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Abstract 
 

Chaperone-mediated autophagy (CMA) is one of the main autophagic proteolytic 

pathways involving the selective targeting of cytosolic proteins to the lysosomes. It is 

widely believed that dysfunction of the CMA pathway is important in the 

pathogenesis of Parkinson’s disease (PD). In order to model this, we have recently 

generated a novel rat model, in which downregulation of CMA within the nigra, via 

AAV-shRNA-mediated targeting of endogenous Lamp2a, the rate-limiting step in the 

CMA pathway, leads to loss of striatal dopamine, nigral neuron degeneration, and 

accumulation of alpha-synuclein, 8 weeks post injection, thus mimicking aspects of 

PD. In this system, we have observed a marked accumulation of autophagic vacuoles 

and biochemical indices suggestive of enhanced productive macroautophagy in the 

nigral cell bodies of dopaminergic neurons. In view of these features, aim of the 

current study was to assess the contribution of macroautophagy to the dopaminergic 

axonal degeneration that precedes nigral cell death, evoked by inhibition of the 

Chaperone-mediated autophagy (CMA) pathway. 

 

In order to inhibit CMA, we have stereotaxically injected adeno-associated viruses 

expressing shRNAs targeting LAMP2A receptor or scrambled shRNAs in the rat 

substantia nigra (SN). At 2 and 3 weeks post-injection, we examined indices of 

macroautophagy induction and the formation of autophagic vacuoles (AVs) in the 

nigrostriatal axis by Confocal and Electron Microscopy. The integrity of the 

nigrostriatal projections and the astro- and micro-gliosis in both striatum and SN at 

these time-points were also assessed by Confocal Microcscopy. 

LAMP2A down-regulation was accompanied by abnormal accumulation of AVs at 

synaptic nerve terminals, prior to dopaminergic degeneration at 3 weeks post-

injection. At this early time point, the levels of Bassoon, a negative regulator of 

autophagy and a marker for the active synaptic zone, were decreased, whereas levels 

of ULK-1 were increased. Increased astro- and micro-gliosis was observed in both SN 

and striatum. 

Our data suggest that uncontrolled induction of macroautophagy may, at least in 

part, be responsible for the nigrostriatal terminal degeneration that occurs early in 

this model, well before cell soma degeneration. Further, our results provide the first 

in vivo evidence that ULK-1 is a CMA substrate and may act as a link between CMA 

and macroautophagy. Therefore, down-regulation of macroautophagy may represent 

a promising target to reverse the damage and rescue the deteriorating dopaminergic 

neurons. 
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Περίληψη 

Η αυτοφαγία διαμεςολαβοφμενθ από ςαπερόνεσ (CMA) αποτελεί μία από τισ κφριεσ 

αυτοφαγικζσ πρωτεολυτικζσ οδοφσ που εμπλζκονται ςτθν επιλεκτικι ςτόχευςθ 

κυτοςολικϊν πρωτεϊνϊν ςτα λυςοςϊματα. Πιςτεφεται ευρζωσ ότι θ δυςλειτουργία 

του CMA μονοπατιοφ είναι ςθμαντικι ςτθν πακογζνεςθ τθσ νόςου του Πάρκινςον. 

Για να το μοντελοποιιςουμε αυτό, πρόςφατα δθμιουργιςαμε ζνα νζο μοντζλο 

επίμυοσ, ςτο οποίο θ μειωμζνθ ενεργότθτα του CMA εντόσ τθσ μζλαινασ ουςίασ, 

μζςω τθσ ςίγαςθσ του ειδικοφ υποδοχζα του μονοπατιοφ LAMP2A, οδιγθςε ςε 

μείωςθ των επιπζδων τθσ ντοπαμίνθσ ςτο ραβδωτό ςϊμα, εκφυλιςμό των 

ντοπαμινεργικϊν νευρϊνων και ςυςςϊρευςθ τθσ πρωτεΐνθς α-ςυνουκλεΐνθσ, 8 

εβδομάδεσ μετά τθν ζγχυςθ των ιϊν, μιμοφμενθ ζτςι βαςικά χαρακτθριςτικά τθσ 

νόςου του Πάρκινςον. Σε αυτό το ςφςτθμα, παρατθριςαμε μία ςθμαντικι αφξθςθ 

αυτοφαγικϊν κυςτιδίων και βιοχθμικϊν δεικτϊν που υποδθλϊνουν τθν παρουςία 

αυξθμζνθσ παραγωγικισ μακροαυτοφαγίασ ςτα ςϊματα των ντοπαμινεργικϊν 

νευρϊνων. Λόγω αυτϊν των χαρακτθριςτικϊν, ςτόχοσ τθσ παροφςασ μελζτθσ ιταν να 

εκτιμθκεί θ ςυμβολι τθσ μακροαυτοφαγίασ ςτον ντοπαμινεργικό νευραξονικό 

εκφυλιςμό που προθγείται του κανάτου των κυτταρικϊν ςωμάτων, ο οποίοσ 

προκαλείται ζπειτα από τθν αναςτολι του CMA μονοπατιοφ. 

Προκειμζνου να αναςταλεί το CMA, εγχφκθκαν ςτερεοτοξικά αδενο-ςυςχετιηόμενοι 

ιοί που εκφράηουν shRNAs που ςτοχεφουν τον υποδοχζα LAMP2A ι μθ κωδικά 

shRNAs ςτθ μζλαινα ουςία επίμυων. Στισ 2 και 3 εβδομάδεσ μετά τθν ζγχυςθ, 

εξετάςαμε δείκτεσ επαγωγισ μακροαυτοφαγίασ και ςχθματιςμοφ αυτοφαγικϊν 

κυςτιδίων (AVs) ςτο μελανοραβδωτό άξονα με θλεκτρονικι μικροςκοπία και 

μικροςκοπια φκοριςμοφ. Η ακεραιότθτα των ντοπαμινεργικϊν αξόνων και θ αςτρο- 

και μικρο-γλοίωςθ  τόςο ςτο ραβδωτό όςο και ςτθ μζλαινα ουςία, ςε αυτά τα 

χρονικά ςθμεία, αξιολογικθκαν επίςθσ με μικροςκοπία φκοριςμοφ.  

Η ςίγθςθ του υποδοχζα LAMP2A ςυνοδεφτθκε από ανϊμαλθ ςυςςϊρευςθ των AVs 

ςτισ ςυναπτικζσ απολιξεισ, πριν από τον ντοπαμινεργικό εκφυλιςμό ςτισ 3 

εβδομάδεσ μετά τθν ζγχυςθ. Σε αυτό το αρχικό χρονικό ςθμείο, τα επίπεδα του 

Bassoon, ενόσ αρνθτικοφ ρυκμιςτι τθσ αυτοφαγίασ και δείκτθ τθσ ςυναπτικισ 

ενεργότθτασ μειϊκθκαν, ενϊ τα επίπεδα τθσ πρωτείνθσ ULK-1, που ρυκμίηει τθ 

μακροαυτοφαγία, αυξικθκαν. Αυξθμζνθ αςτρο- και μικρο-γλοίωςθ παρατθρικθκε 

τόςο ςτθ μζλαινα ουςία όςο και ςτο ραβδωτό ςϊμα. 

Τα δεδομζνα μασ υποδεικνφουν ότι θ ανεξζλεγκτθ επαγωγι τθσ μακροαυτοφαγίασ 

μπορεί, τουλάχιςτον εν μζρει, να είναι υπεφκυνθ για τον εκφυλιςμό των  

ντοπαμινεργικϊν απολιξεων που εμφανίηεται νωρίσ ςε αυτό το μοντζλο, πολφ πριν 

από τον εκφυλιςμό του κυτταρικοφ ςϊματοσ. Περαιτζρω, τα αποτελζςματά μασ 

παρζχουν τισ πρϊτεσ in vivo αποδείξεισ ότι το ULK-1 αποτελεί υπόςτρωμα του CMA 

μονοπατιοφ και μπορεί να δρά ωσ ςφνδεςμοσ μεταξφ του CMA και τθσ 
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μακροαυτοφαγίασ. Επομζνωσ, θ μείωςθ τθσ μακροαυτοφαγίασ μπορεί να αποτελζςει 

ζναν πολλά υποςχόμενο ςτόχο για να αναςτρζψει τθ βλάβθ και να διαςϊςει τουσ 

ντοπαμινεργικοφσ νευρϊνεσ. 
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A. Introduction 
 

A.1 What is autophagy?  

Cellular homeostasis requires a proper balance between protein synthesis and 

degradation. Eukaryotic cells have two major intracellular proteolytic systems, the 

lysosome and the proteasome. The proteasome is the primary selective degradation 

system; it generally recognizes only ubiquitinated substrates, which are primarily 

short-lived proteins. Degradation via the lysosome is more complex. Extracellular 

material and plasma membrane proteins can be delivered to lysosomes for 

degradation via the endocytic pathway. Furthermore, cytosolic components and 

organelles can also be delivered to the lysosome through the autophagy machinery.  

Autophagy is an evolutionarily conserved catabolic self-degradation process by which 

cells degrade and recycle their intracellular components. Three distinct types of 

autophagy have been identified: macroautophagy, microautophagy and endosomal 

microautophagy and chaperone-mediated autophagy (CMA) (Fig. 1). These types vary 

from each other depending on the inducing signals and temporal aspects of induction, 

type of cargo and mechanism of sequestration (Klionsky et al. 2016).  

Macroautophagy is thought to be the major type of autophagy, and it has been 

studied most extensively compared to microautophagy and CMA. This pathway is 

conserved from yeast to mammals and is mediated by a special organelle termed the 

autophagosome (Nakatogawa et al. 2009). A second autophagic pathway, 

microautophagy, is a specialized form of autophagy in which cytoplasmic proteins and 

organelles engulfed by lysosomes or the vacuole (in yeast) via direct invagination of 

the lysosomal membrane in either selective or non-selective manner (Marzella et al. 

1981; Galluzzi et al. 2017). Recent studies have shown that microautophagy actually 

occurs in mammals, but in late endosomes/multivesicular bodies (LE/MVB) instead of 

lysosomes (Sahu et al. 2011). This process termed endosomal-microautophagy (eMI), 

contributes to the bulk degradation of proteins present in cytosol trapped in vesicles 

forming at the LE membrane. This process was initially thought to be non-selective, 

but recent reports showed that some cytosolic proteins can be delivered to late 

endosomes by HSC70, which may represent a form of selective microautophagy (Sahu 

et al., 2011; Uytterhoeven et al., 2015). The HSC70 chaperone is also involved in CMA, 

a selective degradation process. The chaperone HSC70 and its co-chaperones 

recognize cytosolic substrate proteins bearing the loose pentapeptide motif, KFERQ 

or a biochemically related one (Chiang et al., 1989, Dice, 1990) and associate with the 

lysosomal membrane protein LAMP2A, resulting in client protein translocation into 

the lysosome (Kaushik and Cuervo, 2012). 
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Figure 1. Autophagic pathways in mammals. Three major autophagy pathways have 

been described; macroautophagy, microautophagy and endosomal microautophagy 

and chaperone-mediated autophagy (CMA). All types are involved in degradation of 

intracellular components in order to synthesize proteins, produce energy and 

contribute to gluconeogenesis (adapted from Kaushik et al. 2018). 

 

A.2 Macroautophagy Machinery 

Autophagy is regulated by the autophagy-related genes (Atg) that have been 

discovered in the yeast Saccharomyce cerevisiae. From these 31 genes, 15 are mainly 

required for the autophagic machinery, and only 11 of them have unambiguous 

orthologous in mammals. Most of these “core” Atg’s mediate the autophagosome 

formation (Klionsky et al. 2003; Nakatogawa et al. 2009). The process of 

autophagosome formation is orchestrated by two major steps: nucleation and 

elongation of the isolation membrane. The nucleation step is processed by the 

ULK/Atg1 kinase complex, the autophagy-specific PI3-kinase complex and PI(3)P 

effectors and their related proteins, whereas the elongation step is mediated by the 

Atg12- and LC3/Atg8-conjugation systems. At the final step, the autophagosome fuses 

with the lysosome leading to the degradation of the cargo (Klionsky et al. 2000).  

More specifically, there are five highly conserved steps in autophagy (Fig. 2):  
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1. Initiation 

2. Vesicle nucleation 

3. Vesicle elongation 

4. Maturation, Axonal Transport (neurons) and Fusion with the lysosome 

5. Degradation 

 

The initiation of the phagophore formation, which is, a double membrane organelle  

that encloses and isolates the cytoplasmic components, begins when the ULK kinase 

complex is activated, and involves the translocation of the ULK complex at a 

distinguished location on the endoplasmic reticulum (ER), marked by the ATG9 

protein. The ULK1 (unc-51-like kinase 1) (Atg1 in yeast) complex senses the nutrient 

status of the cell to initiate or terminate autophagy. Autophagosomes are generated 

on, or in close proximity, to the ER (Mizushima et al., 2011, Tooze and Yoshimori, 

2010). However, it remains unclear whether the ER membrane is directly used for 

autophagosome formation. Recent studies suggest that additional membranes 

derived from the Golgi complex, the mitochondria, and the plasma membrane also 

contribute to autophagosome formation (Hailey et al. 2010, Mizushima et al. 2011, 

Ravikumar et al. 2010, Tooze and Yoshimori 2010).  

ULK1 is negatively regulated by the mammalian target of rapamycin complex 1 

(mTORC1), in a nutrient-dependent manner. Upon autophagy induction, this complex 

consisting of ULK1, Atg13, FIP200, and Atg101 is activated in an adenosine 

monophosphate-activated protein kinase (AMPK)-dependent manner and 

translocates to early autophagic structures (Kim et al. 2011). The active ATG1 complex 

is translocated to the ER and activates the class III phosphatidylinositol (PtdIns) 3-

kinase complex (including Ambra1, Beclin 1, Atg14(L)/barkor, Vps15 and Vps34). 

Subsequently, the activation of PtdIns3 complex signals triggers vesicle nucleation. 

