
 

 

 

 

 

 

 

 

 

ΔΙΔΑΚΤΟΡΙΚΗ ΔΙΑΤΡΙΒΗ 

Διερεύνηση του ρόλου της πρωτεΐνης α-συνουκλεΐνης στην παθογένεια της 
Ατροφίας Πολλαπλών Συστημάτων 

Investigation of the role of the protein alpha synuclein on Multiple System 

Atrophy Pathogenesis 

 

 

Παναγιώτα Μαυροειδή 

Βιολόγος 

 

 

Αθήνα 2021 

 

 

 

 

 

«Το έργο συγχρηματοδοτείται από την Ελλάδα και την Ευρωπαϊκή Ένωση (Ευρωπαϊκό Κοινωνικό 
Ταμείο) μέσω του Επιχειρησιακού Προγράμματος «Ανάπτυξη Ανθρώπινου Δυναμικού, 

Εκπαίδευση και Διά Βίου Μάθηση», στο πλαίσιο της Πράξης «Ενίσχυση του ανθρώπινου 
ερευνητικού δυναμικού μέσω της υλοποίησης διδακτορικής έρευνας» (MIS-5000432), που 

υλοποιεί το Ίδρυμα Κρατικών Υποτροφιών (ΙΚΥ)» 

ΕΘΝΙΚΟ ΚΑΙ ΚΑΠΟΔΙΣΤΡΙΑΚΟ ΠΑΝΕΠΙΣΤΗΜΙΟ 
ΑΘΗΝΩΝ 

ΣΧΟΛΗ ΕΠΙΣΤΗΜΩΝ ΥΓΕΙΑΣ 

ΙΑΤΡΙΚΗ ΣΧΟΛΗ 

ΤΟΜΕΑΣ ΒΑΣΙΚΩΝ ΙΑΤΡΙΚΩΝ ΕΠΙΣΤΗΜΩΝ 

ΕΡΓΑΣΤΗΡΙΟ ΒΙΟΛΟΓΙΑΣ 

Διευθυντής Καθηγητής Αριστείδης Ηλιόπουλος 



 

 

 

 

 

 

 

 

 

ΔΙΔΑΚΤΟΡΙΚΗ ΔΙΑΤΡΙΒΗ 

Διερεύνηση του ρόλου της πρωτεΐνης α-συνουκλεΐνης στην παθογένεια της 
Ατροφίας Πολλαπλών Συστημάτων 

Investigation of the role of the protein alpha synuclein on Multiple System 

Atrophy Pathogenesis 

 

 

Παναγιώτα Μαυροειδή 

Βιολόγος 

 

 

Αθήνα 2021 

  

 

 

 

 

 

ΕΘΝΙΚΟ ΚΑΙ ΚΑΠΟΔΙΣΤΡΙΑΚΟ ΠΑΝΕΠΙΣΤΗΜΙΟ 
ΑΘΗΝΩΝ 

ΣΧΟΛΗ ΕΠΙΣΤΗΜΩΝ ΥΓΕΙΑΣ 

ΙΑΤΡΙΚΗ ΣΧΟΛΗ 

ΤΟΜΕΑΣ ΒΑΣΙΚΩΝ ΙΑΤΡΙΚΩΝ ΕΠΙΣΤΗΜΩΝ 

ΕΡΓΑΣΤΗΡΙΟ ΒΙΟΛΟΓΙΑΣ 

Διευθυντής Καθηγητής Αριστείδης Ηλιόπουλος 

«Το έργο συγχρηματοδοτείται από την Ελλάδα και την Ευρωπαϊκή Ένωση (Ευρωπαϊκό Κοινωνικό 
Ταμείο) μέσω του Επιχειρησιακού Προγράμματος «Ανάπτυξη Ανθρώπινου Δυναμικού, 

Εκπαίδευση και Διά Βίου Μάθηση», στο πλαίσιο της Πράξης «Ενίσχυση του ανθρώπινου 
ερευνητικού δυναμικού μέσω της υλοποίησης διδακτορικής έρευνας» (MIS-5000432), που 

υλοποιεί το Ίδρυμα Κρατικών Υποτροφιών (ΙΚΥ)» 



2 

 

Η παρούσα διδακτορική διατριβή εκπονήθηκε στο Εργαστήριο Βιολογίας της Ιατρικής Σχολής του 
Εθνικού και Καποδιστριακού Πανεπιστημίου Αθηνών υπό την επίβλεψη της Αναπληρώτριας 
Καθηγήτριας Μαρίας Ρουμπελάκη. Το πειραματικό μέρος πραγματοποιήθηκε στο Κέντρο 
Πειραματικής Χειρουργικής και Μεταφραστικής Έρευνας του Ιδρύματος Ιατροβιολογικών 
Ερευνών της Ακαδημίας Αθηνών (ΙΙΒΕΑΑ) κατά το χρονικό διάστημα Ιούλιος 2017 – Απρίλιος 
2021 στο εργαστήριο της Ερευνήτριας Γ’ Μαρίας Ξυλούρη. 

 

Ημερομηνία αίτησης υποψηφίου: 26/04/2021 

Ημερομηνία ορισμού τριμελούς συμβουλευτικής επιτροπής: 19/07/2017 

Ημερομηνία αίτησης αντικατάστασης μέλους της τριμελούς επιτροπής παρακολούθησης της 
διατριβής (λόγω προαγωγής της εργαστηριακής επιβλέπουσας Ξυλούρη Μαρίας σε 
Ερευνήτρια Γ’): 16/09/2020 (Α.Π. 2021032768) 

Ημερομηνία ορισμού θέματος: 29/09/2017 (Α.Π. 1718002981) 

Ημερομηνία αίτησης συγγραφής και υποστήριξης της διατριβής στην αγγλική γλώσσα: 
28/12/2020 (Α.Π. 63279) 

Ημερομηνία ορισμού 7μελούς εξεταστικής επιτροπής: 21/05/2021 (Α.Π. 31949) 

Ημερομηνία υποστήριξης διδακτορικής διατριβής: 25/06/2021 

 

Τριμελής συμβουλευτική επιτροπή: 

1. Δρ. Ρουμπελάκη Μαρία (Επιβλέπουσα), Αναπληρώτρια Καθηγήτρια, Ιατρική Σχολή, 
ΕΚΠΑ 

2. Δρ. Ξυλούρη Μαρία (Επιστημονική Υπεύθυνη), Ερευνήτρια Γ’, ΙΙΒΕΑΑ 

3. Δρ. Στεφανής Λεωνίδας, Καθηγητής, Ιατρική Σχολή, ΕΚΠΑ και Συνεργαζόμενος 
Ερευνητής, ΙΙΒΕΑΑ 

Μέλη επταμελούς εξεταστικής επιτροπής: 

1. Δρ. Ρουμπελάκη Μαρία (Επιβλέπουσα), Αναπληρώτρια Καθηγήτρια, Ιατρική Σχολή, 
ΕΚΠΑ 

2. Δρ. Ξυλούρη Μαρία (Επιστημονική Υπεύθυνη), Ερευνήτρια Γ’, ΙΙΒΕΑΑ 

3. Δρ. Στεφανής Λεωνίδας, Καθηγητής, Ιατρική Σχολή, ΕΚΠΑ και Συνεργαζόμενος 
Ερευνητής, ΙΙΒΕΑΑ 

4. Δρ. Καραγωγέως Δόμνα, Καθηγήτρια, Ιατρική Σχολή, Πανεπιστήμιο Κρήτης 

5. Δρ. Ευθυμιόπουλος Σπύρος, Καθηγητής, Τμήμα Βιολογίας, ΕΚΠΑ 

6. Δρ. Jensen Poul Henning, Καθηγητής, Aarhus University, Denmark 

7. Δρ. Πολίτης Παναγιώτης, Ερευνητής Β’, ΙΙΒΕΑΑ 

 

Πρόεδρος της Ιατρικής Σχολής: Καθηγητής Πέτρος Π. Σφηκάκης 



3 

 

Ο ΟΡΚΟΣ ΤΟΥ ΙΠΠΟΚΡΑΤΗ 

Ὄμνυμι Ἀπόλλωνα ἰητρὸν, καὶ Ἀσκληπιὸν, καὶ Ὑγείαν, καὶ Πανάκειαν, καὶ θεοὺς πάντας τε καὶ 

πάσας, ἵστορας ποιεύμενος, ἐπιτελέα ποιήσειν κατὰ δύναμιν καὶ κρίσιν ἐμὴν ὅρκον τόνδε καὶ 

ξυγγραφὴν τήνδε. Ἡγήσασθαι μὲν τὸν διδάξαντά με τὴν τέχνην ταύτην ἴσα γενέτῃσιν ἐμοῖσι, καὶ 

βίου κοινώσασθαι, καὶ χρεῶν χρηίζοντι μετάδοσιν ποιήσασθαι, καὶ γένος τὸ ἐξ ωὐτέου ἀδελφοῖς 

ἴσον ἐπικρινέειν ἄῤῥεσι, καὶ διδάξειν τὴν τέχνην ταύτην, ἢν χρηίζωσι μανθάνειν, ἄνευ μισθοῦ καὶ 

ξυγγραφῆς, παραγγελίης τε καὶ ἀκροήσιος καὶ τῆς λοιπῆς ἁπάσης μαθήσιος μετάδοσιν ποιήσασθαι 

υἱοῖσί τε ἐμοῖσι, καὶ τοῖσι τοῦ ἐμὲ διδάξαντος, καὶ μαθηταῖσι συγγεγραμμένοισί τε καὶ ὡρκισμένοις 

νόμῳ ἰητρικῷ, ἄλλῳ δὲ οὐδενί. Διαιτήμασί τε χρήσομαι ἐπ' ὠφελείῃ καμνόντων κατὰ δύναμιν καὶ 

κρίσιν ἐμὴν, ἐπὶ δηλήσει δὲ καὶ ἀδικίῃ εἴρξειν. Οὐ δώσω δὲ οὐδὲ φάρμακον οὐδενὶ αἰτηθεὶς 

θανάσιμον, οὐδὲ ὑφηγήσομαι ξυμβουλίην τοιήνδε. Ὁμοίως δὲ οὐδὲ γυναικὶ πεσσὸν φθόριον δώσω. 

Ἁγνῶς δὲ καὶ ὁσίως διατηρήσω βίον τὸν ἐμὸν καὶ τέχνην τὴν ἐμήν. Οὐ τεμέω δὲ οὐδὲ μὴν 

λιθιῶντας, ἐκχωρήσω δὲ ἐργάτῃσιν ἀνδράσι πρήξιος τῆσδε. Ἐς οἰκίας δὲ ὁκόσας ἂν ἐσίω, 

ἐσελεύσομαι ἐπ' ὠφελείῃ καμνόντων, ἐκτὸς ἐὼν πάσης ἀδικίης ἑκουσίης καὶ φθορίης, τῆς τε ἄλλης 

καὶ ἀφροδισίων ἔργων ἐπί τε γυναικείων σωμάτων καὶ ἀνδρῴων, ἐλευθέρων τε καὶ δούλων. Ἃ δ' ἂν 

ἐν θεραπείῃ ἢ ἴδω, ἢ ἀκούσω, ἢ καὶ ἄνευ θεραπηίης κατὰ βίον ἀνθρώπων, ἃ μὴ χρή ποτε 

ἐκλαλέεσθαι ἔξω, σιγήσομαι, ἄῤῥητα ἡγεύμενος εἶναι τὰ τοιαῦτα. Ὅρκον μὲν οὖν μοι τόνδε 

ἐπιτελέα ποιέοντι, καὶ μὴ ξυγχέοντι, εἴη ἐπαύρασθαι καὶ βίου καὶ τέχνης δοξαζομένῳ παρὰ πᾶσιν 

ἀνθρώποις ἐς τὸν αἰεὶ χρόνον. παραβαίνοντι δὲ καὶ ἐπιορκοῦντι, τἀναντία τουτέων. 

