was measured by using a 

small quantity for transformation. 1μl DNA was added (1pg/μl, 10pg/μl, 100pg/μl) in 

eppendorf tubes of 100μl DH5a cells and the tubes were incubated for 30min on ice. 

Heat shock was achieved by placeding the cells for 45sec at 42oC which were then 

transferred immediately on ice for 2min. Then, 900μl SOC (Mg salt 2M and glycose 2M)   

were added and the cells were incubated for 1 hour at 37oC. In the final step 50-100μl 

of cells were plated on plates containing LB (tryptone, yeast extract, NaCl and agar) 

ampicillin (final concentration 100ug/ml). Their estimated transformation efficiency 

was found to be was ~107 or 1pg. 

 

5.13. Cloning 

Plasmids  

For developing pLV-hSyn-IP-GFP-LC3-RFP construct, two other commercially available 

constructs were used.  

     The first one was a well-described (Nathanson et al., 2009) lentiviral vector, with 

mammalian expression and backbone size without insert 8000 bp, which carrying the 

insert of RFP gene under regulation of human synapsin I promoter. The insert size is 
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1200 bp and the total size of the pLV-hSyn-RFP plasmid (#22909) is 9072 bp. This 

plasmid is characterized of ampicillin resistance and high copy number. 

     The second one was the pMRX-IP-GFP-LC3-RFP-LC3ΔG plasmid (#84572) developed 

by Misuzima’s lab to measure autophagic flux (Kaizuca et al., 2016). pMRX-IP vector is 

a retroviral vector having mammalian expression and size about 6100 bp without 

insert. The insert consists of the GFP-LC3-RFP-LC3ΔG probe and its size is 2200 bp. This 

plasmid is also characterized of ampicillin resistance and has total size 8300 bp. 

    For the lentivirus production two other plasmids were used: pMD2.G (#12259) and 

psPAX2 (#12260), coding for the VSV-G envelope and packaging genes respectively. 

Both plasmids were developed by Didier Trono’s lab and characterized of ampicillin 

resistance and high copy number.psPAX2 plasmid has total size 10.709 bp, it is an 

empty backbone 2nd generation lentiviral packaging plasmid which can be used with 

2nd or 3rd generation lentiviral vectors and envelope expressing plasmid. The size of 

pMD2.G is 5822bp. 

   To get enough quantity of each plasmid before the development of new construct 

and then the virus, DH5a cells were transformed with each of the above plasmids as 

described above “DH5a competent cells”, plates were incubated at 37oC overnight and 

then liquid cultures were performed contaminating LB containing ampicillin 

(100ul/ml) with a single colony and incubate them overnight at 37oC shaking. The next 

day bacteria were harvest of liquid cultures and plasmid extraction protocol of a 

QIAGEN using columns for mini preps or midi preps (QIAGEN-tip 20 and a QIAGEN-tip 

100 respectively) was conducted to isolate pure plasmids in high concentration. 

Concentration of each sample was measured after isolation using Nano drop. 

 

Plasmid digestions  

For the construct development, both pLV-hSyn-RFP and pMRX-IP-GFP-LC3-RFP-LC3ΔG 

plasmids subjected double digestion with the enzymes BamHI (Minotech) and CspA I, 

an Age I isoschizomer (Minotech). For each reaction 1ug of template, 2ul of K buffer 

(Minotech), 1 ul of each enzyme and ddH2O up to 20ul were incubated for 1,5 hours 

at 37oC. Subsequently, samples were mixed with loading buffer, loaded to 2% agarose 

gel and run at 80 V until the bands are clearly separate. After specific band isolation 

for each plasmid, gel extraction was performed using Qiagen gel extraction kit 

(QIAquick Spin Columns). Template concentrations were measured in Nano drop.  

      To remove RFP gene derived from pLV-hSyn-RFP plasmid, a second digestion took 

place after the ligation of vector (pLV-hSyn-RFP) and insert (GFP-LC3-RFP-LC3ΔG), 

which described below. The construct was subjected to a double digestion with the 

enzymes CspA I (Minotech) and Kpn I (Minotech). For the reaction 1ug of template, 

2ul of K buffer (Minotech), 1 ul of each enzyme and ddH2O up to 20ul were incubated 

for 1,5 hours at 37oC. The product was loaded to agarose gel 2%, subjected gel 

extraction and its concentration was measured in Nano drop. 
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    Ligation protocols 

For the ligation of pLV-hSyn-RFP vector with GFP-LC3-RFP-LC3ΔG insert 1ul T4 ligase 

(Minotech), 2ul 10x ligation buffer (Minotech), 2ul 10mM ATP, 50ng vector , 150ng 

insert and H2O up to 20ul were incubated overnight at 16oC. DH5α were then 

transfected with the product. Next day, liquid cultures were prepared, followed by 

plasmid extraction as described above. 