The expansion of the phagophore and, ultimately, the formation of the 

autophagosome, are being mediated by two ubiquitin-like ATG conjugation pathways, 

the ATG5-ATG12 and the LC3/Atg8 complexes. The proteins with ubiquitin-like 

proteins (UBLs) activity, ATG12 and ATG8, undergo a cascade of conjugation with 

different ATG interactors. In mammals, there are seven Atg8 orthologues; 

MAP1LC3A/B/C, GABARAP and GABARAPL1/2/3 (all of which are hereafter referred to 

as LC3). LC3 is widely used as a marker for the microscopic detection of isolation 

membranes and autophagosomes. After synthesis, LC3 is post-translationally 

modified by the ATG4 protein, a cysteine protease, and becomes LC3-I, which has a 
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glycine residue at the C-terminal end. Once autophagy is induced, ATG7 activates LC3 

and transfers it to ATG3 (E2-like enzyme). LC3-I is subsequently conjugated with 

phosphatidylethanolamine (PE) to become LC3-II by an ubiquitination-like enzymatic 

reaction. In contrast to the cytoplasmic localization of LC3-I, LC3-II associates with 

both the outer and inner membranes of the autophagosome. The PE-LC3 is integrated 

in the pre-autophagosome and is involved in the generation of mature 

autophagosomes and in cargo recognition (Fullgrabe et al., 2014). PE-conjugated LC3 

(LC3-II) and unconjugated LC3 (LC3-I) can be distinguished separately by immunoblot 

analysis, and the amount of LC3-II is widely used for the quantification of autophagic 

activity (Kabeya et al., 2000). 

It is believed that the expanding autophagosomes engulf bulk cytoplasmic contents in 

a non-specific manner. However, this process may also be selective through cargo 

receptors delivering ubiquitinated substrates for autophagic degradation. Such a 

receptor is the mammalian protein p62/sequestosome 1 (SQSTM1), which contains a 

C-terminal ubiquitin-associated (UBA) domain that binds ubiquitin, and a short LC3-

interacting region (LIR) sequence, that allows LC3 interaction (Pankiv et al. 2007). On 

the other hand, p62 is itself an autophagy-substrate and the selective recognition and 

degradation of p62 through autophagy were demonstrated by its accumulation in 

autophagy deficient cells (Wang et al. 2006). The protein levels of LC3II and p62 are 

being widely used as an index of autophagic flux, since their levels correlate directly 

with the rate of autophagic activity.  

Regarding neuronal cells, it is generally believed that autophagosome biogenesis 

events are enriched distally but are infrequent in dendrites, the soma or the mid axon 

(Maday et al. 2015). De novo formation of autophagosomes has been detected in cell 

bodies of primary cortical neurons (Lee et al. 2011). However, it remains unclear 

whether autophagosome biogenesis occurs along the axons. Once formed, the 

autophagosomes in distal axons undergo robust retrograde transport towards the 

soma, where the lysosomes are located, in a dynein-dependent manner (Cheng et al. 

2015; Hollenbeck 1993; Lee et al. 2011; Maday et al. 2012; Maday and Holzbaur 

2014).  As autophagosomes travel along the axon, they mature into degradative 

organelles (Lee et al. 2011; Maday et al. 2012; Wang et al. 2015). Autophagosomes 

along the mid-axon are positive for the late endosome/lysosome marker LAMP1, 

suggesting that exit from the distal axon is accompanied by fusion with late 

endosomes/lysosomes (Maday etal. 2012). In the final step, the autophagosome fuses 

with the lysosome to become autolysosome, where the degradation of the contained 

materials is mediated by the lysosomal hydrolases (Dice 2000). The macromolecules 

are digested to their monomeric units, and released to the cytosol for reuse. 

However, this process has to be further explored; especially, the process of the 

autophagic recycling of carbohydrates and lipids remains extremely unknown.  
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Figure 2: Schematic representation of the macroautophagic pathway in mammalian 

cells. The core autophagy proteins which constitute the molecular pathway of 

autophagy are illustrated with their associated autophagy membrane compartments. 

The 5 major steps in the autophagic pathway are shown (adapted from Metaxakis  et 

al. 2018). 

 

A.3 Physiological roles of autophagy  

Basal autophagy occurs constantly within the majority of mammalian cells at low 

levels; however a wide range of stimuli can upregulate autophagy highlighting the 

importance of this pathway in cellular survival and homeostasis. Traditionally, 

autophagy was thought to be primarily an adaptive response to starvation, as it 

enables recycling of macromolecules providing the cells with the necessary amino 

acids (Mizushima et al. 2004). However in the last years, autophagy has emerged as a 

multifunctional pathway involved in intracellular quality control, development, cell 

death, tumor suppression and anti-aging. 

A principal function of autophagy is the elimination of cytoplasmic contents. Research 

during the last 15 years has revealed that autophagy contributes to intracellular 

homeostasis in non-starved cells by degrading cargo material such as aggregate-prone 

proteins, including those causing many neurodegenerative conditions (aggrephagy), 

damaged mitochondria (mitophagy), excess peroxisomes (pexophagy), and invading 

pathogens (xenophagy) (Stolz et al. 2014). In the classical example, aggregates of 

aberrantly folded proteins are tagged with ubiquitin chains that are recognized by 

ubiquitin-binding domain-containing receptors, such as SQSTM1/p62 (Bjørkøy et al. 

2005), neighbor of BRCA1 gene 1 (NBR1) (Kirkin et al. 2009), optineurin (OPTN) (Wild 
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et al. 2011), TOLL-interacting protein (TOLLIP) (Lu et al. 2014) and others. These 

receptors also contain LC3-interacting region (LIR) motifs in their sequences that can 

recognize the key autophagosome-associated protein, LC3. Thus, these receptors link 

the autophagy machinery to ubiquitinated protein substrates for subsequent 

lysosomal degradation (Bjørkøy et al. 2005; Pankiv et al. 2007). Besides neuronal 

homeostasis, autophagy has also been shown to intersect with many of the pathways 

related to synaptic plasticity and participate in processes that underlie the continuous 

remodeling of the neuronal terminals (Komatsu et al. 2007; Wang et al. 2006; 

Nikoletopoulou et al. 2017), suggesting that it also contributes to neuronal function. 

At the Drosophila neuromuscular junction, high-frequency stimulation results in a 

rapid increase in Atg8 (LC3) puncta formation at presynaptic terminals (Soukup et al., 

2016; Vanhauwaert et al., 2017), whereas in rat hippocampal pyramidal neurons, 

neuronal stimulation induces autophagosome formation, which promotes presynaptic 

AMPA receptor degradation (Shehata et al., 2012). Autophagy has also been 

implicated in the degradation of postsynaptic receptors such as inhibitory GABAA 

receptors and AMPA receptors, thereby inducing synaptic long-term depression 

(Rowland et al., 2006; Shehata et al., 2012). These reports proposed autophagy as a 

new player in the synaptic plasticity. 

Based on the increasing evidence for the physiological importance of autophagy in 

neuronal homeostasis and function, it seems unsurprising that alterations in the 

autophagic machinery are intimately linked to different brain diseases, including a 

growing number of neurological disorders, such as Alzheimer’s Disease (AD), 

Parkinson’s Disease (PD), Huntington’s Disease (HD) and Amyotrophic Lateral 

Sclerosis (ALS). 

 

A.4 Autophagy and neurodegenerative diseases  

The turnover of proteins has been the focus of attention across neurodegenerative 

diseases, given that many, if not all, of these diseases, show characteristic protein 

aggregation as the key hallmark of their cellular pathology. Although the underlying 

mechanisms responsible for the formation of the proteinaceous inclusions remains 

largely unknown, a common link is the fact these aggregate-prone proteins are 

substrates for autophagic degradation (Menzies et al., 2015a; Ravikumar et al., 2002). 

Different findings in recent years have aided to consolidate a connection between 

macroautophagy and neurodegenerative disorders and propelled the current interest 

in this topic. 

As post-mitotic cells, neurons cannot dilute out aggregated proteins and damaged 

organelles in the cytoplasm by cell division. Thus, neurons are particularly dependent 

on a proper cellular protein-quality-control system to eliminate these toxic materials 
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and maintain their own homeostasis. Αn increasing body of evidence during the last 

years indicates that in neurons, basal autophagy is essential for maintenance of local 

homeostasis of axonal compartment and protection against axonal degeneration. This 

protective effect appears to be related to the elimination of damaged mitochondria 

and toxic protein aggregates. By contrast, dysregulation of autophagy leads to 

accumulation of abnormal proteins and eventually to neuronal dysfunction and 

impaired axonal transport (Millecamps and Julien 2013), events that may eventually 

result in or contribute to axonal degeneration and subsequent neuronal death. In 

many neurodegenerative diseases, such as PD, AD and ALS, the axon is the first 

damaged neuronal compartment, an event that often occurs many years before the 

death of cell body becomes evident (Tagliaferro et al. 2016). Moreover, it has been 

reported that autophagosome-like vacuoles are present in the dysfunctional or 

degenerating axons, which suggest that altered autophagy may mediate the 

subsequent neuronal death (Rubinsztein et al. 2005; Maday 2016). These 

observations link altered autophagy and axonopathy, which is one of the underlying 

mechanisms leading to neurodegeneration (Coleman and Perry 2002). 

The strongest evidence for an active role of autophagy in maintaining neuronal 

homeostasis arose from the generation of mutant mice lacking key autophagy genes. 

More particularly, it has been shown that in vivo depletion of the Atg5 gene in the 

neural lineage provokes neuronal cell loss, progressive motor deficit and 

accumulation of protein aggregates and inclusion bodies in neurons (Hara et al. 2006). 

In the same manner, mice with conditional deletion of Atg7 in the neural lineage 

display cell loss in the cerebral and cerebellar cortices, motor impairments and 

inclusion formation. These mice also show axonal swelling and die at around 28 

weeks (Komatsu et al. 2007). Friedman et al. demonstrated that dopaminergic (DA) 

neuron-specific autophagy deficiency leads to the restrictive presynaptic 

accumulation of α-synuclein in the dorsal striatum and delayed neurodegeneration, 

suggesting that impaired autophagy plays a role in PD pathogenesis (Friedman et al. 

2012). More recently, Sato and colleagues also generated a DA cell-specific Atg7 

conditional knockout mice resulting in Lewy pathology and motor dysfunction 

associated with aging (Sato et al. 2018). These results suggest that the continuous 

clearance of diffuse cytosolic proteins through basal autophagy is important for 

preventing the accumulation of abnormal proteins, which can disrupt neural function 

and ultimately lead to neurodegeneration. On the other hand, Hu et al. provide 

evidence that Atg5 overexpression can exert protection against MPTP-induced 

Parkinsonism, by restoring levels of DA in zebrafish (Hu et al. 2017). Moreover, 

activation of mTOR-dependent macroautophagy has been shown to inhibit the 

accumulation of α-synuclein (Sheng et al., 2017). 

In addition, it has been shown that chronic macroautophagy deficiency in DA neurons 

results in abnormally large dopaminergic axonal profiles and increased 
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neurotransmitter release in response to stimuli, strengthening the view that 

autophagy plays a crucial role in the presynaptic terminals and synaptic activity in 

general (Hernandez et al. 2012). It is believed, therefore, that autophagy acts as a 

brake of presynaptic activity, regulating the kinetics of DA release (Shen et al. 2015).  

Despite the well-established neuroprotective role of autophagy in most cases of 

neuronal injury, excessive autophagy has also been proposed to contribute to 

neurodegeneration. For example, inhibition, rather than stimulation, of 

macroautophagy promotes neuronal survival in some pathological conditions 

displaying increased neuronal autophagic vacuoles. Yang et.al provided evidence that 

autophagy mediates neurite retraction after nerve growth factor deprivation in 

cervical ganglion neurons (Yang et al, 2007). In this study, autophagic degeneration 

occurs prior to cell death, suggesting that autophagy plays a role in neurite 

degeneration independent of cell death. Interestingly, molecular and pharmacological 

inhibition of autophagy efficiently suppressed axonal and dendritic degeneration in 

this model (Yang 2007). We have also previously shown that in rat primary cortical 

neurons and in human differentiated DA SH-SY5Y cells, CMA inhibition conferred by 

aberrant alpha-synuclein overexpression lad to a compensatory induction of the 

process of macroautophagy and cell death. Interestingly, pharmacological and 

molecular macroautophagy inhibition exerted a protective effect in both models, 

further supporting a neurotoxic role of excessive macroautophagy induction (Xilouri 

et al. 2009). Furthermore, in a model of excitotoxic neurodegeneration, excessive 

induction of autophagy was found to be associated with axonal dystrophy, even in the 

absence of an altered rate of degradation. The authors proposed that, particularly in 

axons, a common pathway exists downstream of specific disease mechanisms, which 

triggers the induction of autophagy before the onset of neuronal death (Wang et al. 

2006). Autophagic stress has also been implicated in neurons exposed to 

methamphetamine, which causes neuritic dystrophy in the absence of cell death, and 

elevated autophagic activity was found to be associated with decreased dopaminergic 

neurotransmission (Larsen et al. 2002). Still, the question of whether or not there is 

“excessive” autophagy mediating “autophagic cell death” remains one of the most 

controversial issues in the field.  

 

 

A.5 Chaperone Mediated Autophagy (CMA) 

CMA, which is responsible for the degradation of selected soluble proteins, differs 

from the other two types of autophagy, on the mechanism mediating the cargo 

selection and the mode of cargo delivery to the lysosomal lumen for degradation. It is 

a selective form of autophagy in which cytosolic proteins containing a specific 
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targeting motif in their amino acid sequence are targeted to the lysosome for 

degradation.  The delivery of substrate-proteins does not require the formation of 

intermediate vesicles, membrane fusion, or membrane deformity of any type. 

Instead, the substrates are translocated from the cytosol directly into the lysosomal 

lumen across the membrane in a process mediated by a translocation protein 

complex that requires substrate unfolding. 

The selective process of CMA can be divided into four distinct steps (Fig. 3):  

(a) Substrate recognition and targeting to the lysosomes;  

(b) Substrate binding to the lysosomal receptor and unfolding;  

(c) Substrate translocation through the lysosomal membrane and 

(d) Substrate degradation in the lysosomal lumen 

 

 

Figure 3. Schematic representation of the CMA pathway machinery. The selective 

process of CMA starts with the recognition of a substrate protein bearing a KFERQ-like 

motif by a chaperone/co-chaperone complex in the cytosol (a). This complex transfers 

the protein to the surface of the lysosomal membrane, where the binding to the 

cytosolic tail of the LAMP2A receptor takes place (b). This binding promotes LAMP2A 

multimerization and substrate unfolding with the aid of the lysosomal HSC-70 (c), thus 

promoting the direct translocation of the protein across the lysosomal membrane and 
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its subsequent degradation by the lysosomal proteases (d). Following substrate 

translocation, lys-HSC70 enables disassembly of the LAMP2A complex (e), which is 

then available for the binding of other substrates (adapted from Xilouri et al. 2016). 