  



4 

 

Απόδοση στα Νέα Ελληνικά 

Ορκίζομαι στο θεό Απόλλωνα τον ιατρό και στο θεό Ασκληπιό και στην Υγεία και 

στην Πανάκεια και επικαλούμενος τη μαρτυρία όλων των θεών ότι θα εκτελέσω κατά τη δύναμη 

και την κρίση μου τον όρκο αυτόν και τη συμφωνία αυτή. Να θεωρώ τον διδάσκαλό μου της 

ιατρικής τέχνης ίσο με τους γονείς μου και την κοινωνό του βίου μου. Και όταν χρειάζεται χρήματα 

να μοιράζομαι μαζί του τα δικά μου. Να θεωρώ την οικογένειά του αδέλφια μου και να τους 

διδάσκω αυτήν την τέχνη αν θέλουν να την μάθουν χωρίς δίδακτρα ή άλλη συμφωνία. Να μεταδίδω 

τους κανόνες ηθικής, την προφορική διδασκαλία και όλες τις άλλες ιατρικές γνώσεις στους γιους 

μου, στους γιους του δασκάλου μου και στους εγγεγραμμένους μαθητές που πήραν τον ιατρικό 

όρκο, αλλά σε κανέναν άλλο. Θα χρησιμοποιώ τη θεραπεία για να βοηθήσω τους ασθενείς κατά τη 

δύναμη και την κρίση μου, αλλά ποτέ για να βλάψω ή να αδικήσω. Ούτε θα δίνω θανατηφόρο 

φάρμακο σε κάποιον που θα μου το ζητήσει, ούτε θα του κάνω μια τέτοια υπόδειξη. Παρομοίως, 

δεν θα εμπιστευτώ σε έγκυο μέσο που προκαλεί έκτρωση. Θα διατηρώ αγνή και άσπιλη και τη ζωή 

και την τέχνη μου. Δεν θα χρησιμοποιώ νυστέρι ούτε σε αυτούς που πάσχουν από λιθίαση, αλλά θα 

παραχωρώ την εργασία αυτή στους ειδικούς της τέχνης. Σε όσα σπίτια πηγαίνω, θα μπαίνω για να 

βοηθήσω τους ασθενείς και θα απέχω από οποιαδήποτε εσκεμμένη βλάβη και φθορά, και ιδίως από 

γενετήσιες πράξεις με άνδρες και γυναίκες, ελεύθερους και δούλους. Και όσα τυχόν βλέπω ή 

ακούω κατά τη διάρκεια της θεραπείας ή και πέρα από τις επαγγελματικές μου ασχολίες στην 

καθημερινή μου ζωή, αυτά που δεν πρέπει να μαθευτούν παραέξω δεν θα τα κοινοποιώ, θεωρώντας 

τα θέματα αυτά μυστικά. Αν τηρώ τον όρκο αυτό και δεν τον παραβώ, ας χαίρω πάντοτε 

υπολήψεως ανάμεσα στους ανθρώπους για τη ζωή και για την τέχνη μου. Αν όμως τον παραβώ και 

επιορκήσω, ας πάθω τα αντίθετα. 
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ΕΥΧΑΡΙΣΤΙΕΣ  

 

Ως λόγια που βγαίνουν από την καρδιά μου, αποφάσισα να γράψω αυτές τις ευχαριστίες στην 
Ελληνική γλώσσα. Τα τέσσερα αυτά τελευταία χρόνια αποτέλεσαν για μένα τόσο μία δοκιμασία 
αντοχής αλλά και αγάπης προς την επιστήμη μας, όσο και μία πηγή γνώσης και εμπειρίας. Πιστεύω 
πως βγαίνω πιο δυνατή, όχι μόνο ως Βιολόγος, αλλά ως άνθρωπος που βίωσε στιγμές απόλυτης 
χαράς και απογοήτευσης, στιγμές κούρασης και ψυχικής ανάτασης, που γνώρισε ποικίλες 
προσωπικότητες ανθρώπων και μοιράστηκε μαζί τους ανησυχίες και εμπειρίες. Είναι πολλοί αυτοί 
οι οποίοι συνεισέφεραν στην εκπόνηση της διατριβής αυτής, τόσο πρακτικά, όσο και 
συναισθηματικά.  

Πρώτη απ’ όλους θα ήθελα να ευχαριστήσω την Επιστημονική μου Υπεύθυνη, Ξυλούρη Μαρία, 
Ερευνήτρια Γ΄ του κέντρου Κλινικής, Πειραματικής Χειρουργικής & Μεταφραστικής Έρευνας του 
Ιδρύματος Ιατροβιολογικών Ερευνών της Ακαδημίας Αθηνών. Την Μαρία την γνωρίζω ήδη από το 
2012, όπου επισκέφτηκα το εργαστήριο ως rotator του ΠΜΣ «Μοριακή Ιατρική» και αμέσως την 
θαύμασα για την δυναμικότητα και τον χαρακτήρα της. Θεωρώ τον εαυτό μου τυχερό που 

εργάστηκα στο πλάι μίας τόσο δραστήριας ερευνήτριας, η οποία υπήρξε για μένα καθοδηγήτρια και 
φίλη, με εμπιστεύτηκε από την πρώτη στιγμή και με αγκάλιασε όχι μόνο στη νεοσύστατη ομάδα 
της, αλλά και στο σπίτι και την οικογένειά της με τα παιδιά της και τον σύζυγό της Σταυρόπουλο 
Αθανάσιο, τον οποίον επίσης εκτιμώ απεριόριστα. Την ευχαριστώ για όσα έκανε για μένα, αλλά 
και για όσα συνεχίζει να κάνει. 

Θα ήθελα επίσης να ευχαριστήσω και τα άλλα μέλη της τριμελούς συμβουλευτικής επιτροπής μου, 
την Καθηγήτρια κ. Ρουμπελάκη Μαρία (Ιατρική Σχολή, ΕΚΠΑ), η οποία ήταν η Ακαδημαϊκή 
Υπεύθυνη αυτής της διατριβής και τον Καθηγητή κ. Στεφανή Λεωνίδα (Ιατρική Σχολή, ΕΚΠΑ), οι 
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ΠΕΡΙΛΗΨΗ 
 

Η Ατροφία Πολλαπλών Συστημάτων αποτελεί μια σπάνια προοδευτική νευροεκφυλιστική 

νόσο η οποία χαρακτηρίζεται από την παρουσία Γλοιακών Κυτταροπλασματικών Εγκλείστων στα 

ολιγοδενδροκύτταρα. Τα έγκλειστα αυτά αποτελούνται κυρίως από τη νευρωνική πρωτεΐνη α-

συνουκλεΐνη και την ολιγοδενδρογλοιακή φωσφοπρωτεΐνη ΤΡΡΡ/p25α. O ακριβής ρόλος των 

ολιγοδενδρογλοιακών πρωτεϊνών α-συνουκλεΐνη και p25α στο σχηματισμό των Γλοιακών 

Κυτταροπλασματικών Εγλείστων και τον επακόλουθο νευρωνικό θάνατο, καθώς και οι 

πρωτεολυτικοί μηχανισμοί που εμπλέκονται στην απομάκρυνση αυτών των πρωτεϊνών υπό 

φυσιολογικές και παθολογικές συνθήκες, παραμένουν εν πολλοίς άγνωστοι.  

Προκειμένου να απαντήσουμε σε αυτά τα ερωτήματα, χρησιμοποιήσαμε τρεις 

αθανατοποιημένες κυτταρικές σειρές ολιγοδενδροκυττάρων προερχόμενες από εγκέφαλο επίμυος: 

κύτταρα αγρίου τύπου (OLN-93) με ελάχιστα έως μη-ανιχνεύσιμα επίπεδα ενδογενούς α-

συνουκλεΐνης και p25α και ολιγοδενδροκύτταρα που υπερεκφράζουν σταθερά την ανθρώπινη α-

συνουκλεΐνη (OLN-AS7) ή την p25α (OLN-p25α). Παράλληλα, χρησιμοποιήθηκαν πρωτογενείς 

καλλιέργειες διαφοροποιημένων ολιγοδενδροκυττάρων προερχόμενων από αγρίου τύπου (WT-

aSyn) μύες και διαγονιδιακούς μύες που στερούνται πλήρως την έκφραση ενδογενούς α-

συνουκλεΐνης (KO-aSyn) ή υπερεκφράζουν την ανθρώπινη α-συνουκλεΐνη επιλεκτικά στα 

ολιγοδενδροκύτταρα (PLP-haSyn). Κυτταρικές σειρές και πρωτογενείς καλλιέργειες επωάστηκαν 

με προ-σχηματισμένα ινίδια α-συνουκλεΐνης ανθρώπινης προέλευσης ως μοντέλο α-

συνουκλεϊνοπάθειας. Αρχικά, διαπιστώθηκε ότι τα ινίδια α-συνουκλεΐνης προσλαμβάνονται 

γρήγορα από τα ολιγοδενδρογλοιακά κύτταρα και μπορούν να στρατολογήσουν την ενδογενή 

πρωτεΐνη στο σχηματισμό αδιάλυτων, παθολογικών συσσωματωμάτων.  

Η υπερέκφραση των πρωτεϊνών α-συνουκλεΐνη ή/και p25α επιταχύνει τη στρατολόγηση της 

ενδογενούς α-συνουκλεΐνης και τη δημιουργία παθολογικών διαμορφώσεων αυτής. Στις 

πρωτογενείς καλλιέργειες ολιγοδενδροκυττάρων οι οποίες επωάστηκαν με ινίδια α-συνουκλεΐνης, 

παρατηρήθηκε και αποδιοργάνωση του δικτύου των μικροσωληνίσκων και της μυελίνης, 

προσομοιώνοντας έτσι ένα παθολογικό χαρακτηριστικό της νόσου, το οποίο φαίνεται να εξαρτάται 

πλήρως από την παρουσία της ενδογενούς α-συνουκλεΐνης. 

Επιπρόσθετα, χρησιμοποιώντας απομονωμένες πρωτογενείς καλλιέργειες 

ολιγοδενδροκυττάρων και νευρώνων, δείξαμε ότι η σχετιζόμενη με την παθολογία φωσφορυλίωση 

της α-συνουκλεΐνης στο αμινοξικό κατάλοιπο σερίνης 129 εξαρτάται από το πρωτεϊνικό φορτίο α-

συνουκλεΐνης και p25α και μπορεί να περιλαμβάνει διαφορετικά «στελέχη» της πρωτεΐνης παρόντα 

σε ολιγοδενδρογλοιακές και νευρωνικές συνουκλεϊνοπάθειες. Αυτή η υπόθεση υποστηρίχθηκε 

περαιτέρω από δεδομένα που ελήφθησαν από ανθρώπινο μεταθανάτιο εγκεφαλικό υλικό ασθενών 

με Ατροφία Πολλαπλών Συστημάτων ή με άνοια με σώματα Lewy, στην οποία τα συσσωματώματα 
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α-συνουκλεΐνης εντοπίζονται σε νευρώνες. Η σημασία της ενδογενούς α-συνουκλεΐνης στην 

εκδήλωση παθολογίας επιβεβαιώθηκε περαιτέρω σε in vivo πειράματα, όπου η έγχυση ινιδίων α-

συνουκλεΐνης στον εγκέφαλο μυών οδήγησε στο σχηματισμό παθολογικών διαμορφώσεων α-

συνουκλεΐνης εντός των ολιγοδενδροκυττάρων, οι οποίες συμπεριελάμβαναν την ενδογενή 

πρωτεΐνη και προκάλεσαν την αποδιοργάνωση του δικτύου μυελίνης σε μύες αγρίου τύπου, αλλά 

όχι σε μύες οι οποίοι στερούνταν την έκφραση α-συνουκλεΐνης. 