     For self-ligation of the product derived from the second double digestion carrying 

different ends, DNA polymerase I large fragment (Klenow Fragment) was used. The 

Klenow Fragment lacks the 5′→3′ exonuclease activity of intact DNA polymerase I but 

retains the 5′→3′ polymerase, the 3′→5′ exonuclease and the strand displacement 

activities. For the reaction 1ug of template, 4ul of 1x Klenow buffer (Minotech), 1,6 ul 

2mM dNTPs, 0,24 ul klenow polymerase and ddH2O up to 40ul were incubated for 15 

min at 25oC. The reaction stopped by adding 10 mM EDTA and heating at 75oC for 10 

minutes. 

   Given that EDTA acts as an inhibitory factor for the T4 ligase activity, before the 

ligation of klenow reaction product DNA extraction using phenol:chlorophorm: 

isoamyl alcohol (25:24:1) was performed. According this protocol, after klenow 

reaction ddH2O was added up to 200ul in the Eppendorf tube containing the product 

and mixed with 200ul of phenol:chlorophorm:isoamyl alcohol mix. A well vortex 

followed by 10min centrifugation at 13,000g and then the upper phase was collected. 

To this material 2,5 volumes of 100% ethanol and 1/10 of the final volume CH3COONa 

were added. After overnight incubation at -20oC, the material was centrifuged for 1,5 

hours at 13,000g. The pellet washed with 75% ethanol and after a 5min centrifugation 

at 13,000g it was resuspended in ddH2O. All steps were performed at 4oC. Final 

concentration was measured in Nano drop and the purity of product was confirmed 

running a 2% agarose gel. In the final step, self- ligation of the product was conducted 

as it was described above.  

 

5.14. Lenti-virus production & titration 

HEK293T cells were plated in 6-well with initial density 2x105 cells/well. Next day, 5ug 

of each of the three plasmids (psPAX2, pMD2.G, pLV-hSyn-RFP or pLV-hSyn-IP-GFP-

LC3-RFP), 300ul DMEM and 15ul Lipofectamin (Invitrogen) were used per well for their 

transduction. The transfection was performed according the Invitrogen protocol for 

Lipofectamin 3000 reagent. Cells were maintained in 3ml/well final volume of HEK 

cells medium. The third day after transfection 1ml of medium was added per well. Six 

days after transfection the medium containing viral particles was collected and filtered 

using 0,45μm filter and the cells containing high concentration of viral particles as well 

were harvested, pelleted and stored at -80oC for potential future use. The filtered 
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medium was centrifuged at 130,000g (Sorval centrifuge) for 2 hours at 4oC and then 

the supernatant was discarded and the pellet was resuspended in 20ul filtered saline, 

which was subsequently stored at -20oC. 

   Virus titration was conducted using HEK293T cells. Cells were plated in 12-well with 

initial density 105 cells/well. Ten serial sub-ten-fold dilutions of virus were performed 

using as initial the unknown concentration of the virus being in saline. The virus was 

diluted in DMEM. Subsequently, cells were transducted with virus dilutions. After 

three days cells were fixed for 20 minutes with 4% paraformaldehyde at room 

temperature and then they were rinsed with PBS and stored at 4oC. 

 

5.15. Transduction of primary neuronal cultures 

Primary neuronal cells cultured as described above in “neuronal cultures” session on 

were transducted at day in vitro2 (DIV2) directly with the virus maintained in saline. 

At day in vitro5 (DIV5) cells were fixed for 20 minutes with 4% paraformaldehyde at 

room temperature, rinsed and stored in PBS at 4oC. 

 

5.16. Quantification and statistical analysis  
No samples or animals were excluded from analysis. Statistical analyses were 

performed with Microsoft Excel 2013 and GraphPad Prism 6 software. Mean, standard 

error of mean (± SEM) and statistical significance (pValue) were assessed by unpaired 

two-tailed Student’s t-test or by ANOVA multiple comparisons. Statistical significance 

was established at pValue≤0,05. 
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