 

All CMA substrates are soluble cytosolic proteins bearing the loose pentapeptide 

motif KFERQ, or a biochemically related one (Dice et al. 1986; Chiang and Dice (1988). 

During the first step, CMA substrate proteins are targeted for lysosomal degradation 

by the heat-shock cognate protein of 70 kDa (HSC70, a cytosolic member of the 

HSP70 chaperone family) (Chiang et al. 1989, Dice 1990). The interaction between the 

substrate protein and HSC70 is being modulated by the HSC70 co-chaperones, such as 

HSP40, HSP90, Hip, Hop, and Bag (Agarraberes and Dice 2001). Αthough almost 30% 

of cytosolic proteins contain a KFERQ-like motif, few of them have been tested for 

their actual degradation by this pathway (Wing et al. 1991).  Since the CMA motif is 

based on the charge of the amino acids, it is likely that other proteins could acquire 

the loose pentapeptide motif targeting them to CMA after post-translational 

modifications, such as phosphorylation or acetylation in the case of Huntingtin 

(Thompson et al. 2009). Substrate proteins are required to be unfolded before 

translocation into the lysosomal lumen.  HSC70 and the co-chaperons not only target 

the CMA substrate to the lysosomal membrane, where it can interact with the CMA 

receptor, but likely also participate in the unfolding step required before the 

substrate translocation across the lysosomal membrane (Agarraberes and Dice 2001). 

The second step of the pathway involves the translocation of the HSC70-co-

chaperones / substrate complex to the level of the lysosomal membrane, where the 

interaction with the cytosolic tail of the single-span membrane protein lysosome-

associated membrane protein type 2A (LAMP2A) takes place. HSC70 and the 

substrate can bind the LAMP2A tail at the same time, suggesting that substrate 

recognition and targeting are coupled processes; however, the KFERQ-like motif in 

the substrate is not required for LAMP2A binding (Cuervo and Dice, 1996). LAMP2A is 

one of three isoforms of the LAMP2 gene, encoded through alternative splicing and 

the only isoform required for CMA. All LAMP2 isoforms (LAMP2A, LAMP2B, LAMP2C) 

are lysosomal transmembrane proteins, which share a common highly N-glycosylated 

lumenal region, but different transmembrane domain and cytosolic tail (Gough NR et 

al. 1995). LAMP2A is the rate-limiting step for the whole CMA process. Consequently, 

changes in the levels and dynamics of LAMP2A at the lysosomal membrane regulate 

CMA activity. LAMP2A exists as a monomer at the lysosomal membrane. The binding 

of substrates to LAMP2A monomers triggers the multimerization of LAMP2A into a 

multimeric protein complex that acts as the active translocation complex through 

which the substrate proteins are threaded into the lysosomal lumen and degraded. 

The stability of LAMP2A into a multimeric complex at the lysosomal membrane and 
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the subsequent translocation of the substrate protein require the presence of a 

lysosomal form of HSC70 (lys-HSC70) and co-chaperones in the lysosomal lumen.  

The final step is the rapid proteolysis of the substrate by residual lysosomal proteases 

inside the lysosomal lumen. Once the substrate protein is translocated into the 

lumen, LAMP2A disassembles from this multimeric complex, which is then accessible 

to bind other substrates, a process that only takes place when free monomers of the 

receptor are available (Bandyopadhyay et al. 2010) Αlternatively, LAMP2A can be 

displaced into the lysosomal lumen, where it does not participate in CMA and can be 

degraded by cathepsin A (Cuervo et al. 2003). 

 

A.6 Physiological roles of CMA  

CMA operates at basal conditions in most mammalian cell models analyzed so far, but 

its activation is often triggered by various stressors, such as trophic deprivation 

(Cuervo et al. 1995), oxidative stress (Kiffin R et al. 2004) or protein denaturation 

(Cuervo et al. 1999).  Under these conditions, CMA responds with compensatory 

mechanisms including increased LAMP2A transcription, decreased LAMP2A clearance 

within the lysosomal lumen, or increased abundance of luminal lys-HSC70.   

Research during the last 10 years has highlighted the contribution of CMA to the 

maintenance of energetic cellular balance and cellular quality control. Under 

conditions of nutrient deprivation, CMA is activated in order to degrade and recycle 

intracellular components, providing energy and building blocks. In the classical 

paradigm of nutritional starvation, the cells respond immediately by activating 

macroautophagy. If the starvation state is prolonged for more than 10 hours, then 

cells activate CMA. The selectivity of CMA for individual cytosolic proteins allows cells 

to degrade only those proteins that might not be required under these starvation 

conditions in order to generate amino acids for the synthesis of essential proteins.  

The other major utility of CMA is the specific elimination of abnormal or damaged 

proteins. Although CMA cannot degrade proteins as soon as they aggregate, it is part 

of the first line of defense against protein aggregation by mediating the degradation 

of individual proteins after damage or partial unfolding (Cuervo 2004, Martinez-

Vicente et al. 2008). This is of particular importance in conditions that are related to 

protein damage, such as oxidative stress or toxic agents. Supporting this idea, it has 

been reported that CMA is upregulated during oxidative stress (Kiffin et al., 2004) or 

exposure to toxic compounds (Cuervo et al., 1999) and cells deficient in CMA are 

more susceptible to oxidative agents (Massey et al., 2006), whereas in vitro as well as 

in vivo upregulation of CMA is accompanied by reduced levels of oxidized and 

aggregated proteins improving cellular resistance to proteotoxicity (Anguiano et al. 
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2013). However, the physiological role of CMA in the nervous system in particular, has 

just started to gain attention.  

CMA has been also reported to protect neurons against stressors, since it is 

implicated in the degradation of the transcription factors myocyte-specific enhancer 

factor 2A (MEF2A) and 2D, (MEF2D) which are required for neuronal survival (Yang et 

al. 2009; Zhang et al. 2014). In non-neuronal cells it has been shown that CMA can 

regulate the growth of tubular kidney cells through degradation of the transcription 

factor Pax2 (Sooparb et al., 2004), the antigen presentation in dendritic cells (Zhou et 

al., 2005) and the control of NF-kB-mediated transcription through the degradation of 

IkB in Chinese hamster ovary cells during starvation (Cuervo et al., 1998). 

Interestingly, environmental factors such as neurotoxins have been shown to have an 

impact on CMA activity. Marin et al. examined the expression levels of CMA markers 

in the substantia nigra of 6-hyroxydopamine (6-OHDA)-lesioned hemiparkinsonian 

rats. They found that the levels of LAMP2A and Hsp90 were increased in the 

substantia nigra ipsilateral to the 6-OHDA-evoked lesion, associated with a robust 

decrease in TH expression levels in the striatum (88%), providing in vivo evidence for a 

toxin-induced upregulation of CMA activity (Marin and Aguilar, 2011). Similarly, Gao 

et al. found that 6-OHDA-mediated oxidative stress induced MEF2D oxidation and 

increased LAMP2A levels, both in a dopaminergic cell line and in the mouse 

substantia nigra pars compacta, resulting in accelerated degradation of MEF2D (Gao 

et al., 2014). Reducing MEF2D or LAMP2A levels in the cell lines exacerbated 6-OHDA-

induced death, whereas expression of an oxidation-resistant MEF2D mutant 

protected cells from 6-OHDA-induced death (Gao et al., 2014). Accumulation of the 

CMA substrates alpha-synuclein and MEF2D has been also observed upon exposure of 

SH-SY5Y neuroblastoma cells to the mitochondrial toxin rotenone (Sala et al., 2013). 

However, these changes in alpha-synuclein and MEF2D protein levels were due to 

changes in the regulation of their de novo synthesis rather than inhibition of their 

CMA-mediated degradation (Sala et al., 2013). Moreover, it was shown that hypoxic 

stress both in neuroblastoma cells and in vivo upon middle cerebral artery occlusion, 

increased LAMP2A protein levels and induced accumulation of LAMP2A-positive 

lysosomes in the perinuclear area, which is a hallmark of CMA activation (Dohi et al., 

2012). This induction of CMA was neuroprotective, as blocking CMA using siRNA 

against LAMP2A accelerated cell death, whereas administration of mycophenolic acid, 

a potent CMA activator, rescued hypoxia-mediated cell death, suggesting that CMA is 

activated during hypoxia and contributes to the survival of cells under these 

conditions (Dohi et al., 2012). 

Loss of CMA in the liver due to LAMP2A silencing caused hepatic glycogen depletion 

and hepatosteatosis; the liver phenotype was accompanied by reduced peripheral 

adiposity, increased energy expenditure, and altered glucose homeostasis (Schneider 
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et al., 2014). Comparative lysosomal proteomics revealed that key enzymes involved 

in carbohydrate and lipid metabolism are normally being degraded by CMA and loss 

of their regulated degradation contributed to the metabolic abnormalities observed 

in CMA-defective animals (Schneider et al., 2014). CMA decline, occurring with age, 

may be related with the metabolic dysregulation in aged organisms. This decline is a 

direct result of a decrease in the levels of the CMA receptor, LAMP2A, at the 

lysosomal membrane (Kiffin et al. 2007). 

It seems that changes in the lipid composition of the lysosomal membrane with age 

are responsible for the loss of LAMP2A stability (Rodriguez-Navarro et al. 2012; Kiffin 

et al. 2007). Genetic manipulations restoring CMA function in aged mouse liver led to 

remarkable protection of aged livers from stressors and to an overall improvement in 

proteostasis and organ function (Zhang and Cuervo 2008). With regard to neuronal 

diseases, it would be of great importance to elucidate the physiological role of CMA in 

the brain and assess the consequences of the failure of this pathway in brain 

physiology and pathology. Preventing the systemic decline of CMA with age may 

prove an attractive strategy against organism functional loss and age-associated 

disorders. 

 

A.7 CMA impairment and neurodegeneration  

Given the important role of CMA in maintaining cellular homeostasis, the potential 

role of CMA dysfunction in the pathogenesis of neurodegenerative diseases has 

started to gain ground. As mentioned above a common denominator in many 

neurodegenerative conditions is the aberrant accumulation of protein inclusions or 

aggregates in the cytosol of the affected neurons indicative of a failure of protein 

degradation systems. Both down-regulation and compensatory up-regulation of CMA 

activity have been reported in neurodegenerative conditions (Thompson et al. 2009, 

Alvarez-Erviti  et al. 2010, Koga  et al.2011, Xilouri et al.2016). 

CMA contributes to the degradation of several proteins that have a propensity to 

aggregate and, as a result, CMA dysfunction leads to the accumulation of toxic 

protein aggregates. CMA can only degrade the soluble forms of these proteins. Once 

insoluble inclusions are formed, they are much more resistant to CMA-mediated 

degradation. These aggregates may often exert a “clogging or blockage effect” at the 

lysosomal membrane, thus blocking the degradation of other CMA substrates, leading 

to a vicious cycle of neurotoxicity (Cuervo et al. 2004, Martinez-Vicente M et al. 

2008). Although it is not clear whether CMA dysfunction may contribute to the initial 

formation of insoluble inclusions, it is quite possible that the “blockage effect” may 

increase the concentration of misfolded protein concentrations, leading to the 

formation of inclusion bodies. 
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The first connection between CMA malfunctioning and a human disease was with PD  

(Cuervo et al. 2004).  Since then, CMA failure has been linked to the pathogenesis of a 

growing number of neurodegenerative disorders such as AD, frontotemporal lobar 

degeneration and ALS. Disease-related proteins validated as CMA substrates include 

the PD-linked proteins α-synuclein, leucine-rich repeat serine/threonine-protein 

kinase 2 (LRRK2), UCH-L1, the AD and PD-linked Tau protein and huntingtin protein in 

Huntington’s disease.  However, it is possible that a larger number of proteins that 

are associated with neurodegeneration are CMA substrates, as many other proteins 

in these diseases contain KFERQ-like targeting motifs, or may acquire one upon 

translational modification (Lv et al. 2011; Thompson et al. 2009). 

 

A.8 CMA and Parkinson’s disease: Lessons from α-Synuclein 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder 

affecting approximately 1% of individuals older than 60 years. The primary 

neuropathological hallmark of PD is the loss of pigmented dopaminergic neurons in 

the substantia nigra pars compacta (SNpc), and their projections to the striatum. The 

loss of DA producing cells results in a deficit in striatal DA levels, leading to most of 

the clinical symptoms that characterize the disease. The presence of Lewy bodies (LB) 

and Lewy neurites (LN) in the remaining dopaminergic neurons is another common 

histopathological feature of the disease (Lewy et al. 1912; Spillantini 1997; Forno et 

al. 1996) These LB’s and LN’s contain proteinaceous intracellular inclusions rich in 

aggregated proteins, such as the neuronal protein α-synuclein, ubiquitin, 

neurofilaments and other proteins (Beach et al 2010; Gelpi et al. 2014). 

α-Synuclein is abundantly expressed in the nervous system and accounts for 

approximately 1% of total soluble cytosolic protein (Iwai et al., 1995). It is generally 

found to localize to the presynaptic terminals in the central nervous system and is 

thought to be involved in the regulation of synaptic vesicle turnover and 

neurotransmitter release (Clayton and George 1998, 1999; Spencer et al. 2009). It is 

considered to be a natively unfolded protein, but it can be also found in several 

conformation states and aggregated morphologies. The propensity of α-synuclein to 

aggregate lies in the core of its neurotoxic potential (Martinez-Vicente et al. 2008). 

During the aggregation process, relatively soluble oligomeric α-synuclein species are 

formed, which then can self-assemble into fibrillar structures and become more and 

more insoluble (Conway et al., 1998). These intracellular entities or bodies containing 

aggregates of α-synuclein are called LBs in PD and DLB (Spillantini et al. 1997, 1998), 

glial cytoplasmic inclusions in MSA (Gai et al. 1998) and axonal spheroids in 

neuroaxonal dystrophies (Newell et al. 1999). 
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The first connection between CMA and PD has been established in the study of  

Cuervo et al. where monomeric and dimeric α-synuclein species were shown to be a 

substrate of CMA, bearing the VKKDQ motif (KFERQ-like) in its sequence. In the same 

study it was shown, that PD-linked mutant forms of α-synuclein (A30P and A53T) 

bound more tightly to LAMP2A at the level of the lysosomal membrane compared to 

the wild-type protein, but were not uptaken and degraded within lysosomes, thus 

becoming toxic by inhibiting the CMA-mediated degradation of other cytosolic 

substrate proteins (Cuervo et al., 2004). In agreement with these findings, lysosomal 

inhibition has been shown to cause an accumulation of α-synuclein, suggesting that 

the autophagy/lysosomal pathway is involved in the clearance of oligomeric and 

fibrillar species of the protein (Lee et al., 2004; Vogiatzi et al., 2008; Sacino et al., 

2017). However, the mechanisms by which α-synuclein is degraded under normal and 

pathological conditions remain largely unknown. 