Προκειμένου να εξακριβώσουμε τους μηχανισμούς αποικοδόμησης τόσο της 

ολιγοδενδρογλοιακής α-συνουκλεΐνης όσο και της p25α, πραγματοποιήσαμε αναστολή της οδού 

αυτοφαγίας-λυσοσώματος με φαρμακολογικά και μοριακά μέσα, καθώς και φαρμακολογική 

αναστολή του πρωτεασώματος. Τα αποτελέσματά μας υποδεικνύουν ότι οι ενδογενείς 

ολιγοδενδρογλοιακές πρωτεΐνες α-συνουκλεΐνη και p25α αποικοδομούνται κυρίως από το 

λυσόσωμα τόσο σε κυτταρικές σειρές όσο και σε πρωτογενείς καλλιέργειες ολιγοδενδροκυττάρων 

υπό φυσιολογικές συνθήκες. Ταυτόχρονα, αναγνωρίσαμε ένα μοτίβο στην αλληλουχία της p25α το 

οποίο επιτρέπει την αποτελεσματική αποδόμηση της πρωτεΐνης μέσω της αυτοφαγίας 

διαμεσολαβούμενης από σαπερόνες σε ένα in vitro σύστημα απομονωμένων λυσοσσωμάτων 

προερχόμενων από εγκέφαλο επίμυος. Χρησιμοποιώντας ινιδιακές μορφές ανθρώπινης α-

συνουκλεΐνης, χαρακτηρίσαμε διεξοδικά τη συμβολή του συστήματος αυτοφαγίας-λυσοσώματος 

στην απομάκρυνση των εξωγενώς προστιθέμενων ινιδίων, αλλά και των επαγόμενων παθολογικών 

διαμορφώσεων της ενδογενούς ολιγοδενδρογλοιακής α-συνουκλεΐνης. Δείξαμε επίσης ότι η 

επώαση με ινίδια α-συνουκλεΐνης μειώνει την αυτοφαγική ροή και ότι η πρωτεΐνη p25α ασκεί μια 

ανασταλτική επίδραση στο μονοπάτι της μακροαυτοφαγίας, ενώ ταυτόχρονα η αυτοφαγία 

διαμεσολαβούμενη από σαπερόνες ενεργοποιείται ως αντισταθμιστικός μηχανισμός για να 

απομακρύνει τις παθολογικές μορφές α-συνουκλεΐνης που σχηματίζονται εντός των 

ολιγοδενδροκυττάρων.  

Συμπερασματικά, η παρούσα μελέτη αναδεικνύει το σημαντικό ρόλο που διαδραματίζουν οι 

ενδογενείς ολιγοδενδρογλοιακές πρωτεΐνες α-συνουκλεΐνη και p25α στο σχηματισμό παθολογικών 

διαμορφώσεων α-συνουκλεΐνης σε πειραματικά μοντέλα της Ατροφίας Πολλαπλών Συστημάτων. 

Παράλληλα, αποκαλύπτει τη συμμετοχή της αυτοφαγίας διαμεσολαβούμενης από σαπερόνες και 

της μακροαυτοφαγίας στη ρύθμιση των επιπέδων τόσο της ενδογενούς ολιγοδενδρογλοιακής α-

συνουκλεΐνης όσο και της p25α, σε φυσιολογικές και παθολογικές συνθήκες και προτείνει τη 

στόχευση αυτών των μονοπατιών ως πιθανούς θεραπευτικούς στόχους για τη νόσο. 
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ABSTRACT 
 

Multiple System Atrophy is a rare debilitating disease characterized by the presence of 

distinct glial cytoplasmic inclusions within oligodendrocytes. These inclusions are mainly 

composed of the neuronal protein alpha-synuclein and the oligodendroglia-specific phosphoprotein 

TPPP/p25α. The precise role of oligodendroglial alpha-synuclein and p25α in the formation of glial 

cytoplasmic inclusions and the subsequent neuronal death, as well as the proteolytic mechanisms 

involved in their turnover in health and disease remains hitherto unclear. To address these 

questions, we have utilized three immortalized oligodendroglial cell lines originated from rat brain 

glial cultures: wild-type oligodendrocytes (OLN-93) expressing low to non-detectable levels of the 

endogenous alpha-synuclein and p25α and cells stably overexpressing human alpha-synuclein 

(OLN-AS7) or human p25α (OLN-p25α). In parallel, we have used primary cultures of 

differentiated oligodendroglial cells deriving from wild-type (WT-aSyn) mice or transgenic mice 

lacking the endogenous alpha-synuclein expression (KO-aSyn) or overexpressing human alpha-

synuclein selectively in oligodendrocytes (PLP-haSyn). Both cell lines and primary 

oligodendrocytes were incubated with human alpha synuclein pre-formed fibrils as a model of 

alpha-synucleinopathy. Initially, we verified that alpha-synuclein fibrils are readily taken up by 

oligodendroglial cells and can recruit minute amounts of endogenous alpha-synuclein into the 

formation of insoluble, highly aggregated, pathological assemblies. The overexpression of human 

alpha-synuclein or p25α accelerates the recruitment of the endogenous protein and the generation of 

such aberrant species. In fibril-treated primary oligodendrocytes, the microtubule and myelin 

networks are disrupted, thus recapitulating a pathological hallmark of Multiple System Atrophy, in 

a manner totally dependent upon the presence of endogenous alpha-synuclein. 

Furthermore, utilizing oligodendroglial and cortical cultures, we demonstrated that the 

pathology-related phosphorylation of alpha-synuclein at Serine 129 depends on alpha-synuclein and 

p25α protein load and may involve different alpha-synuclein “strains” present in oligodendroglial 

and neuronal synucleinopathies. Importantly, this hypothesis was further supported by data obtained 

from human post-mortem brain material derived from patients with Multiple System Atrophy and 

dementia with Lewy bodies, where alpha-synuclein accumulates in neurons. Importantly, delivery 

of alpha-synuclein fibrils into the mouse striatum led to the formation of aberrant alpha-synuclein 

forms within oligodendroglia, incorporating the endogenous protein, and evoked myelin 

decompaction in WT-aSyn mice, but not in KO-aSyn mice.  

In order to elucidate the degradation mechanisms responsible for the removal of both 

endogenous oligodendroglial alpha-synuclein and p25α, we pharmacologically and molecularly 

modulated the autophagy-lysosome pathway and performed pharmacological inhibition of the 

proteasome. According to our results, both the endogenous oligodendroglial alpha-synuclein and 
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p25α are degraded mainly by the autophagy-lysosome pathway in oligodendroglial cell lines and 

murine primary oligodendrocytes under basal conditions. We have also identified a KFERQ-like 

motif in p25α sequence that enables its effective degradation via chaperone-mediated autophagy in 

an in vitro system of isolated rat brain lysosomes. Utilizing pre-formed alpha-synuclein fibrils as 

seeds of pathology, we thoroughly characterized the contribution of autophagy-lysosome pathway 

in the removal of the exogenously added and the seeded oligodendroglial alpha-synuclein 

pathological assemblies. We have also showed that inoculation with alpha-synuclein fibrils impairs 

autophagic flux in oligodendrocytes and that p25α exerts an inhibitory effect on macroautophagy, 

while at the same time chaperone-mediated autophagy is upregulated, probably as a compensatory 

mechanism, to remove the pathological alpha-synuclein species formed within oligodendrocytes. 

Collectively, this line of research highlights the role of endogenous alpha-synuclein and 

p25α in the formation of pathological aSyn assemblies in experimental models of Multiple System 

Atrophy. In addition, this study pinpoints the contribution of chaperone-mediated autophagy and 

macroautophagy in the regulation of oligodendroglial alpha-synuclein and p25α levels, in 

physiological and pathological conditions and highlights their targeting as a potential therapeutic 

strategy against Multiple System Atrophy. 
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I. INTRODUCTION 
 

1. Multiple System Atrophy (MSA) 

 

Multiple system atrophy (MSA) is a fatal neurodegenerative disorder characterized by the 

progressive loss of the autonomic nervous system, with only symptomatic treatment currently 

available (Ortiz, Bette et al. 2020). MSA usually occurs after the sixth decade of human life and 

epidemiological studies indicate a prevalence of 1.9-4.9 per 100,000 people and a frequency of 3 

per 100,000 people per year (Bower, Maraganore et al. 1997). The clinical features of the disease 

are the presence of Parkinsonian symptoms and the development of cerebral ataxia and 

dysautonomia. Depending on the prevalence of symptoms, two subcategories can be distinguished 

(Gilman, Low et al. 1999):  

a) MSA-P: The most common form of MSA, with symptoms similar to Parkinson’s Disease (PD), 

since it is characterized by degeneration of the dopaminergic neurons in the nigrostriatal pathway,  

b) MSA-C: It is characterized by olivopontocerebellar atrophy with predominant cerebellar features. 

Interestingly, there is also a mixed type of MSA baring characteristics from both MSA-C and MSA-

P types. 

Dysautonomy is evident in both types and is expressed via urinary incontinence, respiratory 

failure, dysarthria, dysphagia and orthostatic hypertension (Gilman, Wenning et al. 2008). Other 

clinical symptoms that may be associated with MSA are insomnia, REM sleep disturbances, 

increased reflexes, wheezing, etc. The initial symptoms of the disease may differ between patients, 

with the symptoms of the autonomic nervous system to usually precede the motor ones (Lipp, 

Sandroni et al. 2009). Fluorohydrocortisone and anticholinergics are used for the clinical treatment 

of orthostatic hypotension and urinary dysfunction, respectively (Jessen, Kaduszkiewicz et al. 

2010), whereas L-DOPA is used to treat parkinsonian symptoms (Hughes, Colosimo et al. 1992). 

Unfortunately, the similarities in the clinical manifestations between MSA and PD patients create 

problems in disease diagnosis. MSA patients have a poor prognosis and the median disease duration 

from symptom onset to death is 6-9 years (Cao, Zhang et al. 2018; Foubert-Samier, Pavy-Le Traon 

et al. 2020). 

The etiology of MSA still remains unknown; there are studies suggesting that there are no 

differences in the disease manifestations between male and female patients and that the disease 

progression is not affected by environmental factors (Stefanova, Bucke et al. 2009). However, the 

disease initiation has been associated with high exposure of patients to organic solvents, plastic 

monomers, pesticides and minerals (Vanacore, Bonifati et al. 2001), whereas low education level, 

daily meat consumption and factory work history seem to increase the risk of MSA. Interestingly, 
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smoking is negatively associated with the onset of both MSA and PD (Vanacore, Bonifati et al. 

2001; Vidal, Vidailhet et al. 2008).  

MSA, PD and Dementia with Lewy Bodies (DLB) are collectively termed alpha-

synucleinopathies, due to the presence of the neuronal pre-synaptic protein alpha-synuclein (aSyn) 

within the proteinaceous inclusions formed within neurons or glial cells (Papp, Kahn et al. 1989; 

Spillantini, Crowther et al. 1998; Jellinger and Lantos 2010). Specifically, in PD and DLB, aSyn 

accumulates mostly in Lewy bodies (LBs) and Lewy neurites (LNs) in neurons (Spillantini, 

Schmidt et al. 1997; Spillantini, Crowther et al. 1998), whereas in MSA aSyn deposits mostly 

within the cytoplasm of oligodendrocytes forming glial cytoplasmic inclusions (GCIs) 

(Wakabayashi, Hayashi et al. 1998; Wakabayashi, Yoshimoto et al. 1998; Nakamura, Mori et al. 

2015) (Figure 1). Interestingly, apart from the GCIs present within oligodendrocytes, other 

inclusions such as neuronal cytoplasmic inclusions (NCIs) have been detected in neuronal cells of 

MSA brains, mainly composed of aSyn (Figure 2) (Papp and Lantos 1992; Takeda, Arai et al. 

1997; Yoshida 2007).  

 

Figure 1: aSyn aggregations in Parkinson's disease (PD, left) and multiple system atrophy (MSA, right) patients. 

 LB: Lewy Body, GCI: Glial Cytoplasmic Inclusion. Source: (Peng, Gathagan et al. 2018). 

 

MSA is a typically sporadic neurodegenerative disease (Wenning, Wagner et al. 1993); 

however there are studies suggesting a family history (Wullner, Abele et al. 2004; Soma, Yabe et al. 

2006; Hara, Momose et al. 2007; Wullner, Schmitt et al. 2009; Hohler and Singh 2012; Itoh, Kasai 

et al. 2014). Several mutations in the SNCA gene encoding for aSyn have been linked to PD 

pathogenesis, such as the A53T, A30P, E46K, H50Q, G51D, A18P and pA29S mutations 

(Polymeropoulos, Lavedan et al. 1997; Kruger, Kuhn et al. 1998; Zarranz, Alegre et al. 2004; 

Appel-Cresswell, Vilarino-Guell et al. 2013; Hoffman-Zacharska, Koziorowski et al. 2013; Kiely, 

Asi et al. 2013; Fares, Ait-Bouziad et al. 2014). However, up-to-date, no hereditable mutations in 

the coding region of this gene have been identified in MSA cases (Ozawa, Takano et al. 1999). 

Interestingly, the G51D and A53E mutations in the SNCA gene have been proposed as potential 

links between PD and MSA (Kiely, Asi et al. 2013; Pasanen, Myllykangas et al. 2014). 