Studies employing siRNAs against LAMP2A, CMA’s rate-limiting step, as well as 

mutant forms of a-synuclein lacking the CMA recognition motif, verified that wild type 

α-synuclein is degraded via CMA in PC12 and SH-SY5Y cell lines and in primary 

neurons (Vogiatzi et al. 2008). In these cellular systems, CMA inhibition led to the 

formation of detergent insoluble or high molecular weight oligomeric α-synuclein 

conformations, providing strong evidence  that CMA represents a major pathway for 

α-synuclein degradation, whereas CMA dysfunction contributes to  generation of such 

aberrant species and likely to α-synuclein related pathology (Vogiatzi et al. 2008; 

Xilouri et al., 2009). Furthermore, the expression of A53T PD-linked mutant α-

synuclein or DA-modified forms of the wild-type protein is able to cause CMA 

impairment and consequently to block the degradation of long-lived proteins by 

blocking their translocation to the lysosomes, providing an explanation for the 

vulnerability of dopaminergic neurons in synucleinopathies (Fig. 4). The inhibitory role 

of pathogenic α-synuclein forms in CMA was also reported in an earlier study showing 

that post-translational modifications of wild-type α-synuclein, such as oxidation and 

nitration of the protein, altered its binding and uptake into lysosomes, while 

phosphorylation and DA-modification of α-synuclein almost completely prevented its 

degradation through the CMA pathway (Martinez-Vicente et al. 2008). These results 

underscore the possibility that alpha-synuclein might exert its toxic effects through 

direct interference with the CMA pathway, even in cases with sporadic PD, where 

there are no mutations in α-synuclein. In addition, Mak et al. provided indirect 

evidence that CMA is a main mechanism for α-synuclein degradation in vivo, at least 

under conditions in which α synuclein levels are induced above a certain threshold 

(Mak et al. 2010). In this study, mice exposed to the mitochondrial toxin paraquat or 

α-synuclein transgenic mice up-regulated lysosomal LAMP2A and degraded α-

synuclein more efficiently (Mak et al. 2010). We have previously shown that boosting 

CMA function both in cellular models and in the rat substantia nigra, mitigates α-
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synuclein-related toxicity (Xilouri et al, 2013). This is accomplished by inhibiting the 

formation of both monomeric and aberrant α-synuclein species, such as 

phosphorylated α-synuclein (S129) and higher molecular weight species. In the rat 

viral model of α-synucleinopathy, the CMA-dependent decrease in α-synuclein levels 

restores DA levels in the striatum and increases the survival of DA neurons in the 

SNpc, further supporting the idea that induction of CMA activity may represent a 

fruitful strategy for the treatment of synucleinopathies. 

CMA however is not the only route for WT α-synuclein degradation.  Contrary to 

previous findings (Webb et al. 2003), inhibition of macroautophagy, but not of the 

proteasome, significantly enhanced wild type α-synuclein levels (Vogiatzi et al. 2008). 

Other studies suggest that macroautophagy also contributes to the degradation of α-

synuclein aggregates, in large part because α-synuclein has been shown to interact 

with autophagic markers in cell models (Crews et al., 2010; Tanik et al. 2013). α-

Synuclein aggregates are predominantly co-localized with LC3 and p62 in neurons, 

suggesting an accumulation at the autophagosome stage of autophagy (Tanik et al., 

2013). Hence, macroautophagic degradation of α-synuclein may be dependent on its 

conformation and post-translational modifications, although it is still not completely 

understood which pathway is preferred by neurons for degrading oligomeric and 

fibrillar α-synuclein species. Dimeric, but not larger oligomeric species of α-synuclein 

can be degraded by CMA (Martinez-Vicente et al. 2008), whereas it is likely that 

higher order oligomers and possibly more fibrillar conformations may be degraded by 

macroautophagy.   
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Figure 4. Interplay between a-synuclein and CMA under physiological (A) and 

pathological (B) conditions. (A) Normally, WT α-synuclein is degraded by CMA, upon 

binding to the CMA-specific receptor, LAMP2A. (B) On the other hand, the PD-linked 

A53T and A30P mutants, as well as dopamine-modified α-synuclein, bind stronger to 

LAMP2A receptor and are not internalized, inhibiting both their own degradation and 

that of other CMA substrates. This CMA dysfunction results in accumulation of toxic 

α-synuclein species, which may lead to neuronal death. 

A very interesting subject is the relationship between CMA and macroautophagy. 

Embryonic fibroblasts from Atg5 null mice showed higher constitutive CMA activity 

(Kaushik et al. 2008), leading to higher resistance to oxidative stress but more 

vulnerability to other stressors (Wang et al. 2008). A potential molecular link of CMA 

to macroautophagy could be provided by ubiquilin, which has been shown to be a 

substrate for both CMA and macroautophagy and can promote macroautophagy 

(Rothenberg et al. 2010). Another facet of CMA dysfunction that may be linked to 

neurodegeneration, involves effects on specific CMA substrates. In particular, 

overexpression of either WT or A53T α-synuclein led to CMA dysfunction, which in 

turn triggered mislocalization of the pro-survival transcription factor MEF2D to the 

cytosol, and loss of its activity. Interestingly, high cytosolic levels of MEF2D were 

detected in A53T transgenic mouse brain and in neuropathological material from PD 

nigra, suggesting that this abnormal effect evoked by CMA dysfunction may be 

important in vivo (Yang et al. 2009). 
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In order to elucidate whether such a relationship between CMA dysfunction and PD 

pathogenesis actually occurs in the human brain, recent studies have begun to 

investigate alterations of the main CMA components, HSC70 and LAMP2A, in human 

neuropathological material derived from PD patients. Chu et al. reported decreased 

HSC70 levels in PD nigra by immunohistochemistry, however other lysosomal 

components were also decreased, suggesting a more generalized lysosomal 

impairment, not specific to CMA (Chu et al. 2009). Alvarez-Erviti et al. using Western 

immunoblotting detected significant decreases in both HSC70 and LAMP2A in nigra 

and amygdala of PD brains compared to controls, whereas LAMP1 levels were 

unaltered (Alvarez-Erviti et al. 2010). Isolation of lysosomal membranes from the 

amygdala confirmed that the decrease in PD brains also applied to lysosome-

associated LAMP2A, suggesting that there may be a specific widespread CMA 

impairment in PD brains, beyond areas with the confounding factor of neuronal cell 

loss and gliosis. No alterations in these CMA components were observed in AD brains. 

In a more recent study, PD-related correlations between β-glucocerebrosidase, CMA 

and alpha-synuclein in two brain regions, one with increased alpha-synuclein levels in 

PD (anterior cingulate cortex) and one without (occipital cortex), were assessed 

(Murphy et al. 2014). This study showed that the selective loss of lysosomal 

glucocerebrosidase early in sporadic PD was directly related to impaired CMA activity 

(but not macroautophagic), which was correlated with reduced LAMP2A and 

increased alpha-synuclein levels and decreased ceramide (Murphy et al. 2014). The 

same group examined expression levels (mRNA, protein) of all three LAMP2 isoforms 

in the aforementioned brain regions (anterior cingulate and occipital cortex), in 

correlation to alpha-synuclein pathology (Murphy et al. 2015). They found that in the 

early stages of PD, mRNA expression of all LAMP2 isoforms and protein levels of 

LAMP2B and LAMP2C were not different from controls. On the contrary, LAMP2A 

protein levels were found selectively decreased, directly correlated with increased 

levels of a-synuclein and decreased levels of HSC70 in the same PD samples, as well as 

with accumulation of cytosolic CMA substrate proteins, MEF2D and IkΒα (Murphy et 

al., 2015). This study suggests that CMA dysregulation may precede substantial alpha-

synuclein accumulation in PD and supports further the idea of targeting the CMA 

pathway for the treatment of PD and other synucleinopathies. Another report 

showed that deregulation of microRNAs in PD brains may underlie the down-

regulation of some CMA components in the affected neurons (Alvarez-Erviti et al. 

2013). In addition, a sequence variation in the promoter region of LAMP2 identified in 

a PD patient (Pang et al. 2012) opens up the possibility that alterations in CMA 

components may underlie some forms of PD. 

Beyond the CNS, three studies have identified alterations in the levels of the key CMA 

markers, LAMP2A and HSC70, in the periphery of sporadic PD patients, utilizing 

peripheral blood mononuclear cells (PBMCs). More specifically, Wu et al. found that 
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LAMP2 gene expression and protein levels in PBMCs of sporadic PD patients were 

significantly decreased compared to controls, while at the same time LC3 gene 

expression and LC3-II protein levels were significantly increased (Wu et al. 2011). 

These results suggested a decreased CMA activity with a compensatory aberrant 

accumulation of autophagosomes in peripheral tissues of PD patients. Recently, 

another study showed reduced protein and mRNA expression of HSC70 in PBMCs of 

sporadic PD patients compared to age-matched controls, both under basal conditions 

and upon autophagy induction (Sala et al. 2014). No difference was detected in 

LAMP2A and MEF2D expression between patients and controls. Our lab, in general 

agreement with these results, has also found decreased HSC70 mRNA and protein 

levels in sporadic PD (Papagiannakis et al., 2015). Such studies suggest a systemic 

LAMP2A (Wu et al. 2011) or HSC70 (Sala et al. 2014, Papagiannakis et al., 2015) 

reduction in PD patients, possibly related to a more generalized CMA dysfunction in 

this disease. 

 

A.9 Crosstalk between Macroautophagy and CMA 

That said, it becomes evident that proper protein quality control is intrinsically 

challenging in neurons because of their unique architecture, in which specific 

compartments such as synapses are distant and functionally distinct from the soma, 

with their own pool of proteins (Wilhelm et al. 2014). Moreover, a delicate balance 

between the various degradation pathways is essential in maintaining cellular 

homeostasis.  Several studies have demonstrated a close crosstalk between CMA and 

macroautophagy in many cellular systems, where blockage of one of these pathways 

results in upregulation of the other (Massey et al. 2006, Kaushik S et al. 2008). Massey 

et al.  reported for the first time that blockage of CMA in cultured cells results in 

“productive”,  activation of macroautophagy and to degradation of substrate proteins 

within lysosomes. More specifically, it has been demonstrated that in the early stage 

after CMA blockage by RNA interference against the lysosomal membrane receptor, 

LAMP-2A, its macroautophagic activity decreases because of an increase in mTOR 

activity. However, as CMA blockage persists, the increased intracellular levels of 

Beclin 1, along with the reduced phosphorylation of mTOR, can work together to 

induce constitutive activation of the macroautophagy (Massey et al 2008).  However, 

the molecular mechanisms underlying the cross-talk among these different pathways 

have not been yet fully elucidated. Recentrly, Wang et al. reported that 

phosphorylation of ULK1, a central kinase of the ULK1 complex involved in autophagy 

initiation, affects autolysosome formation and links CMA to macroautophagy. More 

specifically, they demonstrated that phosphorylation of ULK1 through PKCa enhances 

its interaction with HSC70 and increases its degradation through CMA maintaining the 

balance of macroautophagy activation (Wang et al. 2018). 
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Despite the fact that autophagic pathways are not redundant, they can compensate 

for each other at least under basal cellular conditions. Macroautophagy serves as a 

backup mechanism to remove malfunctioned proteins (i.e., aberrant α-synuclein in 

the case of PD) from the cytoplasm when CMA is compromised, and vice versa. This 

compensation is only partial, as, for example, organelles normally degraded by 

macroautophagy cannot undergo degradation via CMA. Although replacement of one 

type of autophagy could be a cellular protective response, cells with compromised 

CMA become vulnerable to a myriad of cellular stressors due to the compensatory 

activation of macroautophagy observed in these cells (Massey 2006).  
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B. Aim of the Study 
 

Increasing evidence demonstrates that malfunction of CMA plays a key role in the 

pathogenesis of severe human disorders including PD and other neurodegenerative 

disorders. In order to study the consequences of CMA impairment in the rodent 

nigrostriatal system we have recently generated a novel rat model, in which viral-

mediated downregulation of LAMP2A, CMA’s rate-limiting step, within the SNpc leads 

to progressive loss of dopaminergic neurons, loss of striatal dopamine, and 

accumulation of α-synuclein, thus mimicking key aspects of PD (Xilouri et al. 2016).  

Aim of the current study was to determine the contribution of macroautophagy to the 

axonal degeneration that occurs early in this model well before cell soma 

degeneration becomes evident (8 weeks post-injection), a phenomenon called 

“retrograde axonopathy”. In this system, we have observed a marked accumulation of 

autophagic vacuoles and biochemical indices suggestive of enhanced productive 

macroautophagy in the nigral cell bodies of dopaminergic neurons at 8 weeks post-

injection (Xilouri et al., 2016). We hypothesize that this likely excess compensatory 

activation may be linked to the phenomena of dopaminergic axonal degeneration.  As 

a first step in the investigation of this hypothesis, it is crucial to investigate in further 

detail the relative timing of the induction of macroautophagy and its relationship to 

terminal degeneration.   

For this purpose, injections of rAAV vectors bearing a shRNA sequence against the 

cytosolic tail of LAMP2A or a scrambled sequence that have been previously described 

(Xilouri et al, 2016), were performed unilaterally in the SNpc of 8 week old young 

female HAN-Wistar rats. Biochemical and immunohistochemical analyses were 

performed in the brain tissues from these rats at 2 and 3 weeks post injection. 

We have initially examined whether such induction of macroautophagy may occur in 

this model at the level of the striatal dopaminergic terminals, as well as in the nigral 

cell bodies, at these early time points, using electron and confocal microscopy. We 

have also assessed the integrity of the nigrostriatal projections with densitometry of 

the striatal dopaminergic neuronal terminals, as well as the relative astro- and micro-

gliosis in the nigrostriatal axis, as possible activation of these glial cells may contribute 

to the neurodegenerative effect observed at the later time points.  
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C. Materials and Methods 

 

C.1 Animals  

Eight-weeks-old young female HAN-Wistar rats (180-200 g) were housed (3-4 

animals/cage) with free access to food and water under 12-h light/dark cycle. All 

experimental procedures performed were approved by the Ethical Committee for Use 

of Laboratory Animals in the Biomedical Research Foundation of Athens. 

 

C.2 Surgical Procedures  

All surgical procedures were performed under isoflurane anesthesia. After placing the 

animal into a stereotaxic frame, 2 μL of rAAV solution (with final titer of 7E13 gc/mL) 

was injected unilaterally into the right SN using the following coordinates: −5.0 mm 

anteroposterior, −2.0 mm mediolateral from the bregma, and −7.2 mm dorsoventral 

from the dura, according to the rat stereotaxic atlas (Paxinos and Watson 1998). The 

tooth bar was adjusted to −2.3 mm. Injection was performed using a pulled glass 

capillary (diameter of approximately 60–80 μm) attached to a Hamilton syringe with a 

22s gauge needle. After delivery of the viral vector using an injection rate of 0.1 μL/15 

sec the capillary was held in place for 5 min, retracted 0.1 μm, and, after 1 min, was 

slowly withdrawn from the brain. 

 

C.3 Perfusion, fixation and sectioning of rat brains 

Rats were anesthetized with isoflurane and perfused intracardially with phosphate-

buffered saline (PBS; Thermo Fisher Scientific, 70011036), followed by ice-cold fixative 

4% paraformaldehyde (PFA, Sigma Aldrich, P6148). Following perfusion, rats were 

decapitated and the brains were removed. The brains were post-fixed for 24 h in the 

same preparation of paraformaldehyde and then transferred to 15% sucrose 

overnight, before being incubated in 30% sucrose until freezing. The brains were 

frozen in 2-methylbutane (Isopentane) at -450C for 30-50 min and stored at -80oC. 

Fourty μm sections were prepared using a cryostat at -25°C. Free floating sections 

encompassing the striatum and the SNpc were collected into a 12 well plate in anti-

freeze solution (for 2.133L: 3.349g NaH2PO4, 11.627g Na2HPO4, 853.3 ml H2O, 640 ml 

ethylene glycol, 640 ml glycerol), and were kept at -20  C until staining. 
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C.4 Immunofluorescence 

For immunofluorescence assay, tissue sections were washed 3 times with PBS (3x10 

min) and incubated with 0.1M sodium citrate solution (pH 8.5-9.0) 30 minutes at 80oC 

in a water-bath, followed by 20 min incubation on ice. After 3 washes with PBS, tissues 

were incubated for 1 hour in blocking solution (5% NGS, 0.1% Triton in PBS) at room 

temperature (RT). After blocking, sections were incubated with the primary antibodies 

(2% NGS, 0.1% Triton in PBS) (Table 1) overnight at 4°C. After three washing steps of 

10 min each with PBS, sections were incubated with the secondary antibodies for one 

hour, in RT. The fluorescent secondary antibodies used were Biotium CF488A (1:2000; 

20010 ms, 20012 rb, 20020 ck), Biotium CF555 (1:2000; 20030 ms, 20033 rb), and 

Jackson Immunoresearch Affinipure Cy5 (1:400, 115-175-146).  For the fluorescent 

staining of the nuclei, the 4',6-diamidino-2-phenylindole (DAPI) stain was additionally 

used (1:2000). Finally, after 3 washes with PBS the sections were rinsed with PBS and 

mounted on poly-D-lysine coated glass slides.  

 

C.5 Automated image analysis 

Confocal z-stacks of 1024 × 1024 pixels were collected throughout the whole optical 

thickness of the mounted sections using a z-step of 0.9 microns, imaging through a 

Leica TCS SP5 confocal microscope (Wetzlar, Germany). Immunolabeled samples were 

imaged using an oil-immersion Leica HCX APO 63×1.20 objective or HCX APO 40×1.20 

objective. Totally, 12-18 stacks were collected per animal, with an average 8-15 GFP+ 

cell profiles visible in each field of view. Quantifications were done with the Imaris 

software suite (v7.7.2, Bitplane AG), using a static set of parameters to isolate GFP+ 

cell profiles, and then masking the channel containing the LAMP2A, the LC3 and the 

SQSTM1/p62 signal using said profiles. The masking of the GFP+ signal was based on 

intensity and sphericity and the quantification of immunofluorescent puncta in other 

channels filtered by the GFP+ mask was done using the automated spot counter plug-

in. For GFAP, IBA1, DAT and Bassoon quantifications, total fluorescence was measured 

and normalized to the average background signal of the whole image. Values from all 

stacks were averaged to produce a single value per animal, and data are expressed as 

fold change of the average in the scrambled control group.  
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C.6 DAB immunostaining 

To evaluate the integrity of the dopaminergic nigrostriatal terminals, coronal striatal 

sections were immunostained for Tyrosine Hydroxylase (TH) using the 3,3'-

diaminobenzidine (DAB). The selected sections were incubated for 10 min in a 10% 

MeOH/3% H2O2 solution (in PBS), followed by blocking of the non-specific sites with 

5% NGS in PBS. The primary antibody against mouse TH in a dilution of 1:5000 for 

striatal sections was solubilized in NGS 2% (in PBS) and the incubation was done for 48 

h. The secondary biotinylated rabbit antibody was subsequently used (1:3000; 60 min 

in NGS 2% in PBS), followed by incubation with the ABC solution (Elite ABC kit, Vector) 

and staining with DAB (DAKO), according to manufacturer’s instructions. The sections 

were afterwards mounted and dehydrated. 

 

C.7 Densitometry   

Striatal dopaminergic neuronal terminal density was measured using every sixth 

coronal section of the animal’s striatal tissue, covering the whole rostro-caudal axis of 

the striatum. The regions of interest were outlined and the density of the TH-positive 

terminals, controlling for the background cortex, was measured in the injected and the 

non-injected side in every section using Gel analyzer v1.0 software.  The data are 

presented as means from all animals and expressed as the ratio to the contralateral 

side. 

 

C.8 Electron microscopy 

Tissue preparation: Rat brain tissues were prepared according to Moss and Bolam 

2008). Briefly, animals were perfused intracardially through the ascending aorta with 

50 ml PBS under isoflurane anesthesia, followed by 200 ml of fixative (0.1 M 

phosphate buffer, pH 7.4, 3% paraformaldehyde, 0.1% glutaraldehyde [Sigma-Aldrich, 

G5882]) for 25 min. Free fixative was removed by post-perfusion with PBS and brains 

were removed and sectioned through the coronal plane at the level of SNpc at 65-mm 

increments, using a vibrating blade microtome (VT1000S, Leica, Wetzlar, Germany). 

Immunohistochemistry: Pre-embedding immunohistochemical procedures 

(immunogold-silver and immunoperoxidase labeling) were performed on free-floating 

sections as described (Miner et al. 2006) with some modifications. Briefly, 65-μm-thick 

sections were blocked, incubated overnight with the GFP antibody (1:50), followed by 

incubation with nanogold anti-mouse IgG (1:50; Nanoprobes, 2001) and HQ Silver 

enhancement (Nanoprobes, 2012). The sections were finally post-fixed with osmium 

tetroxide, dehydrated in an ascending ethanol series, flat-embedded in epoxy resin 
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[mixture of Glycid Ether 100 (Serva, 21045.02), 2-Dodecenylsuccinic-acid anhydrade 

(Serva, 20755.02), 2,4,6-Tris (dimethyl-aminomethyl) phenol (Serva, 36975.01), 

Remlan M-1 (Serva, 13825.02) and Di-n-butyl phthalate, 99% (Alfa Aesar, A13257)] 

using ACLAR Film (EMS, 50425) and the specimens were allowed to polymerize at 60°C 

for 24 h. All sections were examined under the light microscope and the selected small 

areas from the SNpc or the striatum right and left, were cut, re-embedded on the top 

of resin blocks and polymerized again at 60°C for 24 h. Ultrathin sections (65-nm thick) 

cut in a Leica EM UC7 Ultramicrotome (Leica Microsystems, Vienna, Austria) were 

lead-stained and examined under a Philips EM 420 electron microscope (Philips 

Electron Optics, Eindhoven, The Netherlands). 

 

C.9 Preparation of Synaptosomes  

After decapitation, striatum was dissected out on ice and preparation of 

synaptosomes was performed as described by Biesmann et al. (2013). The tissues from 

the injected and uninjected hemispheres were homogenized in 1 ml of ice-cold 

homogenization buffer (0.32 M Sucrose, 4 mM HEPES pH 7.4) containing 1X protease 

inhibitors cocktail plus 1X PhosSTOP Phosphatase Inhibitor Cocktail (for phospho 

proteins) (Roche) using a 5-ml glass-Teflon homogenizer with 12 gentle strokes. The 

homogenizer was then rinsed with additional 1 ml of homogenization buffer and then 

centrifuged at 1000 g for 10 min at 4°C in an SS-34 rotor (Sorvall). The supernatant 

(S1) was removed from the pellet (P1) and centrifuged at 12,500 g for 15 min at 4°C in 

an SS-34 rotor. The supernatant (S2) was removed completely and the synaptosome-

enriched pellet (P2) was resuspended in 0,5 ml of homogenization buffer. The re-

suspended pellet (P2 fraction) was then layered over a discontinuous sucrose gradient 

(0.85–1.0–1.2 M) and centrifuged at 50,000 g for 70 min at 4°C in an SW-41Ti rotor 

(Beckman). The synaptosome-enriched fraction was recovered at the interface of 0.8 

and 1.2 M sucrose using a glass Pasteur pipette. 

 

C.10 Western blotting 

For the biochemical analysis of the synaptosomal preparations, the brains were 

harvested, dissected on ice to obtain the region of interest, and frozen immediately. 

All animals were processed in a similar manner. Tissue was stored at −80°C until 

further use. After synaptosomes preparation, as described above, the synaptosome-

enriched fraction certifuged at 50.000g for 20 min 4°C. The supernatant (S3) was 

collected and the synaptosome-enriched pellet (P3) was resuspended in PBS 

containing 1X protease inhibitors cocktail plus 1X PhosSTOP Phosphatase Inhibitor 

Cocktail (for phospho proteins) (Roche).  
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Bradford method was used to measure the concentration of proteins in samples and 

the proteins were electrophoresed on a 12% polyacrylamide gel. Proteins were 

transferred to a nitrocellulose membrane (400 mA for 2 hours) before blocking in 5% 

milk for 1hour. Mebranes were then incubated overnight at 4°C in the primary 

antibodies, shown in Table 1. Then, membranes were washed three times (3x10min) 

with TBST (100 mM Na2HPO4, 100mM NaH2PO4, 0.5N NaCl, 0.1% Tween-20), and  

incubated with secondary horseradish peroxidase-conjugated-HRP antibodies 

(1:10000) for 1 hour at RT. Membranes were washed three times (3x10min) with TPBS 

and then developed with chemiluminescent solution.   

To re-probe membranes with a different primary antibody, membranes were 

incubated in Stripping buffer (0.2M Glycine, 0.5M NaCl, pH 2.6) for about 30 mins with 

constant agitation at room temperature, followed by 3x washes with TBST and re-

blocking with 5% BSA/TBST blocking buffer for 30mins, prior to incubation with 

another primary antibody. 
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Table 1.  List of antibodies used for immunofluorescence (IF) and Western Blot (WB) 

studies. 

Primary antibodies for Immunofluorescence (IF) & Western Blot (WB) 

Antibody Host Source Cat. No Working dilution 

AIF1/IBA1 rabbit WAKO 19741 1:1000 (IF) 

Bassoon mouse Enzo 4071513 1:500 (IF) 

Dat rat Millipore MAB369 1:1000 (IF) 

Glial Fibrillary 
acidic protein 
(GFAP) 

 
rabbit 

 
Dako 

 
Z0334 

 
1:750 (IF) 

Green Fluorescent 
Protein (GFP) 

chicken Abcam ab13970 1:2000 (IF) 

LAMP2A rabbit Zymed 
Laboratories 

51-2200 1:800 (IF) 

LC3 rabbit MBL PM036 1:1000 (IF) 

SQSTM1/p62 rabbit MBL PMO45 1:1000 (IF) 

Synaptophysin mouse SySy 101011 1:1000 (WB) 

TUBG/tubulin 
gamma 

mouse Sigma-Aldrich T5326 1:2000 (WB) 

Tyrosine 
Hydroxylase (TH) 

mouse Millipore MAB318 1:2000 (IF) 

ULK-1 rabbit Cell Signaling 8054S 1:1000 (IF) 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

D. RESULTS 

 

D.1 Efficient transduction of the rat nigrostriatal pathway with rAAVs 

In order to inhibit CMA, dopaminergic neurons were stereotactically injected with 

rAAVs (7E14 gc/ml) expressing shRNAs targeting endogenous rat LAMP2A (L2) or 

scrambled control shRNA (scr) and the animals were sacrificed at 2 and 3 weeks post-

injection. These viruses contained GFP under the control of the neuronal promoter 

synapsin (SYN1), thus enabling the visualization of the transduced neurons with the 

respective shRNAs. LAMP2A is the rate-limiting step of CMA and thus a decrease in its 

levels results in reduced CMA activity. The efficient transduction of the majority of 

tyrosine hydroxylase (TH)-positive nigral dopaminergic neurons (Fig.1A, upper row), 

as well as their projections to the striatum (Fig. 1B, bottom row), in the injected 

(ipsilateral) hemisphere was demonstrated by immunohistochemistry, where a co-

localization of TH with the GFP reporter was observed throughout the whole 

nigrostriatal axis, assessed at 3 weeks post-transduction. 
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Fig. 1: Generation and efficient delivery of rAAV-vectors targeting endogenous 

LAMP2A in the rat nigrostiatal pathway. (A) Schematic representation of rAAV-vector 

design, with the LAMP2A-specific targeting sequence (denoted L2) and the scrambled 

control sequence (scr), listed in full. (B) Efficient delivery of rAAV-vectors targeting 

endogenous LAMP2A in the rat nigrostiatal pathway. Representative 

immunofluorescence images with tyrosine hydroxylase (TH) and GFP antibodies 

showing the expression of the GFP-tagged rAAV-scr shRNA vector in the TH+ neurons of 

the substantia nigra (SN) (upper row) and their TH+ striatal efferents (bottom row), at 

3 weeks post-injection. Scale bar: 100 μm for SN and 50 μm for striatum. 