Additionally, in two European populations, four single nucleotide polymorphisms (SNPs) in the 

SNCA gene were associated with increased MSA risk: rs11931074, rs3857059, rs3822086 and 
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rs3775444 (Al-Chalabi, Durr et al. 2009; Scholz, Houlden et al. 2009). However, the genetic link 

between SNCA and MSA still remains controversial. 

MSA risk has been linked with polymorphisms encoding for the COQ2 enzyme 

parahydroxybenzoatepolyprenyl transferase, which is implicated in the biosynthetic pathway of 

coenzyme Q10, part of the mitochondrial electron transport chain. Various COQ2 variants, such as 

V393A, L25 V, M128 V, R173H, L402F, A32A and N386I, have been detected in patients with 

MSA (Collaboration 2013; Chen, Zhao et al. 2015; Wen, Li et al. 2015; Sun, Ohta et al. 2016). In 

addition, the levels of Q10 in the plasma and cerebellum of MSA patients were found decreased in 

comparison to healthy controls, accompanied by impaired mitochondrial function and increased 

oxidative stress (Barca, Kleiner et al. 2016; Mitsui, Matsukawa et al. 2016; Schottlaender, 

Bettencourt et al. 2016). Other genetic links to MSA include the presence of MAPT (gene encoding 

the neuronal tau protein) H1 haplotype (Vilarino-Guell, Soto-Ortolaza et al. 2011; Labbe, Heckman 

et al. 2016), GBA1 mutations (encodes the lysosomal enzyme β- glucocerebrosidase), LRRK2 

variants (Heckman, Schottlaender et al. 2014; Riboldi, Palma et al. 2019), the mitochondrial 

CHCHD2 V66 M mutation (Yang, An et al. 2016) and TNF-α rs1799964 and IL-1β rs16944 

polymorphisms (Zhou, Wang et al. 2018). 

The accumulation of aSyn within the abnormally expanded cell bodies of oligodendrocytes 

is the main histophathological hallmark of the disease (Trojanowski and Revesz 2007; Wenning, 

Stefanova et al. 2008; Jellinger and Lantos 2010). Oligodendrocytes are the myelin-forming cells of 

the central nervous system (CNS) that together with astrocytes and microglia comprise the brain’s 

glial cells (Bradl and Lassmann 2010). There are two main types of oligodendrocytes, the 

myelinating and the non-myelinating ones that concentrate in white and grey matter, respectively 

(Hofmann, Rodriguez-Rodriguez et al. 2017). Many neurodegenerative diseases occur due to either 

oligodendroglial death or damage to the myelin sheathes they produce, leading to subsequent 

neuronal demise (Wong, Halliday et al. 2014; Dulamea 2017; Kuhn, Gritti et al. 2019). Mature 

oligodendrocytes are post-mitotic cells of the CNS responsible for the production of myelin that 

supports and protects neurons (Wilkins, Majed et al. 2003; Bean 2007; Simons and Nave 2015; 

Kuhn, Gritti et al. 2019). Oligodendrocytes are involved not only in the neural transmission, but 

also in the development, maintenance and regeneration of axons (Baumann and Pham-Dinh 2001; 

Nave and Trapp 2008). The maturation of oligodendrocytes occurs during the development of the 

CNS and is likely to be influenced by neuronal-derived signals (Richardson, Smith et al. 2000). 

Adult oligodendrocytes are a heterogeneous population of cells that differs in morphology, 

maturation, and functional activity (Baumann and Pham-Dinh 2001). Oligodendroglial dysfunction 

leads to impaired myelin production and consequently to neuronal death in various brain areas 

(Wong, Halliday et al. 2014; Ettle, Schlachetzki et al. 2016; Dulamea 2017), resulting in autonomic 
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system failure and loss of muscle movement coordination, which represent the main clinical 

symptoms of MSA (Mendoza-Velasquez, Flores-Vazquez et al. 2019). 

The origin of aSyn in oligodendrocytes of MSA patients remains ambiguous, since it has 

been proposed that mature oligodendrocytes do not normally express this protein (Djelloul, 

Holmqvist et al. 2015). Some reports have shown the expression of SNCA mRNA in 

oligodendrocytes, suggesting the presence of the endogenous oligodendrocytic protein (Richter-

Landsberg, Gorath et al. 2000; Djelloul, Holmqvist et al. 2015; Kaji, Maki et al. 2018). However, 

other studies have failed to detect oligodendroglial SNCA mRNA expression in the brains of MSA 

patients (Solano, Miller et al. 2000; Miller, Johnson et al. 2005), or in other studies where SNCA 

mRNA was detected, no differences were observed between controls and MSA patients (Jin, 

Ishikawa et al. 2008; Asi, Simpson et al. 2014). Moreover, in vitro (Kisos, Pukass et al. 2012; 

Konno, Hasegawa et al. 2012; Ettle, Reiprich et al. 2014; Pukass and Richter-Landsberg 2014; 

Pukass, Goldbaum et al. 2015; Kaji, Maki et al. 2018) and in vivo studies (Rockenstein, Ubhi et al. 

2012; Reyes, Rey et al. 2014) demonstrated that exogenous recombinant or neuronally derived aSyn 

can be taken up by oligodendroglial cell lines, suggesting the neuron-to-glia transfer of aSyn. 

Recent evidence suggests that the “prion-like” transmission of misfolded aSyn may contribute to 

MSA disease risk (Woerman, Watts et al. 2018). Yet, little is known regarding the mechanisms 

underlying the selective transmission of aSyn pathology in oligodendrocytes of MSA brains. 

 

 

Figure 2: Immunoreactivity of phosphorylated α-synuclein (p-α-syn) in oligodendroglial and neuronal inclusions 

of Multiple System Atrophy (MSA) brains. GCIs: Glial Cytoplasmic Inclusions, NCIs: Neuronal Cytoplasmic 

Inclusions. Source: (Miki, Tanji et al. 2018) 

 

GCIs or Papp-Lantos inclusions were first described three decades ago, as multi-shaped 

oligodendroglial inclusions composed of a 10-nm-sized central core fibrils, positively stained with 

antibodies against aSyn, surrounded by other aggregated proteins such as αβ-crystallin, ubiquitin, 

cytoskeletal proteins (Lantos and Papp 1994; Griffin, Hiromura et al. 2004), Hsc70 and Hsp70 

chaperones (Kawamoto, Akiguchi et al. 2007) the microtubule-related proteins TPPP/p25α (Tubulin 
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Polymerization Promoting Protein) and tau (Papp, Kahn et al. 1989; Spillantini, Crowther et al. 

1998; Wakabayashi, Yoshimoto et al. 1998; Gai, Pountney et al. 2003; Wenning, Stefanova et al. 

2008), cyclin-dependent kinase 5 (Cdk5), LRRK2, parkin, etc. (Griffin, Hiromura et al. 2004; 

Jellinger and Lantos 2010; Bankston, Li et al. 2013). Comparative analysis of the protein 

composition of GCIs and LBs revealed that GCIs consist of 11,7% aSyn, 1,9% αβ-crystallin and 

2,3% 14-3-3 proteins, whereas LBs are composed of 8.5, 2, and 1.5% respectively (McCormack, 

Chegeni et al. 2016), thus highlighting the crucial role of aSyn in GCI formation.  

 

 

2. The neuronal protein alpha-synuclein (aSyn): A chameleon protein 

 

The synuclein family includes α, β and γ synucleins, which share similar structural 

characteristics and they are encoded in vertebrates by 3 different highly conserved genes (Clayton 

and George 1998). Alpha-synuclein is a soluble protein, consisting of 140 amino acids, with a 

molecular weight of about 16 kDa that in humans is encoded by the SCNA gene. It is abundant in 

the CNS and is located in the cytosol of neuronal cells and in presynaptic terminals (Emamzadeh 

2016). 

Structurally, aSyn is composed of three main regions (Bendor, Logan et al. 2013) (Figure 3):  

a) The N-terminus, which contains seven repeats of a sequence of 11 amino acids bearing the 

KTKEGV motif and forming an amphipathic α-helix via which the protein interacts with lipids. 

This unique repetition pattern is found in all 3 isoforms amongst the different vertebrate species 

(Busch and Morgan 2012). Interestingly, all mutations associated with PD (A53T, A30P, E46K, 

G51D and H50Q) are located within this region (Appel-Cresswell, Vilarino-Guell et al. 2013).  

b) A hydrophobic region (Non-amyloid-β component, NAC) that participates in aSyn 

oligomerization (Rodriguez, Ivanova et al. 2015), finally leading to the formation of fibrils 

similar to those of β-amyloid (Aβ).  

c) The C-terminal region that is highly variable in size and sequence and contains a large number of 

acidic amino acids (Emamzadeh 2016).  

 

 

3. Physiological role of alpha-synuclein 

 

3a. A role at the synapse 
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alpha-Synuclein (aSyn) is a small, intrinsically disordered protein that is mainly localized at 

pre-synaptic terminals (Iwai, Masliah et al. 1995; Withers, George et al. 1997), but is also present in 

the neuronal somato-dendritic compartment (Andringa, Du et al. 2003), in red blood cells (Barbour, 

Kling et al. 2008), in the gut and other peripheral tissues (Askanas, Engel et al. 2000; Bottner, 

Zorenkov et al. 2012; Aldecoa, Navarro-Otano et al. 2015). Although aSyn is highly enriched in 

presynaptic boutons, it displays a delayed distribution in the terminals, suggesting that it is 

implicated in later stages of synaptic development, rather than playing a central function role in 

synapse modulation (Withers, George et al. 1997). Importantly, aSyn is differentially expressed in 

the various neuronal cell types, being more abundant in excitatory synapses across different brain 

regions and particularly in central catecholaminergic systems (Li, Henning Jensen et al. 2002). On 

the contrary, this protein displays a differential expression profile in inhibitory synapses amongst 

the different areas of the brain, with a particular interest of aSyn presence in striatal GABAergic 

medium spiny neurons (MSNs) (Taguchi, Watanabe et al. 2016; Taguchi, Watanabe et al. 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Structure of alpha-synuclein (aSyn). The N-terminal domain of a-synuclein is characterized by the presence 

of repeated lipid-binding sequences and contains the mutation sites linked with familial PD. The central NAC domain is 

mainly hydrophobic and favors the aggregation process of the protein. The C-terminal acidic tail carries the majority of 

a-synuclein phosphorylation sites. Source: (Fouka, Mavroeidi et al. 2020) 

 

The first indication regarding the role of aSyn on neural plasticity arose about 25 years ago, 

when “synelfin” (synuclein, NACP) expression was found up-regulated during bird song learning 

(George, Jin et al. 1995). aSyn localization in pre-synaptic boutons is mainly attributed to its tight 

association with synaptic vesicle membranes (Maroteaux, Campanelli et al. 1988) and its high 

affinity for the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor)-

complex proteins synaptobrevin-2 (VAMP2), synapsin III and rab3A (Burre, Sharma et al. 2010; 
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Chen, Wislet-Gendebien et al. 2013; Zaltieri, Grigoletto et al. 2015). It has been proposed that aSyn 

interacts with VAMP2 and promotes SNARE complex assembly (Burre, Sharma et al. 2010), 

followed then by its disassembly in order to complete the round of membrane fusion. The crucial 

role of aSyn assembly with SNARE complex on neuronal survival was further verified by the 

neuronal dysfunction and impaired survival of triple αβγ-synuclein knockout mice during ageing 

(Burre, Sharma et al. 2010; Greten-Harrison, Polydoro et al. 2010). Interestingly, aSyn lentiviral 

overexpression in primary neurons led to enhanced SNARE-complex assembly, further supporting 

the role of this protein in synaptic activity (Burre, Sharma et al. 2010). The same group later 

showed that only multimeric membrane-bound, but not the soluble monomeric aSyn, can promote 

the SNARE complex assembly (Burre, Sharma et al. 2014). It has been also recently suggested that 

aSyn is involved in synaptic vesicle homeostasis at the pre-synaptic terminal via a Ca2+-dependent 

mechanism (Lautenschlager, Stephens et al. 2018). 

On the contrary, monomeric natively unfolded aSyn at the pre-synaptic terminal is prone to 

form pathological conformations, thus exerting neurotoxic effects (Burre, Sharma et al. 2015). 

Another study showed that aSyn is preferably bound to synapsin 1 and VAMP2 when is present in 

its oligomeric form (Betzer, Movius et al. 2015), highlighting the importance of the conformational 

state of aSyn for the proper neuronal function. Finally, there are findings supporting the implication 

of aSyn in synaptic transmission, since it has been found associated with the synaptic vesicle pool, 

modulating the vesicle mobility, the recycling pool homeostasis and endocytosis (Zhang, Zhang et 

al. 2008; Scott and Roy 2012; Vargas, Makani et al. 2014). 

Moreover, aSyn functions as a molecular chaperone via effective binding to other 

intracellular proteins. The first indication came with the discovery that aSyn displays structural and 

functional homology with other molecular chaperones, as the 14-3-3 or small heat shock proteins 

(Ostrerova, Petrucelli et al. 1999; Kim, Choi et al. 2004). Additional studies revealed that aSyn 

synergistically acts with the presynaptic cysteine-string protein-alpha (CSPalpha) promoting the 

assembly of the SNARE complex (Chandra, Gallardo et al. 2005; Burre, Sharma et al. 2010), 

further validating its chaperoning properties. Biochemical and structural analysis of aSyn 

strengthened the current indications for its chaperone-like function via the C-terminal region 

(residues 61-140) (Kim, Paik et al. 2000; Kim, Paik et al. 2002; Park, Jung et al. 2002). However, 

following studies indicated that the chaperone binding site of aSyn lies within the NAC region 

(residues 61-95), which interestingly is prone to aggregation and thus highly susceptible to form 

fibrils (Rekas, Ahn et al. 2012; Srivastava, Raj et al. 2020). 
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3b. Association with membranes and lipid trafficking  

Intracellular aSyn can be found either natively unfolded in a soluble state or membrane-

bound forming an alpha-helical or a beta-sheet secondary structure, depending on the solution 

conditions (Li, Du et al. 2002; Celej, Sarroukh et al. 2012; Burre, Vivona et al. 2013). It has been 

proposed that there is a bidirectional link between aSyn species formation and membrane 

remodeling, meaning that not only aSyn structure is affected upon lipid interaction, but also that 

membrane integrity depends on the presence of different aSyn conformations (Galvagnion, Brown 

et al. 2016; Chaudhary, Subramaniam et al. 2017; Galvagnion 2017). However, there are 

controversial results regarding the association of aSyn with membrane lipids and its conformational 

state, with some studies reporting that membrane-bound aSyn gets protected from aggregation, thus 

leading to neurotoxicity attenuation (Narayanan and Scarlata 2001; Zhu and Fink 2003; Burre, 

Sharma et al. 2015), whereas others suggest that interaction of aSyn with membranes triggers its 

self-association and subsequent aggregation (Cole, Murphy et al. 2002; Lee, Choi et al. 2002; Perni, 

Galvagnion et al. 2017). Importantly, it has been shown that aSyn PD-related mutations reduce its 

interaction with membranes, thus further suggesting that aSyn binding on membranes is crucial for 

its proper functioning (Jensen, Nielsen et al. 1998; Jo, Fuller et al. 2002; Fares, Ait-Bouziad et al. 

2014; Ghosh, Sahay et al. 2014; Tsigelny, Sharikov et al. 2015). 

A plethora of studies argue that aSyn in its soluble state exists as a monomer (Weinreb, 

Zhen et al. 1996; Eliezer, Kutluay et al. 2001; Fauvet, Mbefo et al. 2012; Killinger, Melki et al. 

2019), whereas others suggest that it occurs physiologically as a tetramer resisting aggregation 

(Bartels, Choi et al. 2011; Wang, Perovic et al. 2011; Dettmer, Newman et al. 2013). In the 

presence of lipid membranes, aSyn adopts an alpha helical structure in the N-terminus region that 

stabilizes the formation of high-order aSyn multimers (Davidson, Jonas et al. 1998; Jo, McLaurin et 

al. 2000; Eliezer, Kutluay et al. 2001; Burre, Sharma et al. 2014). Interestingly, the membrane 

curvature seems to affect the structure of aSyn, which can adopt either an elongated or a broken 

alpha-helix conformation, when bound to a large diameter (∼100 nm) or a small, highly curved 

vesicle, respectively (Chandra, Chen et al. 2003; Jao, Der-Sarkissian et al. 2004; Drescher, Veldhuis 

et al. 2008; Trexler and Rhoades 2009). 

It has been also proposed that aSyn has a role in lipid metabolism, since it participates in 

fatty acids transportation between the cytosol and membranous compartments (Sharon, Goldberg et 

al. 2001; Lucke, Gantz et al. 2006) and in lipid and membrane biogenesis organizing and stabilizing 

the lipid bilayer of membranes and vesicles (Madine, Doig et al. 2006; Adamczyk, Kacprzak et al. 

2007). On the other hand, disrupted aSyn expression pattern leads to lipid dysregulation, since both 

the absence and the overexpression of either wild-type (WT) or mutated aSyn gives rise to 
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abnormal lipid metabolism (Castagnet, Golovko et al. 2005; Barcelo-Coblijn, Golovko et al. 2007; 

Ruf, Nubling et al. 2019; Alza, Conde et al. 2021). Finally, several studies have demonstrated that 

aSyn regulates membrane homeostasis via inhibition of phospholipases activity, such as 

phospholipase D (Jenco, Rawlingson et al. 1998; Ahn, Rhim et al. 2002; Payton, Perrin et al. 2004; 

Conde, Alza et al. 2018), however there are controversial results in the literature (Rappley, Gitler et 

al. 2009). 

 

 

3c. Dopamine metabolism 

 

Soluble aSyn has been proposed to interact with the dopamine transporter (DAT) and 

decrease its amount on the plasma membrane, thus regulating the dopamine re-uptake from the 

synapse and protect neuronal cells from excessive dopamine toxicity (Swant, Goodwin et al. 2011; 

Butler, Saha et al. 2015). On the other hand, aSyn aggregation triggers DAT recruitment to the 

plasma membrane that results in massive entry of dopamine and ROS production in neurons (Sidhu, 

Wersinger et al. 2004). It is obvious that aSyn-mediated modulation of DAT activity is crucial for 

the proper neuronal functioning via a balanced dopaminergic neurotransmission (Figure 4). 

Moreover, the regulation of dopamine storage is provided by an interaction of aSyn with the 

vesicular monoamine transporter 2 (VMAT2), which is responsible for the packaging of 

monoamine transmitters into synaptic vesicles (Danielle Dean E 2008). It has been reported that 

increased levels of aSyn lead to VMAT2 inhibition and dopamine dysregulation that results in 

pathological events (Guo, Chen et al. 2008). In addition, aSyn regulates dopamine biosynthesis, via 

reducing the activity or the phosphorylation status of TH, the rate-limiting enzyme in catecholamine 

synthesis (Perez, Waymire et al. 2002; Baptista, O'Farrell et al. 2003; Yu, Zuo et al. 2004; Peng, 

Tehranian et al. 2005; Liu, Jin et al. 2008; Li, Gao et al. 2011). In agreement, enhanced expression 

or phosphorylation and subsequent aggregation of aSyn alters TH activity and evokes an imbalance 

in dopamine synthesis (Figure 4), thus leading to neurotoxicity (Chu and Kordower 2007; Alerte, 

Akinfolarin et al. 2008; Lou, Montoya et al. 2010; Wu, Liu et al. 2011). In vivo evidence further 

support the role of aSyn in dopamine metabolism, since the absence of aSyn caused decreased 

reuptake of dopamine, low levels of tyrosine hydroxylase and DAT in the mouse striatum and 

reduced number of dopaminergic cells in the substantia nigra of aSyn KO mice (Robertson, 

Schmidt et al. 2004; Al-Wandi, Ninkina et al. 2010; Chadchankar, Ihalainen et al. 2011). 
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Figure 4: The role of aSyn at the presynaptic terminal.  

A schematic representation depicting of aSyn physiological and pathological effects at the synapse: (a) aSyn 

reduces the activity of tyrosine hydroxylase (TH), thus impairing dopamine biosynthesis, (b) Increased levels of aSyn 

inhibit VMAT2, which is responsible for the uptake of monoamines (such as dopamine) into synaptic vesicles, (c) aSyn 

associates with synaptic vesicle membranes and regulates the SNARE-dependent vesicle fusion and neurotransmitter 

release, (d) Soluble aSyn interacts with the dopaminergic transporter DAT and regulates the dopamine re-uptake from 

the synapse, (e) aSyn aggregates interact with Na+/K+-ATPase (NKA) preventing the effective pump out of Na+ ions, (f) 

aSyn is secreted from neuronal cells partly via associating with exosomes, (g) Extracellular aSyn interacts with neuronal 

receptors (i.e. LAG3) for its internalization in neurons or (h) it is up-taken via endocytosis, (i) PD-linked A30P and 

A53T mutant aSyn form large membrane pores through which most cations (i.e. Ca2+) can pass non-selectively, (j) 

Extracellular aSyn activates the voltage-gated Ca2+ channels (VGCCs), resulting in increased Ca2+ influx, (k) 

Monomeric aSyn enters neuronal cells via passive diffusion or direct penetration of their plasma membrane. 

 

4. The role of alpha-synuclein in neuronal pathology 

 

4a. Alpha-synuclein aggregation and post-translational modifications 

 

A central role in the fibril formation and subsequent aggregation of aSyn is thought to be 

mediated through the NAC region of aSyn, composed of nonpolar side-chains and assembles cross 

b-structures. Based on that, it has been shown that the deletion of specific residues (74-84) within 

the core region can abolish aSyn aggregation (Giasson, Murray et al. 2001; Rodriguez, Ivanova et 

al. 2015). It has been also demonstrated that the endogenous neuronal aSyn and the interaction of 
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aSyn with lipids plays a central role for aSyn recruitment and subsequent seeding of pathology, as it 

could behave as a core for the formation of insoluble aggregates (Volpicelli-Daley, Luk et al. 2011; 

Taguchi, Watanabe et al. 2016; Longhena, Faustini et al. 2017; Killinger, Melki et al. 2019). Apart 

from point mutations (Narhi, Wood et al. 1999; Pandey, Schmidt et al. 2006; Rutherford, Moore et 

al. 2014), various post-translational modifications are implicated in aSyn aggregation, the most 

important of which are phosphorylation, sumoylation, ubiquitination, nitration, N-acetylation, O-

GlcNAcylation and truncation. 

The phosphorylation of aSyn both at serine and tyrosine residues and particularly at Ser129 

is widely considered as an indicator of pathology. However, the effect of Ser129 phosphorylation 

on aSyn toxicity is still under debate, with the majority of studies suggesting that it accelerates cell 

toxicity and neurodegeneration (Smith, Margolis et al. 2005; Sugeno, Takeda et al. 2008; Chen, 

Periquet et al. 2009; Sato, Arawaka et al. 2011; Ma, Hu et al. 2016). On the other hand, many 

groups have proposed a neuroprotective role of Ser129 phosphorylation since it was reported to 

drive the conversion of toxic oligomers into less harmful aggregates (Chen and Feany 2005; 

Azeredo da Silveira, Schneider et al. 2009; Mbefo, Paleologou et al. 2010). Other mechanisms of 

phosphorylated Ser129 aSyn-mediated neuroprotection include inhibition of its fibrillation 

(Paleologou, Schmid et al. 2008), upregulation of tyrosine hydrolase (TH) activity (Wu, Liu et al. 

2011) or lowering of the protein’s membrane-binding affinity (Kuwahara, Tonegawa et al. 2012). 

Although the 90% of aSyn in LBs is found phosphorylated at Ser129, a significant amount of 

phosphorylated Ser129 aSyn is also detected in a soluble, rather than in an aggregated state in PD 

brains (Anderson, Walker et al. 2006). On the contrary, only a small percentage of aSyn is 

phosphorylated at Ser129 in the brains of healthy controls (Fujiwara, Hasegawa et al. 2002; Sato, 

Kato et al. 2013; Walker, Lue et al. 2013). In addition, aSyn can be phosphorylated at Ser87, 

Tyr125, Tyr133 and Tyr136 residues (Paleologou, Oueslati et al. 2010; Xu, Deng et al. 2015; 

Ganapathy 2017) and these are also implicated in either neurotoxic or neuroprotective events (Chen, 

Periquet et al. 2009; Paleologou, Oueslati et al. 2010; Lu, Prudent et al. 2011; Fayyad, Erskine et al. 

2020).  