 

D.2 Downregulation of LAMP2A in transduced dopaminergic neurons 

The efficient downregulation of the LAMP2A receptor within transduced dopaminergic 

neurons was confirmed with confocal microscopy. Double immunostained midbrain 

sections with antibodies against LAMP2A and GFP (Fig.2) verified the efficient 

downregulation of LAMP2A in GFP+ dopaminergic neurons, in the L2-shRNA AAV 

ipsilateral midbrain. 

 

 

 

 

Fig. 2: rAAVs expressing shRNAs against endogenous rat LAMP2A (L2) 
efficiently decrease LAMP2A protein levels in transduced GFP+ nigral neurons. 
Representative immunofluorescence images depicting the expression of LAMP2A 
in nigral neurons transduced with the GFP-tagged rAAV-shRNAs, at 3 weeks 
post-injection. Same results were obtained at 2 weeks post injection. Scale bar: 
50 μm.  
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D.3 CMA impairment is accompanied by increased LC3 levels and decreased 

SQSTM1/p62 levels within transduced degenerating nigral neurons 

It has been previously shown that selective blockade of CMA in cell cultures results in 

compensatory upregulation of macroautophagy that may be either beneficial or 

deleterious, depending on the system examined (Massey et al. 2006; Vogiatzi et al., 

2008; Xilouri et al. 2009). In our model in particular, CMA impairment in the rat 

dopaminergic system leads to progressive degeneration of transduced nigral neurons, 

which is accompanied by increased abundance of autophagic vacuoles (AVs) and 

possibly increased autophagic flux, at 8 weeks post injection (Xilouri et al, 2016). In 

order to clarify the relationship of macroautophagy to the observed degeneration, we 

have examined here the induction of macroautophagy in the nigrostriatal pathway of 

LAMP2A-deficient rats at a time point prior to overt nigral cell loss. 

Towards this direction, we assessed the levels of the autophagy marker protein LC3 

(MAP1LC3B) within GFP+ neurons in the ipsilateral midbrain of rats injected with the 

LAMP2A-shRNA-AAV and the scr-shRNA-AAV at successive time points of 2 and 3 

weeks post injection. Conversion of LC3-I to LC3-II by the addition of 

phosphatidylethanolamine is essential for the formation of autophagosomes and is 

considered a marker of autophagosome formation and accumulation (Mizushima et al. 

2010). In order to evaluate the levels of LC3, we employed unbiased automated single 

cell analysis using the Imaris software suite (v7.7.2, Bitplane AG), using a static set of 

parameters to isolate GFP+ cell profiles, and then masking the channel containing the 

LC3 positive (red) signal using said profiles. The masking of the GFP+ signal was based 

on fluorescent intensity (Fig. 3). The automated image analysis revealed increased LC3 

levels for L2 (1,67±0,19) rAAV-injected animals compared to the scr-injected ones 

(1,00±0,09), at the 3-week time point, thus indicating that accumulation of 

autophagosomes represents an early event in our model. No statistically significant 

differences were observed at 2 weeks post injection between L2 (1,04±0.21) and scr 

(1,00±0.04) injected rats. 
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Fig. 3: LAMP2A down-regulation is accompanied by increased LC3 levels within 

transduced nigral neurons, at 3 weeks post-injection. Representative 

immunofluorescence images depicting LC3 levels within GFP+ LAMP2A deficient nigral 

neurons at 2 and 3 weeks post-injection are shown in the upper panels. Scale bar: 50 

μm. Quantifications of LC3+ fluorescence/GFP+ cell are shown in the bottom panels (*, 

p < 0.05; n =4 animals/group, t-test). 

 

 

2 weeks 3 weeks 
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Given the fact that increased LC3 levels are not always indicative of enhanced 

autophagic flux and may represent increased autophagosome formation or decreased 

degradation, we measured the levels of the selective autophagy receptor protein 

SQSTM1/p62. Based on the notion that SQSTM1/p62 is degraded via autophagy, 

monitoring degradation of SQSTM1/p62 is used to measure autophagic flux. To this 

end, midbrain sections were immunostained with antibodies against TH (blue), GFP 

(green) and SQSTM1/p62 (red) (Fig. 4). Quantification of total SQSTM1+ fluorescence 

in GFP+ neurons showed no difference in L2 AAV-injected rats (0,8 ± 0,77), compared 

with the scr AAV-injected control ones (1,00± 0,09), at 2 weeks post injection (Fig. 4, 

upper panel). However, at 3 weeks post injection, a statistically significant decrease of 

SQSTM1+ fluorescence in GFP+ neurons was detected in LAMP2A-deficient rats (0,53 ± 

0,06), compared to the control scr-injected ones (1,00 ± 0,15), thus suggesting an 

accelerated clearance of SQSTM1/p62 through the macroautophagic pathway (Fig. 4, 

bottom panel). 

 

 

   

 

 

 

2 weeks 3 weeks 
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Fig. 4: LAMP2A down-regulation is accompanied by decreased SQSTM1/p62 levels 

within transduced nigral neurons, at 3 weeks post-injection. Representative 

immunofluorescence images depicting SQSTM1/p62 levels within GFP+ LAMP2A 

deficient nigral neurons at 2 and 3 weeks post-injection are shown in the upper panels. 

Scale bar: 50 μm. Quantifications of SQSTM1/p62 fluorescence/GFP+ cell are shown in 

the bottom panels (*,p=0,029; n =4  animals/group, t-test). 

 

D.4 CMA deficiency results in accumulation of AVs within GFP+ transduced 

degenerating nigral neurons, at 3 weeks post injection 

To assess further the contribution of macroautophagy in our model at the ultra-

structural level, we performed immunoelectron Microscopy (EM) analysis in the 

substantia nigra (SN) of scr and L2-injected rats, at 2 and 3 weeks post-injection (Fig. 

5). Immunogold labeling for GFP, which was selectively expressed only in the TH-

positive transduced neurons, was used to visualize them. The detection of AVs at the 

ultra-structural level was based on the established morphological characteristics: 

initial AVs contain intact cytoplasmic materials enclosed in a double-membrane 

structure, whereas late-stage degradative AVs upon fusion with late endocytic 

organelles, have only one limiting membrane and contain cytoplasmic material and/or 

organelles at different stages of degradation (Klionsky et al., 2012).  

In scr-injected rats, the cytoplasm and the processes of GFP+ nigral neurons had typical 

morphological features (Fig. 5A,D). In contrast, ultrastructural analysis of the LAMP2A-

deficient nigral neurons at 2 and 3-weeks post-injection revealed the presence of 

numerous AVs with storage material in GFP+ transduced degenerating neurons, mostly 

evident at 3 weeks post-injection (Fig. 5C). AVs were rarely seen in the processes of 

LAMP2A-deficient rats at 2 weeks post injection (Fig. 5B), whereas the perikaryon of 

LAMP2A-deficient rats was characterized by the presence of AVs only at 3 weeks post 

injection (Fig. 5F) 
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Fig.5: Representative electron micrographs with immunogold labeling for GFP of the 

ipsilateral SN of controls (scr) and LAMP2A-deficient rats (L2), at 2 and 3 weeks post-

injection. (A) Nigral neurons in scr-injected rats displayed typical axons with intact 

mitochondria. (D, E) No cytoplasmic AVs were evident in scr- or L2-injected rats, at 2 

weeks post-injection. (C) In contrast, accumulation of double or multi membrane AVs 

with storage material in degenerating processes of LAMP2A-deficient rats was 

detected mainly at 3 weeks. (F) AVs were detectable at the pericaryon of LAMP2A-

deficient rats only 3 weeks post injection.  Scale bars: 0.2-0.5 μm. 

 

D.5 LAMP2A down-regulation is accompanied by accumulation of AVs in the 

striatum as early as 2 weeks post-injection 

We subsequently examined whether such induction of macroautophagy is also 

occurring at the level of the nigrostriatal dopaminergic terminals. To this end, we have 

performed a similar ultrastructural analysis in the striatum of scr and L2 AAV-injected 

rats at 2 and 3 weeks following injection, utilizing Electron Microscopy (EM) with 

immune-gold labeling for GFP (Fig. 6).  LAMP2A down-regulation was accompanied by 

massive accumulation of AVs within nigrostriatal axons, already evident by 2 weeks 

post-injection.  Multilamellar bodies, which are also of autophagic origin, also 

commonly appeared in the SN of L2-injected animals, at 2 weeks (Fig. 6D). At 3 weeks 
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post-injection, the progressive accumulation of AVs in the striatum coincided with the 

degenerative areas (Fig. 6G). Interestingly, AVs at early stages of autophagy pathway 

consisting of double membrane-bound vesicles were also observed within 

dopaminergic synaptic terminals of LAMP2A-deficient rats, both at 2 and 3 weeks 

post- injection (Fig. 6F,I) while such structures were absent in scr-treated controls (Fig. 

6A-C).  
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Fig. 6: Representative electron micrographs with immunogold labeling for GFP of the 

ipsilateral striatum of controls (scr) and LAMP2A-deficient rats (L2), at 2 and 3 weeks 

post-injection. (A-C) Nigral axons of scr-injected rats displayed typical morphological 

features with intact synaptic terminals.  (D, G) Progressive accumulation of AVs and 

multilamellar bodies was observed in the striatum of LAMP2A-deficient rats compared 

with the scr- injected controls. (E, H) Electron micrographs at higher magnification 

showing axon profiles of LAMP2A-deficient rats containing AVs. (F, I) Electron 

micrographs at higher magnification showing progressive abnormal accumulation of 

AV-like structures within the synaptic terminals of L2-injected rats. Scale bars: 0.2-

0.5 μm. 

 

D.6 LAMP2A down-regulation results in accumulation of early AVs in the synaptic 

terminals, at 3 weeks post-injection  

Given the observations of increased abundance of AV-like structures in the synaptic 

terminals of L2-deficient rats, synaptosomes were isolated from the striatum of scr 

and L2-injected rats at 3 weeks post injection, for electron microscopy and 

biochemical analysis, to further confirm whether AVs abnormally accumulate at 

synaptic nerve terminals. We initially performed electron microscopy analysis of our 

synaptosomal preparations that confirmed the enrichment of our preparations in 

intact synaptosomes, containing both pre- and post-synaptic membrane-bound 

elements (pre-synaptic vesicles and synaptic densities) occasionally bound together at 

the synapse (Fig. 7).  
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Fig. 7: Electron micrograph of a synaptosomal preparation depicting a synaptosome 

with preserved pre-synaptic and post-synaptic element. The presynaptic terminal 

with vesicles and the thick layer of the postsynaptic density (PSD) is shown.  

 

We subsequently obtained synaptosomal preparations from scr- and L2-injected rats 

at 3 weeks post-injection, to evaluate whether AVs accumulate in the pre-synaptic 

terminals of LAMP2A-deficient rats compared to controls (Fig. 8). Our analysis, further 

confirmed that pre-synaptic striatal terminals of L2-injected animals are characterized 

by accumulation of AVs (Fig. 8C-F), which were absent from scr-injected rats (Fig. 8A-

B). These AVs consisting of double membrane-bound vesicles contained undigested 

compacted organellar material, as well as synaptic-like vesicles probably representing 

initial stages of autophagy pathway, also known as phagophore (Fig. 8D). Single 

membrane vesicles (arrowheads) were also observed, suggesting that these may 

represent autophagosomes with partially digested material and/or mature 

degradative forms of AVs (autophagolysosomes) (Fig. 8D-F). These morphologically 

altered presynaptic terminals confirmed the induction of autophagy within the 

presynaptic compartment and may represent the initial stages of synaptic disruption 

and loss of synaptic integrity.  
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Fig. 8: Representative electron micrographs of synaptosomal preparations of the 

ipsilateral striatum of controls (scr) and LAMP2A-deficient rats (L2), at 3 weeks post 

injection. (A-B) Synaptic terminals of scr-injected rats containing increase abundance 

of normal synaptic vesicles and intact mitochondria, are shown. (C-F) Synaptic 

terminals of L2-injected rats with aberrant accumulation of autophagosome-like 

structures (arrow) indicating by the arrows are shown. (D, E). Pre-synaptic terminals 

from L2-injected rats at higher magnification depicting a phagophore engulfing 

synaptic-like vesicles, as well as an autophagosome containing partially degraded 

material (arrowhead). Scale bars: 0.2-0.5 μm. 

We have also assessed the protein levels of the macroautophagic markers LC3I/II and 

SQSTM1/p62 in separate synaptosomal preparations derived from the contralateral 

(C) and ipsilateral (I) sites of scr- and L2-injected rats, with western immunoblotting 

(Fig. 9). As shown in Fig. 9, no differences were observed in LC3 II levels between scr 

and L2-injected rats in the synaptosome-enriched preparations, but this likely reflects 

a sampling effect. The presynaptic marker synaptophysin and TUBG (tubulin) were 

used as marker for the synaptosomes and as loading control, respectively. 

 

  

Fig. 9: Representative western immunoblots in synaptosomes-enriched preparations 

derived from the contralateral (C) and ipsilateral (I) striata of scr and L2-injected 

rats, at 3 weeks post injection. Western immunoblotting analysis for  LC3-I, LC3-II, 

synaptophysin and TUBG (loading control) are shown. 
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D.7 CMA deficiency is accompanied by increased ULK1 levels within GFP+ transduced 

nigral neurons, at 3 weeks post injection 

It is well known that CMA and macroautophagy compensate for each other, but how 

they are linked together is incompletely understood (Kaushik et al. 2008; Wu et al. 

2015). A very recent manuscript provides an interesting possibility, suggesting that 

ULK-1 is the key regulator linking these pathways. In this study, the authors reported 

that ULK-1, a key protein involved in autophagy initiation, promotes autophagosome–

lysosome fusion, whereas phosphorylation of ULK-1 by PKCα prevents this event. They 

further show that phospho-ULK-1 at Ser423 is degraded by the CMA pathway, and 

that it prevents autolysosome formation and reduces macroautophagy upon its 

accumulation with CMA inhibition (Wang et al. 2018). To test the hypothesis that ULK1 

could provide a link between macroautophagy and CMA in our in vivo model of CMA 

impairment, midbrain sections were immunostained with antibodies against TH 

(white), ULK-1 (red) and GFP (green) (Fig. 10). Interestingly, we found that CMA 

impairment increased the levels of ULK-1 within L2-transduced nigral neurons at 3 

weeks post-injection. Our results provide the first in vivo evidence that ULK-1 is a CMA 

substrate. 