Moreover, nitrated aSyn is tightly linked to neurodegeneration, as demonstrated by 

experiments in both cellular and animal models, as well as in patient-derived brains (Giasson, Duda 

et al. 2000; Danielson, Held et al. 2009; Yu, Xu et al. 2010; McCormack, Mak et al. 2012). It is 

well-known that aSyn tyrosine nitration is implicated in oxidative damage and disease development 

(Souza, Peluffo et al. 2008). Four tyrosine residues of aSyn, Tyr39 (within the N-terminus), Tyr125, 

Tyr133 and Tyr 136 (within the C-terminus) can undergo nitration. Specifically, nitration at Tyr39 

has been shown to result in low binding affinity of aSyn on lipid vesicles due to its loss-of-alpha 

helical conformation status (Hodara, Norris et al. 2004), whereas nitration at Tyr125 seems to play a 
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crucial role for aSyn dimerization (Takahashi, Yamashita et al. 2002). The linking between two 

tyrosines has been proposed as a possible mechanism for aSyn oligomer stabilization and its 

subsequent aggregation into proteinaceous inclusions (10747881). Interestingly, it has been 

suggested that detection of nitrated aSyn in the human blood serum could potentially serve as a 

clinical biomarker for PD diagnosis (Fernandez, Garcia-Moreno et al. 2013).  

Another post-translational modification of aSyn crucial for its aggregation propensity is 

ubiquitination, via regulation of the proteasome-dependent protein degradation (Grice and Nathan 

2016) and subcellular localization (Pickart and Eddins 2004). Ubiquitinated aSyn has been isolated 

from LBs and sarkosyl-insoluble fractions derived from synucleinopathy brains (Hasegawa, 

Fujiwara et al. 2002; Tofaris, Razzaq et al. 2003). C-terminal U-box domain of co-chaperone 

Hsp70-interacting protein (CHIP), seven in absentia homolog (SIAH) and neuronal precursor cell-

expressed, developmentally down-regulated gene 4 (Nedd4) have been identified among the E3 

ubiquitin ligases implicated in aSyn ubiquitination (Liani, Eyal et al. 2004; Shin, Klucken et al. 

2005; Lee, Wheeler et al. 2008; Rott, Szargel et al. 2008; Kalia, Kalia et al. 2011; Tofaris, Kim et 

al. 2011). Ubiquitin modification of aSyn has been demonstrated to have differential effects on its 

accumulation and subsequent aggregation. More precisely, ubiquitination of aSyn at Lys6, Lys12 

and Lys21 residues has been shown to moderately inhibit its fibrillation, whereas at Lys10 and 

Lys23 residues has opposite effects, thus promoting the formation of aSyn inclusions (Meier, 

Abeywardana et al. 2012). On the other hand, ubiquitination at Lys32, Lys34, Lys43, and Lys96 

displays a strong inhibitory effect on aSyn aggregation (Meier, Abeywardana et al. 2012).  

Sumoylation is a similar process to ubiquitination, since aSyn is conjugated to small 

ubiquitin-like modifier (SUMO) at lysine residues. SUMO-1 was found in aSyn-positive inclusions 

of alpha-synucleinopathy brains or associated with lysosomes of PD animal models (Pountney, 

Chegini et al. 2005; Weetman, Wong et al. 2013; Wong, Goodwin et al. 2013). It has been also 

suggested that aSyn sumoylation facilitates its aggregation since it inhibits its degradation (Rott, 

Szargel et al. 2017). However, controversial studies have proposed a neuroprotective role of aSyn 

sumoylation, which seems to promote aSyn solubility and thus inhibit its aggregation (Krumova, 

Meulmeester et al. 2011; Abeywardana and Pratt 2015). Interestingly, another aSyn modification 

that has been up for debate is its N-terminal acetylation. Although many studies have assigned a 

neurotoxic role on aSyn N-acetylation, since it has been shown to promote aSyn β-sheet formation 

and fibrillation (Kang, Moriarty et al. 2012; Iyer, Roeters et al. 2016; Vinueza-Gavilanes, Inigo-

Marco et al. 2020), others suggest that either N-acetylated aSyn mediates its physiological binding 

on synaptic vesicles (Runfola, De Simone et al. 2020), or it acts in a protective manner against aSyn 

aggregation (Bartels, Kim et al. 2014; Bu, Tong et al. 2017).   
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O-GlcNAcylation is a biochemical process that involves the attachment of O-linked N-

acetylglucosamine to Ser and Thr residues of various proteins, amongst which is aSyn. Murine and 

human aSyn have been shown to be O-GlcNAcyled in many threonine residues including Thr33, 

Thr34, Thr54, Thr59, Thr64, Thr72, Thr75, Thr81 and Thr87 (Wang, Park et al. 2009; Wang, 

Udeshi et al. 2010; Alfaro, Gong et al. 2012; Morris, Knudsen et al. 2015; Wang, Yang et al. 2017). 

Interestingly, this post-translational modification has repetitively been linked to reduced aSyn 

aggregation and attenuation of PD-related toxicity (Marotta, Lin et al. 2015; Lewis, Galesic et al. 

2017; Zhang, Lei et al. 2017; Levine, Galesic et al. 2019). Finally, aSyn truncation has gained 

scientific attention, given that C-terminally truncated aSyn has been identified in the inclusions 

present in PD brains (Baba, Nakajo et al. 1998; Li, West et al. 2005; Kellie, Higgs et al. 2014). 

Many studies have considered that aSyn truncations have neurotoxic effects due to increased 

accumulation of misfolded aSyn (Murray, Giasson et al. 2003; Hoyer, Cherny et al. 2004; Tofaris, 

Garcia Reitbock et al. 2006; Ulusoy, Febbraro et al. 2010; Hall, Yang et al. 2015; Wang, Nguyen et 

al. 2016; Iyer, Roeters et al. 2017; Ma, Yang et al. 2018; Terada, Suzuki et al. 2018). 

 

4b. Channel formation/Channel interactions 

 

As mentioned above, membrane-bound aSyn adopts an alpha-helical conformation, which 

facilitates its oligomerization and subsequent aggregation. It has been suggested that aSyn 

oligomers can form transmembrane channels and pore-like structures that have been linked to 

pathological events during PD development (Zakharov, Hulleman et al. 2007; Tsigelny, Sharikov et 

al. 2012; Fantini and Yahi 2013). As a result, vesicles or low-molecular mass molecules may 

penetrate the cell membrane and in combination with altered cellular ionic homeostasis could 

potentially lead to cell toxicity and neuronal degeneration (Volles and Lansbury 2002; Quist, 

Doudevski et al. 2005). Another mechanism for the increased membrane permeability involves the 

incorporation of aSyn oligomers between the membrane phospholipids, thus leading to the bilayer 

thinning which thereafter allows the diffusion of small molecules (Stockl, Zijlstra et al. 2013). 

A wide range of studies has demonstrated that the ion channels formed by oligomeric aSyn 

dysregulate cellular ion concentrations and may represent a critical event in the pathogenesis of a-

synucleinopathies (Quist, Doudevski et al. 2005). Some PD-linked aSyn mutations, such as E46K 

and A53T, have been shown to be implicated in the channel formation, whereas other aSyn mutants 

(i.e. A30P) have displayed low membrane affinity (Zakharov, Hulleman et al. 2007; Di Pasquale, 

Fantini et al. 2010). However, other groups have shown that A30P and A53T aSyn mutations are 

responsible for the formation of large membrane pores through which most cations can pass non-

selectively (Furukawa, Matsuzaki-Kobayashi et al. 2006). It has been reported that the formation of 
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such cation-permeable pores could lead either to ion conductivity or to increased calcium (Ca2+) 

influx and subsequent cell death (Furukawa, Matsuzaki-Kobayashi et al. 2006; Feng, Federoff et al. 

2010; Schmidt, Levin et al. 2012; Mironov 2015) (Figure 4). Moreover, it is worth-mentioning that 

upon aSyn cation channel opening, other channels, such as the ATP-dependent potassium channels 

K (ATP), have been reported to be activated in hippocampal neurons, and this could probably 

diminish the aSyn-dependent neuronal excitability (Mironov 2015). 

Interestingly, it has been shown that aSyn upon binding to plasma membrane aggregates and 

that this aggregation leads to the redistribution of the α3 subunit of Na+/K+-ATPase (NKA). As a 

result, NKA is no longer able to effectively pump out Na+ from neurons, thus leading to an 

intracellular accumulation of Na+ (Shrivastava, Redeker et al. 2015) (Figure 4). Moreover, 

extracellular aSyn was reported to activate the voltage-gated Ca2+ channel Cav2.2 in rat neurons, 

due to disorganization of lipid rafts in the plasma membrane, resulting in enhanced dopamine 

release and increased Ca2+ influx (Ronzitti, Bucci et al. 2014) (Figure 4). Both events may explain 

the synaptic dysfunction and neuronal vulnerability in PD. Furthermore, it has been proposed that 

L-type Ca2+ channels are implicated in PD development, since administration of L-type Ca2+ 

channel blockers (i.e. isradipine, nimodipine) in animal models and patients with PD, reduced death 

risk and ameliorated disease manifestations (Chan, Guzman et al. 2007; Ritz, Rhodes et al. 2010; 

Pasternak, Svanstrom et al. 2012; Singh, Verma et al. 2016). Finally, Liu and his colleagues have 

proposed that aSyn oligomers inhibit α4β2 Nicotinic Acetylcholine Receptors of Dopaminergic 

Neurons, thus leading to cholinergic signaling deficits (McGranahan, Patzlaff et al. 2011). In 

summary, aSyn seems to regulate neuronal toxicity and survival via the formation of channel or 

pores in the plasma membrane or via its interaction with other channels or receptors crucial for the 

proper function of neuronal cells. 

 

 

4c. Interaction of aSyn with mitochondria and ER  

 

Alpha-synuclein displays a remarkable conformational flexibility upon macromolecular 

interactions and can associate with mitochondrial membranes, thus altering mitochondrial function 

(Nakamura, Nemani et al. 2011; Robotta, Gerding et al. 2014; Shen, Du et al. 2014). There are 

reports suggesting that aSyn is a physiological regulator of mitochondrial activity (Ellis, Murphy et 

al. 2005; Ludtmann, Angelova et al. 2016; Faustini, Marchesan et al. 2019), whereas others support 

the opposite (Hsu, Sagara et al. 2000; Parihar, Parihar et al. 2008; Hu, Sun et al. 2019). A 

bidirectional interaction between aSyn aggregation and mitochondrial dysfunction has been 

implicated in PD pathogenesis. In particular, increased levels of aSyn can lead to mitochondrial 
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dysfunction (Martin, Pan et al. 2006; Devi, Raghavendran et al. 2008; Bir, Sen et al. 2014; Perfeito, 

Lazaro et al. 2014; Subramaniam, Vergnes et al. 2014; Di Maio, Barrett et al. 2016), whereas, 

conversely, impairment of mitochondrial activity may accelerate aSyn pathology (Vila, Vukosavic 

et al. 2000; Manning-Bog, McCormack et al. 2002; Fornai, Schluter et al. 2005; Radad, Al-Shraim 

et al. 2019); however the precise underlying mechanisms remain to be elucidated. Both WT and 

mutant aSyn have been shown to interact with mitochondrial elements, altering both mitochondria 

morphology and function. Specifically, soluble prefibrillar aSyn oligomers seem to be responsible 

for complex I dysfunction, loss of membrane potential, disrupted Ca2+ homeostasis, enhanced 

cytochrome c release and ROS production, thus leading to neuronal demise (Devi, Raghavendran et 

al. 2008; Chinta, Mallajosyula et al. 2010; Loeb, Yakunin et al. 2010; Luth, Stavrovskaya et al. 

2014; Paillusson, Gomez-Suaga et al. 2017).  

In agreement, experiments in various animal models of a-synucleinopathy have revealed 

mitochondrial abnormalities, DNA damage, and neuronal degeneration in PD-affected brain regions 

(Poon, Frasier et al. 2005; Martin, Pan et al. 2006; Chen, Xie et al. 2015). Moreover, in vitro and in 

vivo experiments have shown that aSyn inhibits mitochondrial fusion and triggers mitochondrial 

fragmentation (Kamp, Exner et al. 2010; Nakamura, Nemani et al. 2011). Di Maio and colleagues 

have proposed that certain post-translationally modified aSyn conformations (soluble oligomers, 

dopamine-modified, and S129E phosphorylation mimic) lead to impaired mitochondrial function 

via binding to TOM20 (translocase of the outer membrane receptor) and inhibiting mitochondrial 

protein import (Di Maio, Barrett et al. 2016) (Figure 5).  