 

 

Fig. 10: LAMP2A down-regulation is accompanied by increased ULK-1 levels within 

transduced nigral neurons, at 3 weeks post-injection. Representative 

immunofluorescence images depicting ULK-1 levels within GFP+ LAMP2A deficient 

nigral neurons, at 3 weeks post-injection Scale bar: 25 μm.  
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D.8 LAMP2A down-regulation leads to impaired dopaminergic synaptic integrity, 

which is detected prior to nigral cell degeneration  

In order to evaluate whether the observed induction of macroautophagy in the 

nigrostriatal axis may have an impact on dopaminergic synaptic integrity, we have 

measured striatal levels of dopamine transporter (DAT), a transmembrane protein 

responsible for the reuptake of dopamine from the synaptic cleft and Bassoon, a 

multi-domain protein of the presynaptic active zone (Fig. 11). The levels of DAT are 

considered to be a reliable marker of presynaptic dopaminergic terminal loss, while 

the levels of Bassoon correlate with synaptic function. At 3 weeks post-injection, a 

tendency for decreased DAT protein levels was observed in LAMP2A-deficient rats 

(0,73±0.11), compared with the control scr-injected rats (1,00±0,03). On the other 

hand, at the same time point the levels of the synaptic marker Bassoon were 

statistically reduced (0,61±0,27) compared with the control rats (1,00±0,01). No 

statistical significant differences were observed between L2 and scr-injected rats at 2 

weeks post-injection (Fig. 11). 

 

 

 

 

 

B. 
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Fig 11: CMA impairment leads to impaired synaptic integrity of the nigrostriatal 

dopaminergic terminals in LAMP2A-deficient rats, at 3 weeks post-injection. (A) 

Representative immunofluorescence staining from striatal sections with antibodies 

against Bassoon and Dopamine transporter (DAT) at 2 and 3 weeks post-injection are 

show. Scale bar: 50 μm. (B)  Quantifications of Bassoon and DAT positive fluorescence 

at 3 weeks post-injection are shown (***, p=0,0003; n = 3 animals/group, t-test).  No 

statistically significant differences were observed at 2 weeks post-injection (data not 

shown). 

 

Furthermore, we evaluated the effect of LAMP2A silencing on the integrity of the 

nigrostriatal axis. We utilized densitometric evaluation of the neuronal terminals in 

the injected and the non-injected striatum of the scr- and L2-injected rats, at 2 and 3 

weeks post-injection. Densitometric analysis of dopaminergic fiber density in the 

striatum by TH immunoreactivity revealed no statistically significant differences 

between all groups, indicating that the observed synaptic alterations occur prior to 

degeneration (Fig. 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: LAMP2A-deficiency is not accompanied by significant alterations in TH+ 

immunoreactivity in the injected striata, at 2 and 3 weeks post-injection. (A) 

Representative striatal images of animals injected with scr and L2 recombinant AAVs, 

B.
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at 2 and 3 weeks post-injection. (B) Densitometric analysis of dopaminergic fiber 

density in the striatum of scr- and L2- injected rats by TH immunoreactivity (n=5) 

 

D.9 Increased astrogliosis and microgliosis throughout the nigrostriatal axis in 

LAMP2A-deficient rats, at 3 weeks post-injection 

Finally, we explored whether CMA inhibition via LAMP2A silencing was accompanied 

by astro- and micro-gliosis in the nigrostriatal axis, considering that possible activation 

of these glial cells may mediate the neurodegenerative effect observed at the later 

time points. The neuroinflammation has long been considered a downstream 

response to the death of dopaminergic neurons (ref). However, evidence is building to 

suggest that glial cells have an initiating role in the neurodegenerative processes. 

Therefore, we immunostained midbrain and striatal sections from scr- and L2-injected 

animals with the astrocytic marker GFAP (glial fibrillary acidic protein), and microglia 

marker AIF1/IBA-1. Representative images of GFAP immunostaining in the striatum 

and the substantia nigra (SN) of LAMP2A deficient rats are shown in Fig. 13. A 

statistically significant increase in the GFAP+ signal density was already detected by 2 

weeks post-injection in LAMP2A-deficient rats (1,25±0,07), as compared to the scr-

injected ones (0,77±0,22), only in the striatum (Fig. 12A). No statistically significant 

differences were observed between L2-(0,69±0,1)  and scr-(1,00±0,11) injected rats in 

the SN (Fig. 12B). At 3 weeks post-injection, GFAP+ astrocytes were found increased in 

both the striatum and the SN (2,88±0,59, 2,49±0,88, respectively) of L2-injected rats, 

as compared to the scr control ones (1,00±0,15, 1,00±0,08, respectively).  

 

 



50 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

2 weeks 

SU
B

ST
A

N
TI

A
 N

IG
R

A
 

2 weeks 

3 weeks 

3 weeks 



51 
 

Fig. 13: LAMP2A deficiency is accompanied by robust astrogliosis in transduced 

nigral neurons and striatal terminals. (A, B) Representative immunofluorescence 

images of GFAP+ astrocytes in the striatum (A) and in the vicinity of GFP+ nigral 

neurons (B), at 2 and 3 weeks post-injection are shown in the left panels. Scale bar: 50 

μm. Quantifications of GFAP+ fluorescence of striatal and ventral midbrain tissues are 

shown in the right panels (*, p < 0.05; n = 3 animals/group, t-test).  

Representative images of AIF1/IBA1 immunostaining in the striatum and the 

substantia nigra of LAMP2A-deficient rats are shown in Fig.14. Likewise, a statistically 

significant increase in IBA-1 immunoreactivity was observed in the L2-injected 

striatum and the substantia nigra of L2-injected rats, compared with the control rats. 
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Fig. 14 LAMP2A deficiency is accompanied by robust micro-gliosis in transduced 

nigral neurons and striatal terminals. (A,B) Representative immunofluorescence 

images of   AIF1+ microglia in the striatum (A) and in the vicinity of GFP+ nigral neurons 

(B), at 2 and 3 weeks post-injection are shown in the left panels. Scale bar: 50 μm. 

Quantifications of AIF1+ fluorescence of striatal and ventral midbrain tissues are 

shown in the right panels (*, p < 0.05; n = 3 animals/group, t-test). Scale bar: 50 μm. 
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E. Discussion  

 

A growing body of evidence demonstrates that imbalanced induction of autophagy 

leads to neurodegeneration in the central nervous system (Kiriyama and Nochi 2015; 

Menzies et al. 2017). Dystrophic axons/neurites containing accumulated 

autophagosome-like structures have frequently been observed in several injury 

models and in human brains derived from patients exhibiting neurological diseases, 

such as AD (Nixon et al 2005, Yu et al. 2005), PD (Dehay et al.2010, Alvarez-Erviti L et 

al. 2010) and HD (Shibata M, et al. 2006). In the current project, we sought to uncover 

the contribution of macroautophagy in the axonal degeneration we observe upon 

inhibition of the CMA pathway via down-regulation of its rate-limiting step, the 

LAMP2A receptor, in the rat nigrostriatal system. We were especially interested in the 

phenomenon of retrograde axonopathy, as this resembles features seen in PD and 

other neurodegenerative conditions. Our previously reported data show that CMA 

inhibition in the rat substantia nigra, induced through the injection of AAVs encoding 

shRNAs selectively targeting the LAMP2A receptor, led to a profound degeneration of 

the nigrostriatal axis, that was already pronounced at the level of the dopaminergic 

terminals at 4 weeks, and only became significant at the level of nigral cell bodies at 8 

weeks post-injection. At the same time point (8 weeks), a marked accumulation of 

autophagic vacuoles and biochemical indices suggestive of enhanced productive 

macroautophagy in the nigral cell bodies of the remaining dopaminergic neurons 

were detected (Xilouri et al. 2016). 

Such data suggested that the observed likely excess compensatory activation might 

be linked to the dopaminergic axonal degeneration. In order to elucidate the 

contribution of macroautophagy induction in this model, we have analyzed indices of 

macroautophagy at the earlier time points of 2 and 3 weeks post-injection, when no 

overt axonal neurodegeneration, is evident. We have initially analyzed by 

immunofluorescence microcopy the levels of the macroautophagy markers LC3 and 

SQSTM1/p62 within GFP+ transduced nigral neurons, at both time points. Our analysis 

revealed an increase in LC3 (Fig. 3) and a decrease SQSTM1/p62 (Fig. 4) protein levels 

at 3 weeks post-injection, suggesting a “productive” over-activation of 

macroautophagy. The analysis of the striatum with confocal microscopy was not 

informative, due to the difficulty in detecting positive LC3 or SQSTM1/p62 signal in 

GFP+ nigrostriatal axons (data not shown). For this reason, the analysis in the striatal 

tissues was restricted mostly to electron microscopy analysis, which represents the 

most reliable method for the detection of macroautophagy activation. Towards this 

direction, we performed ultrastructural analysis of the injected substantia nigra and 

striatum, at 2 and 3 weeks post-injection. EM-analysis of the GFP+ nigral neurons 

revealed an accumulation of numerous AVs with storage material in the LAMP2A-
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deficent neurons, compared to the scr-controls(Fig. 5). The number of AVs in the 

perikarya of, LAMP2A-deficient was relatively small compared with their abundance 

in most affected neurites, consisting with the decreased p62 levels, which suggested 

efficient fusion of AVs with the lysosomes and subsequently enhanced autophagic 

flux. 

Most importantly, we found that LAMP2A down-regulation was accompanied by 

accumulation of AVs in the striatum as early as at 2 week post-injection (Fig. 6). A 

number of these vesicles contained multilamellar membranous structures, another 

variant of AVs (Hornung et al., 1989; Hariri et al., 2000; Nixon et al., 2005; Borsello et 

al., 2003). Interestingly, a striking number of AV-like structures were retained within 

the presynaptic terminals of LAMP2A-deficint animals, relative to that of scr controls, 

some of which often containing subcellular organelles, such as mitochondria or 

synaptic vesicles already by 2 weeks post injection. To further investigate the 

compartmentalized regulation of autophagy in LAMP2A-deficient rats, as a 

complementary approach, we performed electron microscopy analysis in purified 

synapse-enriched synaptosomes from scr and L2 injected rats. The electron 

micrographs in Fig. 8 illustrate the presence of early and late AVs in the synaptic 

terminals of LAMP2A-deficient rats, compared to the scr-injected control rats. 

Interestingly, these early AVs often contained engulfed synaptic vesicles. Taken 

together, our results suggest that CMA impairment induces macroautophagy pathway 

activation in the presynaptic compartment of nigrostriatal terminals as early as 2 

weeks post injection, whereas such phenomena are detected later in the nigral cell 

bodies (3 weeks post-injection). 

A close crosstalk between CMA and macroautophagy has been reported in many 

cellular systems, as experimental blockage of one of them results in compensatory 

upregulation of the other. Massey et al. (2006) were the first to report that specific 

CMA inhibition may lead to compensatory activation of macroautophagy. Further, 

this effect has been reported by us in vitro (Vogiatzi et al.2008) and by others in vivo, 

in LAMP2-deficient mice (Rothaug et al. 2015; Tanaka et al. 2000). A potential 

molecular link of CMA to macroautophagy could be provided by ubiquilin, which has 

been shown to be a substrate for both CMA and macroautophagy and can promote 

macroautophagy (Rothenberg et al. 2010). More recently Wang et al. provided 

evidence that ULK1 is the key regulator linking these pathways and suggested that 

phosphorylation of ULK1 at Serine 423 targets it for CMA-dependent degradation 

(Wang et al. 2018). In particular, they found that active PKCα, which represents a high 

nutrient condition for cells, inhibits the late stages of autophagy not only through 

phosphorylation of LC3, but also through phosphorylation of ULK1. With sufficient 

nutrients, ULK1 is phosphorylated and degraded by the CMA pathway, as a response 

of the cell to reduce macroautophagy. Such data imply that upon CMA blockade, the 

removal of ULK1 is impaired thus leading to excessive activation of macroautophagy. 
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In the present thesis we have investigated whether a similar effect on Ulk1 levels can 

be detected in the LAMP2A-deficient rats, at the time point of 3 weeks when the 

massive accumulation of AVs in both nigra and striatum is evident.  Importantly, our 

results show that indeed ULk1 levels are found increased in GFP+ nigral cells bodies of 

LAMP2A-deficient rats, compared to the control rats (Fig. 10), providing the first in 

vivo evidence of CMA-dependent regulation of Ulk1 levels. 

Given the uniqueness of the neuronal structure encompassing a distinct cell soma 

with dendrites and axons with presynaptic regions, neuronal autophagy exhibits a 

high degree of compartmentalization within the neuron (Maday and Holzbaur, 2016). 

Recent studies from several groups provide strong evidence that AVs are 

predominantly generated in distal axons, and undergo retrograde transport toward 

the cell soma for lysosomal proteolysis (Vanhauwaert, R., et al. 2017; Cheng et al., 

2015a; Fu et al., 2014; Lee et al., 2011a; Maday and Holzbaur, 2014; Maday et al., 

2012). In particular, a recent study reported that two distinct populations of AVs can 

be found in neurons; one derived from the axon and synapse and a second generated 

in the cell body (Maday and Holzbaur, 2016). They also showed that these axon-

generated AVs form continuously in distal tips and contain cargoes derived from 

synapses (Maday et al., 2012; Maday and Holzbaur, 2014, 2016; Wang et al., 2015). 

Upon formation, AVs or autolysosomes are transported via retrograde motion by 

dynein along microtubules to the cell body, where mature lysosomes are mainly 

located (Hollenbeck, 1993; Cheng et al. 2015). Thus, proper macroautophagy function 

requires efficient transport of the AVs formed in distal parts of the axon, to the cell 

soma; any impairment of such conveyance may lead to accumulation of AVs in the 

areas formed. In addition, macroautophagy has already been shown to contribute in 

the regulation of postsynaptic receptors, such as GABAa (Rowland et al. 2006) and 

AMPA (Shehata et al. 2012) receptors. Furthermore, Nikoletopoulou et al. (2017) 

found that postsynaptic scaffold proteins, namely PICK1, PSD-95, and SHANK3, 

constitute substrates for autophagic-dependent degradation. However, it is still 

unclear whether the turnover of the presynaptic proteins is regulated by the same 

pathway. Such findings are in agreement with the seminal report by Holtzman in 

1971, who predicted that the turnover of recycled synaptic vesicles might require 

lysosomes. Emerging evidence suggests that autophagy facilitates the homeostasis of 

the synapse serving local functions related to synaptic morphology and function; 

therefore imbalanced induction of macroautophagy may lead to disruption of the 

presynaptic homeostasis.  

Another important aspect of the presynaptic proteostasis is the maintenance of 

synaptic vesicle (SV) pools within synaptic buttons. Such pools are necessary to 

support the sustained release of neurotransmitters by maintaining a local reservoir of 

SV-associated proteins and membranes to facilitate vesicle recycling (Denker et al, 

2011a, 2011b). Presynaptic autophagy has been found to mediate the degradation of 



56 
 

SVs. Notably, Hernandez and colleagues found that in dopaminergic neurons, induced 

autophagy can reduce the kinetics of dopamine release and synaptic vesicle numbers 

and subsequently can alter presynaptic structure, while chronic macroautophagy 

deficiency via Atg7 knockout increased dopamine release and axonal size (Hernandez 

et al. 2012). Interestingly, Binotti et al. (2015) found that Rab26 mediates selective 

targeting of SVs to the autophagy pathway hinting at a potential parallel synaptic 

trafficking pathway that recycles older vesicles and their associated proteins via 

autophagy as well. 

Synaptic proteins such as Endophilin A (EndoA) (Vanhauwaert et al. 2017) and 

Synaptojanin-1 (Soukup et al. 2016) were reported to intersect with the autophagy 

machinery to promote synaptic autophagy. Another recent study demonstrated that 

the presynaptic protein Bassoon has a crucial role in this process, by actively 

inhibiting macroautophagy. Bassoon is known to organize the presynaptic active zone 

and to regulate the release of SVs (Ackermann et al.2015). More recently, Okerlund et 

al. (2017) reported that Bassoon negaively regulates the macroautophagy pathway in 

hippocampal neurons, by binding to Atg5, an E3 ubiquitin ligase-like enzyme essential 

for the attachment of LC3 to AVs. Loss of Bassoon triggered the induction of 

macroautophagy within the presynaptic compartment, which was accompanied by a 

progressive loss of the SV pool, suggesting that macroautophagy is responsible for the 

degradation of SVs or of their components. In our model of CMA deficiency, the 

decreased protein levels of Bassoon at 3 weeks post-injection (Fig. 11) were 

associated with the marked induction of macroautophagy and the subsequent 

degradation of SVs in the nigrostriatal terminals, as determined by electron 

microscopy. Such findings demonstrate that excessive induction of macroautophagy, 

occurring probably as a secondary effect to compensate for defective CMA, is 

responsible for the impaired synaptic integrity.  Whether the loss of Bassoon we have 

observed plays a contributory role to the induction of macroautophagy in this model 

remains to be determined. 

In order to assess whether the synaptic changes, detected mainly at 3 weeks post-

injection, were related to the degeneration of the nigrostriatal axis, we assessed the 

integrity of dopaminergic striatal terminals using immunohistochemistry with  DAT 

and TH in striatal sections (Fig 11 and 12). Our results did not reveal any statistically 

significant differences between LAMP2A-deficient rats compared with controls, 

suggesting that the observed presynaptic dysfunction occurs before overt 

neurodegeneration (Fig. 12). It has to be noted though that on EM we did identify at 3 

weeks post-injection discrete areas of axonal degeneration; obviously, the extent of 

this emerging axonal degeneration was not sufficient to be detected at the level of all 

the striatal terminals. In association with these alterations in axonal morphology, an 

inflammatory response was identified in the striatum but not in the nigra of LAMP2A-

deficient rats, as demonstrated by the statistically significant increased levels of GFAP, 



57 
 

even at 2 weeks post-injection (Fig. 13). LAMP2A silencing was further accompanied 

by astro- and micro-gliosis along the whole nigrostriatal axis at 3 weeks post-injection, 

suggesting that these glial cells are recruited early in the pathological cascade of 

events leading to dopaminergic neurodegeneration.  The pathway through which glial 

cells sense the emerging axonal degeneration and their possible role in influencing 

such degeneration is a very interesting subject for future study.  

We have previously reported that already by 4 weeks, there was a profound loss of 

nigrostriatal axons, while the ones that were remaining displayed a beaded pattern 

with axonal swellings, indicative of ongoing neuritic degeneration (Xilouri et al, 2016). 

In the “dying-back” hypothesis of PD-like neurodegeneration, the pathological 

cascade occurs initially at the level of axonal innervation in the striatum, which in turn 

causes cytotoxicity at the level of the dopaminergic nigral cell bodies (Burke et al. 

2012). This is in accordance with our observations of significantly reduced striatal 

dopamine content at the 4 week time-point, where no statistically significant loss of 

dopaminergic cell bodies is observed. In this model, we have also noted other key 

features that occur in PD, such as cell body accumulation of alpha-synuclein-positive 

puncta that co-localized with ubiquitin, an induction of the formation of AVs in the 

nigra, a pronounced inflammatory reaction, and a motor phenotype reflecting the 

ipsilateral nature of the lesion (Xilouri et al, 2016). This indicates that initial CMA 

dysfunction in nigral neurons causes axonal degeneration, which, over time, results in 

severe cytotoxicity at the level of the substantia nigra. Therefore, by inhibiting CMA in 

vivo, we have succeeded in modeling cardinal aspects of PD at the level of the 

nigrostriatal axis. 

In spite of the importance of axonal degeneration in PD and other neurodegenerative 

disorders, little is known of the underlying mechanisms. It is noteworthy that research 

on neurodegenerative diseases also indicates that not neuronal loss but synaptic 

changes are of importance in disease pathology (Burke and O’Malley, 2013, Soukup et 

al., 2013). Accumulating evidence supports the notion that PD, like AD, can be 

considered a synaptopathy (Plowey and Chu, 2011, Cheng et al., 2010), where failure 

of the synapse precedes neuronal dysfunction and eventual loss of the neuron 

(Selkoe, 2002; Oddo et al., 2003; Gouras et al., 2010). Due to early appearance of AVs 

within presynaptic terminals in our model, it is tempting to speculate that there is a 

causative relationship between induction of macroautophagy and 

neurodegeneration. Beyond PD, studies have also linked dysfunctional 

macroautophagy to synaptic pathology observed in many neurodegenerative 

conditions (Yoshimitsu and Hiromi 2015). Terry et al. (1991) has suggested that loss of 

synapses is the major correlate of AD-linked dementia. Synaptic dysfunction, 

accompanied by an autophagic stress-related phenotype, has been reported in the 

hippocampus of young AD model mice [Sanchez-Varo et al. 2012; Tammineni et al. 

2017) and in postmortem brains from AD patients (Nixon et al. 2007). In this setting, 
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macroautophagy seems to be impaired due to alterations of the endo-lysosomal 

pathway, which impaired the fusion of autophagosomes with the lysosomes (Boland 

et al. 2008).   

Regarding PD pathogenesis and synaptic alterations, the most common mutation in 

the LRRK2 protein, the pathogenic G2019S mutation, (Trinh et al. 2014) was reported 

to drive alterations in synaptic autophagy. In G2019S-LRRK2 transgenic mice 

increased abundance of AVs has been observed within synaptic terminals in cerebral 

cortex (Ramonet et al. 2011). More recently, Soukup and colleagues (2016) reported 

that LRRK2-dependent phosphorylation of EndoA at serine 75, shown previously to 

occur at the synapse (Matta et al., 2012; Arranz et al., 2015), is required for the 

induction of macroautophagy at Drosophila synapses. They also showed that the 

balance of EndoA phosphorylation affects neuronal survival, as deregulation of the 

EndoA phosphorylation state is accompanied by dopaminergic neuron degeneration. 

Therefore, LRRK2 dysregulation in PD seems to drive alterations in synaptic 

macroautophagy, starting a cascade leading to synaptic defects in PD.  Synaptic loss is 

an early and major feature of the brain pathology induced by prion diseases as well 

(Fuhrmann M, et al. 2007). Prion infection induces the accumulation of AVs within 

synaptic terminals in various brain regions of infected hamsters and mice (Liberski et 

al. 2011). Autophagosomes were also found within damaged synapses in brain 

biopsies, derived from patients with prion disease (Sikorska et al. 2004). In line with 

these, our results suggest that these morphologically altered presynaptic terminals 

occurring prior to evident neurodegeneration may represent the initial stages of 

synaptic disruption and loss. 

To sum up, this study has shown that induction of macroautophagy within the 

synaptic terminals of LAMP2A-deficient rats represents an early phenomenon 

occurring prior to dopaminergic degeneration. While macroautophagy may be 

essential in the maintenance of axon homeostasis, these data raise the intriguing 

possibility that the compensatory induction of productive macroautophagy may have 

deleterious consequences. The appearance of autophagic-related structures in dying 

neurites has led to the initial hypothesis that macroautophagy may play a causative 

role in the neuritic damage or degeneration induced by inhibition of CMA. In 

particular, as excessive autophagy can lead to excessive degradation of cell 

components and neuronal cell death (Button et al. 2015, Kroemer et al.2008, Lee et 

al. 2009), we speculate that uncontrolled induction of macroautophagy may 

contribute to the clearance of the synaptic proteins and receptors and thus underlie 

the synaptic pathology observed in our model. Thus, blockade of macroautophagy 

may represent a neuroprotective strategy. Towards this notion, a number of studies 

have also suggested that axonal degeneration can be suppressed by inhibition of 

macroautophagy. Induction of macroautophagy, characterized by an increase in 

autophagosome synthesis, is detected in both neurotoxin and physical injury 
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(axotomy) models. In particular, excess induction of productive macroautophagy, 

occurring secondary to diminished Akt signaling, has been implicated in axonal 

degeneration induced by axotomy or striatal injections of 6-OHDA, a neurotoxin-

based PD model. Conditional deletion of the essential autophagy gene Atg7 in adult 

mice achieved striking axonal protection in these acute models of retrograde 

degeneration (Cheng et al. 2011), suggesting that macroautophagy may in fact 

contribute to axonal degeneration. Consistent with the in vivo observations, Yang and 

colleagues reported in several in vitro models of injury that both pharmacologic and 

genetic disruption of autophagy signaling protected from axonal degeneration (Yang 

et al., 2007). In G2019S-LRRK2-transfected SH-SY5Y cells, it was suggested that 

macroautophagy contributed to the progression of neuritic degeneration, as 

inhibition of macroautophagy via siRNA knockdown of LC3 or Atg7 reversed the 

mutant LRRK2-induced neurite retraction, whereas macroautophagy stimulation with 

rapamycin potentiated these effects (Plowey et al., 2008). Other interventions aiming 

at inhibition of macroautophagy, such as phosphorylation of LC3, also prevented 

mutant LRRK2-mediated neurite retraction in primary cortical neuronal cultures 

(Cherra et al., 2010). These findings indicate that excessive removal of mitochondria 

could be one of the contributing factors for dendritic retraction. We have also 

previously shown that in the rat primary cortical neurons and human differentiated 

SH-SY5Y cells, CMA inhibition conferred by aberrant alpha-synuclein overexpression 

lad to a compensatory induction of the process of macroautophagy and cell death. 

Interestingly, pharmacological and molecular macroautophagy inhibition exerted a 

protective effect in both models, further supporting a neurotoxic role of excessive 

macroautophagy induction (Xilouri et al. 2009). 

Based on the aforementioned findings, in future experiments we seek to determine 

whether the concomitant down-regulation of macroautophagy through conditional 

knock out of Atg5 in the substantia nigra, may exert a protective effect against CMA 

inhibition. A potential pitfall may be that inhibition of macroautophagy via Atg5 

knockdown may itself lead to axonal degeneration. Indeed, it has been reported that 

in vivo depletion of the Atg5 gene in the neural lineage provokes progressive 

neurodegeneration phenotype starting at 3 weeks of age (Hara et al 2006). However, 

similar experiments in the nigrostriatal system have shown that axons are preserved 

even for a period of two months of Atg7 depletion, and in fact are enlarged and 

appear to have enhanced properties, likely due to the lack of macroautophagy-

dependent attrition of axonal and synaptic components; at later time points, Atg7- 

deficient nigrostriatal terminals do start to degenerate as well, however this is 

beyond our experimental window (Hernandez et al. 2012; Inoue et al. 2013). 

Therefore, we believe that in the time frame of our experiments axonal processes will 

be preserved in Atg5-deficient neurons. 
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If successful in showing that excess macroautophagy induction is responsible for 

axonal degeneration in this model, this would be an important finding for many 

reasons: a) It would decipher a pathway for axonal degeneration that may be relevant 

to a number of neurodegenerative conditions, b) It would provide an in vivo example 

where excess macroautophagy may be detrimental, and provide a note of caution for 

therapeutic trials attempting to augment macroautophagy for the treatment of 

neurodegenerative conditions, c) It would provide an example of the cross-talk 

between protein degradation pathways, in which excess compensatory mechanisms 

may be detrimental, and d) It would help decipher the mechanisms through which 

CMA dysfunction in the brain, as appears to occur in PD, may lead to 

neurodegeneration. 
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G. List of Abbreviations  

 

AD: Alzheimer’s Disease   

ALS: Amyotrophic Lateral Sclerosis  

Atg: autophagy-related genes 

CMA: chaperone-mediated autophagy  

CMA: Chaperone-Mediated Autophagy 

DA: dopamine 

DAT: dopamine transporter 

EM: electron microscopy 

GFAP: glial fibrillary acidic protein  

GFP: green fluorescent protein 

HD: Huntington’s Disease   

Hsc70: heat shock protein of 70 kDa  

IBA-1: ionized calcium-binding adapter molecule 1  

LAMP2A: lysosomal associated membrane protein 2A  

Lamp-2A: Lysosome-associated membrane protein 2 

LE: late endosomes 

LIR:  LC3-interacting region 

LRRK2: Leucine-rich repeat kinase 2 

mTOR: mammalian target of rapamycin 

MVB: multivesicular bodies 

p62 or SQSTM1: sequestosome  

PBS: Phosphate-buffered saline  

PD: Parkinson’s disease  

PE: Phosphatidylethanolamine  
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PI3K: Phosphatidyl Inositol 3 Kinase  

PLCγ: Phosphoinositide phospholipase Cγ  

PtdIns3: Phosphatidylinositol 3,5-bisphosphate 

rAAV: recombinant adeno-associated virus  

shRNA: short hairpin RNA  

SN: substantia nigra  

SNpc: substantia nigra pars compact 

TH: tyrosine hydroxylase 

UBLs: ubiquitin-like proteins 

ULK1: unc-51-like kinase 1 