Nonetheless, there is evidence suggesting an impairment of mitochondrial function upstream 

of aSyn pathology. Experiments using the pesticides rotenone and paraquat have shown that 

dysregulation of mitochondrial function leads to nigro-striatal dopaminergic loss and formation of 

Lewy Body-like inclusions, positively stained with anti-aSyn antibodies and thioflavine S, thus 

resembling PD features (Betarbet, Sherer et al. 2000; Manning-Bog, McCormack et al. 2002; 

Nistico, Mehdawy et al. 2011; Tieu 2011; Radad, Al-Shraim et al. 2019). Similarly, incubation of 

WT aSyn-overexpressing COS-7 cells with mitochondrial inhibitors resulted in the disappearance 

of the aSyn aggregates formed upon rotenone or oligomycin treatment (Lee, Shin et al. 2002). 

Interestingly, a plethora of studies utilize the mitochondrial neurotoxin MPTP to induce PD-like 

pathology in animals, further suggesting that mitochondria impairment is a key player in disease 

development (Kowall, Hantraye et al. 2000; Vila, Vukosavic et al. 2000; Przedborski, Chen et al. 

2001; Fornai, Schluter et al. 2005; Bazzu, Calia et al. 2010; Lee, Oh et al. 2017; Hu, Hu et al. 

2020). Genetic studies further support the hypothesis of aSyn accumulation as a secondary event 

following mitochondrial malfunction. Specifically, mutations in ATP13A2, encoding for a 

lysosomal type 5 P-type ATPase, were shown to result in dysregulation in mitochondrial 
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depolarization and ATP metabolism leading to mitochondrial fragmentation and subsequent cell 

death (Grunewald, Arns et al. 2012; Park, Koentjoro et al. 2014).  

Apart from its implication in mitochondrial failure, aSyn has been also reported to play a 

biological role in the association of mitochondria with the endoplasmic reticulum (ER) Ca2+ 

homeostasis. It has been demonstrated that aSyn favors the Ca2+ transfer from ER to mitochondria, 

as a result of the communication the two organelles, probably due to the fact that aSyn can act as a 

“bridge” via its C terminus (Cali, Ottolini et al. 2012). Later studies further supported the 

physiological localization of aSyn in mitochondria-associated ER membranes (MAM), stabilizing 

their interaction, which was perturbed upon aSyn aggregation and its subsequent redistribution 

(Guardia-Laguarta, Area-Gomez et al. 2014; Guardia-Laguarta, Area-Gomez et al. 2015). 

Interestingly, the familial PD-linked A53T and A30P aSyn point mutations resulted in their 

weakened interaction with MAM, which affected MAM function and mitochondrial integrity 

(Guardia-Laguarta, Area-Gomez et al. 2014).   

The association of aSyn with mitochondria was further corroborated by findings indicating 

interactions between both monomeric and oligomeric aSyn with the Ca2+ transporting voltage-

dependent anion channel 1 (VDAC1) (Lu, Zhang et al. 2013; Rostovtseva, Gurnev et al. 2015; 

Hoogerheide, Gurnev et al. 2017; Jacobs, Hoogerheide et al. 2019) (Figure 5). Importantly, 

VDAC1 has been detected on the MAM of ER mediating the communication between the two 

organelles, regulating Ca2+ homeostasis (Shoshan-Barmatz, Zalk et al. 2004; Shoshan-Barmatz and 

Israelson 2005; De Stefani, Bononi et al. 2012). Moreover, VDAC levels have been found 

decreased in the nigral neurons of PD brains, where pathological aSyn inclusions had been formed 

(Chu, Goldman et al. 2014). Additionally, VDAC has been proposed to be a component of the 

mitochondrial permeability transition pore (PTP), the opening of which has been shown to be 

affected by aSyn overexpression and oligomerization (Shen, Du et al. 2014; Ludtmann, Angelova et 

al. 2018). In vivo experiments on transgenic mice overexpressing the human A53T aSyn further 

supported the role of PTP activity modulation on the mitochondrial dysfunction during PD 

pathogenesis (Martin, Semenkow et al. 2014).  

 

 

4d. Unfolded protein response, regulation of ER/Golgi trafficking and Ca2+ homeostasis 

 

The ER is a continuous membrane system mainly responsible for the production and 

processing of lipids and proteins, as well as Ca2+ homeostasis. In case of impaired protein folding 

(ER stress), cells activate a group of signal transduction pathways, known as the unfolded protein 

response (UPR). It has been previously shown that aSyn overexpression in PD patients leads to 
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UPR and contributes to the molecular pathogenesis of the disease (Heman-Ackah, Manzano et al. 

2017). The ER chaperone glucose regulated protein 78 (GRP78/BIP) has a crucial role on ER stress 

regulation due to its ability to control the activation of transmembrane ER stress sensors (IRE1, 

PERK, and ATF6) (Lee 2005). Disassociation of GRP78 from IRE1 and PERK results in stress 

signaling finally leading to altered ER homeostasis (Wang, Wey et al. 2009). Alpha-synuclein 

associates with GRP78/BIP under physiological or pathological conditions, thus inducing UPR and 

leading to dopaminergic cell death (Bellucci, Navarria et al. 2011; Betzer, Movius et al. 2015). 

Interestingly, Ser129 phosphorylated and aggregated aSyn was found in ER microsomes of A53T 

transgenic mice and more importantly, administration of the UPR inhibitor salubrinal, effectively 

attenuated disease manifestations in this PD-mouse model (Colla, Coune et al. 2012; Colla, Jensen 

et al. 2012). It is worth mentioning that GRP78/BiP levels were found elevated in DLB and PD 

patient-derived brains in an aSyn burden-dependent manner (Baek, Whitfield et al. 2016). In 

addition, the protein levels of various ER chaperones were found elevated in a-synucleinopathy 

models, co-localized with aSyn positive inclusions, suggesting that aggregated aSyn could 

potentially be implicated in UPR regulation in disease progression (Koch, Smith et al. 1986; Lee 

1992; Conn, Gao et al. 2004; Jin, Li et al. 2007; Honjo, Ito et al. 2011; Colla, Coune et al. 2012; 

Yagi-Utsumi, Satoh et al. 2015; Labrador-Garrido, Cejudo-Guillen et al. 2016).  

Proteins synthesized in the ER, are packaged into vesicles and directed to Golgi apparatus 

for subsequent modifications. One of the first pathological roles attributed to aSyn is the blockade 

of the vesicular transport from ER to Golgi by antagonizing ER/Golgi SNAREs (Cooper, Gitler et 

al. 2006; Gitler, Bevis et al. 2008; Thayanidhi, Helm et al. 2010). Towards the same direction, aSyn 

can also disrupt the intra-Golgi and post-Golgi secretory trafficking, via an abnormal interaction 

with several Rab-family proteins of the intracellular endocytic pathway (Dalfo, Gomez-Isla et al. 

2004; Cooper, Gitler et al. 2006; Gitler, Bevis et al. 2008; Yin, Lopes da Fonseca et al. 2014; Breda, 

Nugent et al. 2015). In addition, aSyn can also impair the ionic transport and membrane trafficking, 

resulting in Golgi fragmentation and subsequent cytotoxicity (Gosavi, Lee et al. 2002; Fujita, 

Ohama et al. 2006; Lee, Khoshaghideh et al. 2006).  

Another significant role of aSyn on ER and Golgi function is the regulation of Ca2+ 

homeostasis via its binding on specific channels or pumps localized in these organelles. 

Specifically, proximity ligation assay (PLA) experiments demonstrated that soluble and insoluble 

aSyn aggregates, but not monomers, interact with the ER Ca2+-ATPase SERCA, resulting in 

decreased cytosolic Ca2+ that disrupts the physiological cell function and leads to neuronal cell 

death (Betzer, Lassen et al. 2018) (Figure 5). Moreover, administration of the SERCA inhibitor 

cyclopiazonic acid restored cytosolic Ca2+ levels and protected neurons against the aggregated 

aSyn-dependent cell death (Betzer, Lassen et al. 2018). In agreement to these results, aggregated 
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aSyn bound on SERCA pump was detected in LBs and GCIs of PD and MSA brains, respectively 

(Betzer, Lassen et al. 2018). Moreover, PMR1, a Ca2+-transporting ATPase 1 pump regulating the 

levels of Ca2+ and Mn+2 ions in the Golgi (Wuytack, Raeymaekers et al. 2003), has been proposed to 

be a mediator of aSyn-dependent cytotoxicity (Figure 5). Specifically, in various PD models (yeast, 

flies, and nematodes), PMR1 pump has been linked to aSyn pathology via a Ca2+-dependent 

mechanism, where aSyn accumulation elevated cytosolic Ca2+ levels and increased cell death. 

Interestingly, upon PMR1 deletion, the disease-associated characteristics were abolished, further 

suggesting the relevance of this pump to aSyn pathology (Buttner, Faes et al. 2013; Nikoletopoulou 

and Tavernarakis 2018).  

 

 

4e. Aplha-synuclein in the nucleus  

 

The name aSyn was given to the protein due to its localization in the nucleus and presynatic 

nerve terminals (Maroteaux, Campanelli et al. 1988). Nuclear aSyn was detected in neurons of 

various brain regions of rodents and was reported to interact with histones, underlying PD 

pathology (Mori, Tanji et al. 2002; Goers, Manning-Bog et al. 2003; Yu, Li et al. 2007), even 

though a single study declares that the nuclear staining of aSyn is attributed to the non-specific 

signal of some antibodies that probably recognize unknown antigens in neuronal nuclei (Huang, Xu 

et al. 2011). It has been proposed that aSyn is responsible for epigenetic dysregulation via inhibition 

of histone acetylation or reduced DNA methylation, thus favoring neuronal degeneration, whereas 

others suggest that nuclear aSyn regulates cell cycle rate exhibiting cell toxicity (Kontopoulos, 

Parvin et al. 2006; Desplats, Spencer et al. 2011; Ma, Song et al. 2014) (Figure 5). Importantly, 

histone deacetylase (HDAC) inhibitors attenuated aSyn toxicity and provided neuroprotection in 

both cell culture and transgenic Drosophila models (Kontopoulos, Parvin et al. 2006; Outeiro, 

Kontopoulos et al. 2007).  

Experiments in SH-SY5Y cells revealed that nuclear translocation of aSyn is regulated by 

calreticulin and Ca2+, following treatment with retinoic acid and modulates the expression of PD-

linked genes such as ATP13A2 (ATPase cation transporting 13A2) and PINK1 (PTEN-induced 

kinase1) (Davidi, Schechter et al. 2020). Interestingly, phosphorylated aSyn at Ser129 was found 

accumulated in the nucleus of HEK293E-aSyn overexpressing cells and in various brain regions of 

transgenic (Thy1)-[A30P] aSyn mice (Schell, Hasegawa et al. 2009). Further experiments in H4 

cells expressing various aSyn proteins verified that nuclear localization of aSyn depends on its 

phosphorylation at Ser129 (Pinho, Paiva et al. 2019). The same group supported a role of DNA-

binding and gene expression regulation for aSyn providing an insight into the role of modified aSyn 
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in the nucleus (Pinho, Paiva et al. 2019). Interestingly, other post-translational modifications of 

aSyn, such as sumoylation, seem to be responsible for the translocation of aSyn from the cytoplasm 

to the nucleus (Seungjin Ryu 2018). Although the majority of studies support a neurotoxic role for 

aSyn nuclear localization, some groups proposed that aSyn in the nucleus displays a protective role 

against DNA damaging, replication stress or impaired nucleocytoplasmic transport (Liu, Lee et al. 

2011; Schaser, Osterberg et al. 2019; Chen, Moncalvo et al. 2020).  

 

 
 

Figure 5: The proposed intracellular effects of various aSyn conformations in neurons.   

(a) In the cytoplasm of neurons, aSyn monomers form oligomers that can eventually become fibrils, (b) Both unfolded 

and aggregated aSyn impair the function of PMR1 in the Golgi apparatus (GA), resulting in elevated cytosolic Ca2+ 

levels, (c) Both WT and mutant A53T aSyn disrupt the vesicular transport from Endoplasmic Reticulum (ER) to Golgi 

(GA), (d) WT aSyn inhibits the transportation of methyltransferases from the cytoplasm to the nucleus (N), (e) Inside 

the nucleus (N), aSyn inhibits histone acetylation, thus interfering in the process of gene transcription, (f) In the ER, 

aSyn aggregates activate the Ca2+-ATPase SERCA, resulting in dysregulated Ca2+ homeostasis, (g) Both monomeric 

and oligomeric aSyn interact with Voltage-dependent anion channel 1 (VDAC1) and inositol triphosphate receptors 

(IP3Rs) and regulates the transmission of Ca2+ signals from the ER to mitochondria (M), (h) aSyn binds to TOM20, a 

mitochondrial import receptor subunit, and inhibits normal protein import, (i) Normally, monomeric or dimeric forms of 

aSyn are degraded in the lysosome (L) via Chaperone-Mediated Autophagy (CMA), following their interaction with 

LAMP2A. However, under pathological conditions, impairment of CMA has been proposed to lead to aSyn 

accumulation and subsequent cell toxicity, (j) Oligomeric aSyn and various misfolded proteins are cleared via 

macroautophagy, however pathological aSyn has been shown to impair autophagic flux, (k) Monomeric and oligomeric 

aSyn are degraded via the proteasome, however under pathological conditions, increased levels of aSyn or even soluble 

aSyn oligomers may inhibit proteasomal function, leading to aSyn accumulation and the formation of insoluble 

aggregates. 
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4f. Alpha-synuclein  in the extracellular space 

 

The first indication that aSyn can be secreted arose from the detection of the protein in 

human CSF and plasma of PD patients, indicating that aSyn can be released into the extracellular 

space (Borghi, Marchese et al. 2000; El-Agnaf, Salem et al. 2003), and can exert various deleterious 

effects on neighboring cells. Further studies supported that aSyn can be secreted from neuronal 

cells, either via vesicles or exosomes (Lee, Patel et al. 2005; Emmanouilidou, Melachroinou et al. 

2010; Danzer, Kranich et al. 2012). Extracellular aSyn has been the subject of intensive research in 

recent years, mainly due to its propensity to spread from neuron to neuron or other glial cells, as 

discussed in the following sections. The major hypothesis regarding the onset and spread of aSyn 

pathology in PD and related synucleinopathies relies in the protein’s nucleation propensity that 

leads to the formation of aberrant aSyn species which then spread to neighboring cells and tissues 

via various mechanisms. 

Furthermore, aSyn has been proposed to act as a “prion-like” protein since it was 

demonstrated that pathogenic aSyn could transfer from diseased neurons of a PD patient to the 

healthy transplanted ones, fourteen years after the surgical intervention (Kordower, Chu et al. 

2008). Similar results were obtained by other groups in both humans and rats (Li, Englund et al. 

2008; Li, Englund et al. 2010; Kordower, Dodiya et al. 2011; Kurowska, Englund et al. 2011). 

Experiments of PD and DLB patient-derived brain extracts delivered into the brain of mice and 

non-human primates further validated the transfer of pathological aSyn and the formation of aSyn 

aggregates within the recipient neurons (Masuda-Suzukake, Nonaka et al. 2013; Recasens, Dehay et 

al. 2014). Moreover, when Pre-Formed Fibrils (PFFs) were used as seeds in both in vitro and in 

vivo experiments, the endogenous neuronal aSyn was recruited into the formation of highly 

insoluble aggregates (Luk, Song et al. 2009; Volpicelli-Daley, Luk et al. 2011; Luk, Kehm et al. 

2012; Sacino, Brooks et al. 2014; Paumier, Luk et al. 2015; Abdelmotilib, Maltbie et al. 2017). 

Various mechanisms have been proposed for aSyn spread throughout the nervous system, 

following its release from neurons where it is normally expressed (Figure 6). The most important of 

them include aSyn secretion via vesicles, exosomes or even naked protein (El-Agnaf, Salem et al. 

2003; Lee, Patel et al. 2005; El-Agnaf, Salem et al. 2006; Emmanouilidou, Melachroinou et al. 

2010; Delenclos, Trendafilova et al. 2017; Fussi, Hollerhage et al. 2018; Gustafsson, Loov et al. 

2018), and its uptake from the cells via conventional endocytosis (Sung, Kim et al. 2001; Lee, Suk 

et al. 2008), passive diffusion (Ahn, Paik et al. 2006), tunneling nanotubes (Abounit, Bousset et al. 

2016), membrane penetration (Kayed, Sokolov et al. 2004; Jao, Hegde et al. 2008; Tsigelny, 

Sharikov et al. 2012) or receptor-mediated internalization (Shrivastava, Redeker et al. 2015; Mao, 

Ou et al. 2016; Ihse, Yamakado et al. 2017). Once taken-up by recipient cells, the exogenous aSyn 

has been shown to trigger the endogenous aSyn accumulation via an unknown mechanism (Rey, 
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Steiner et al. 2016; Karampetsou, Ardah et al. 2017; Karpowicz, Haney et al. 2017; Luna, Decker et 

al. 2018). However, according to the prevailing hypothesis, upon the cell-internalization of aberrant 

aSyn conformation (oligomers or fibrils), these serve as a template for the recruitment of the 

endogenous monomeric aSyn into the formation of insoluble aggregates (Luk, Song et al. 2009; 

Luk, Kehm et al. 2012; Masuda-Suzukake, Nonaka et al. 2013; Sacino, Brooks et al. 2014; Sacino, 

Brooks et al. 2014; Volpicelli-Daley, Luk et al. 2014; Wu, Takano et al. 2019). The prevalently 

unfolded or alpha-helical aSyn is triggered to self-assemble generating fibrils that subsequently 

deposit as Lewy bodies (Wood, Wypych et al. 1999; Uversky, Li et al. 2001; Chu and Kordower 

2015). 

Neuron-to-neuron aSyn transmission occurs following both anterograde and retrograde 

axonal transport or trans-synaptic pathways (Freundt, Maynard et al. 2012; Masuda-Suzukake, 

Nonaka et al. 2014; Mezias, Rey et al. 2020). Several groups have proposed that dysregulation of 

axonal transport is implicated in aSyn accumulation at the cell body; however it is not clear whether 

PD-linked aSyn mutations play a key role in the process per se (Li, Hoffman et al. 2004; Saha, Hill 

et al. 2004; Lee 2007; Freundt, Maynard et al. 2012; Tang, Das et al. 2012). Notably, aSyn in its 

oligomeric form has been shown to interfere with microtubules and kinesin motors, thus disrupting 

the anterograde transport and similar results were obtained in an aSyn overexpressing mouse model 

for PD, as well as in patients diagnosed with the disease (Chung, Koprich et al. 2009; Chu, Morfini 

et al. 2012; Prots, Veber et al. 2013). Interestingly, it has been suggested that the variety in a-

synucleinopathy phenotypes is attributed to the formation of different aSyn “strains” that display 

“aggressive” characteristics (Bousset, Pieri et al. 2013; Peng, Gathagan et al. 2018; Holec and 

Woerman 2020). As a consequence of their disparate structures, these “strains” have discrete 

biochemical responses along the different brain regions and cell types, thus explaining the various 

disease manifestations of a-synucleinopathies (Peelaerts, Bousset et al. 2015; Ma, Hu et al. 2016; 

Candelise, Schmitz et al. 2019; Rey, Bousset et al. 2019; Lau, So et al. 2020; Shahnawaz, 

Mukherjee et al. 2020). 

 

5. Alpha-synuclein accumulation in oligodendrocytes, propagation and spread of pathology  

 

The origin of aSyn detected in oligodendroglial GCIs still remains enigmatic and there are 

controversial studies in the literature suggesting either the internalization of neuronally-secreted 

aSyn by oligodendrocytes or an enhanced expression and decreased degradation of oligodendroglial 

aSyn (Wakabayashi and Takahashi 2006; Rockenstein, Ubhi et al. 2012; Schwarz, Goldbaum et al. 

2012; Asi, Simpson et al. 2014; Reyes, Rey et al. 2014; Djelloul, Holmqvist et al. 2015; Yoon, Ahn 

et al. 2021). The release of aSyn by neuronal cells, partially bound on vesicles or exosomes is well-
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documented (Lee, Patel et al. 2005; Emmanouilidou, Melachroinou et al. 2010; Hansen, Angot et al. 

2011; Gustafsson, Loov et al. 2018; Yamada and Iwatsubo 2018) and some studies propose that 

oligodendrocytes can take-up the neuronally-derived aSyn via dynamin GTPase-, clathrin- and 

dynasore-dependent mechanisms (Kisos, Pukass et al. 2012; Konno, Hasegawa et al. 2012; Pukass 

and Richter-Landsberg 2014; Reyes, Rey et al. 2014). The neuron-oligodendrocyte communication 

can also be mediated via exosomes (Fruhbeis, Frohlich et al. 2013), which are characterized as 

“Trojan horses” of neurodegeneration (Ghidoni, Benussi et al. 2008) and they could serve as 

transporters of pathological disease-related proteins, such as aSyn. Moreover, ectopic expression of 

the endocytosis regulatory proteins Rab5 and Rabaptin-5 in oligodendrocytes of MSA brains may 

account for the elevated levels of aSyn within oligodendrocytes, probably via enhanced endocytic 

activity (Nakamura, Kawamoto et al. 2000). 

 

 

 

Figure 6: Proposed mechanisms of a-synuclein neuronal transmission. 

Alpha synuclein propagates from neurons to neurons via (1) leakage from damaged cells, (2) membrane 

penetration, (3) conventional exocytosis and endocytosis, (4) exosomal binding, (5) tunneling nanotubes or (6) direct 

synaptic contact. Source: (Visanji, Brooks et al. 2013). 

 

In vitro and in vivo experiments revealed the ability of oligodendrocytes to take up 

exogenously added recombinant or neuronally-derived aSyn and incorporate it into intracellular 

GCI-like aggregates (Kisos, Pukass et al. 2012; Konno, Hasegawa et al. 2012; Rockenstein, Ubhi et 

al. 2012; Pukass and Richter-Landsberg 2014; Reyes, Rey et al. 2014). In a recently published 

study, mature human oligodendrocytes generated from neural stem cells had the ability to 

internalize neuronally-derived aSyn and form proteinaceous inclusions, thus further supporting the 

existing theory for the origin of MSA-related aSyn. Strikingly, it has been shown that once neuronal 

aSyn is taken up by oligodendrocytes, it accumulates and gains GCI-like characteristics rather 

determined by the oligodendroglial milieu (Peng, Gathagan et al. 2018). Interestingly, it has been 
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proposed that aSyn fibrils detected in PD and MSA brains are structurally and biochemically 

distinct, giving rise to the “strain hypothesis”, according to which the generation of the different 

aSyn conformations present in PD and MSA brains is attributed to events within the environment of 

different cell types, such as oligodendrocytes and neurons (Bousset, Pieri et al. 2013; Peng, 

Gathagan et al. 2018; Candelise, Schmitz et al. 2019; Lau, So et al. 2020; Shahnawaz, Mukherjee et 

al. 2020). Moreover, it has been suggested that the pathological phosphorylation of aSyn at Ser129 

is involved in the formation of different aSyn strains present in synucleinopathies (Ma, Hu et al. 

2016).  

Over the last years, the prion hypothesis has gained a lot of attention regarding the spread of 

pathological aSyn in the context of both PD and MSA. Specifically, it has been reported that 

inoculation of transgenic mice overexpressing human A53T aSyn with MSA brain homogenates 

resulted in CNS dysfunction, whereas, strikingly, the PD brain-derived material did not evoke 

similar effects (Watts, Giles et al. 2013; Prusiner, Woerman et al. 2015; Woerman, Oehler et al. 

2019).  Similarly, intrastriatal injections of MSA homogenates in the brains of Tg(SNCA)1Nbm/J 

mice (knockout for mouse aSyn and overexpressing the human protein) resulted in the detection of 

hyperphosphosrylated aSyn-positive inclusions in various brain regions (Bernis, Babila et al. 2015). 

Finally, treatment of HEK293T cells stably expressing fluorescently-tagged aSyn with healthy, PD 

or MSA brain-derived extracts highlighted that only the MSA-added material was capable of 

inducing aSyn aggregation (Woerman, Stohr et al. 2015).  

There are other possible scenarios that have been proposed to explain aSyn seeding and 

propagation in MSA brains, based on oligodendrocyte-to-oligodendrocyte communications. 

Specifically, it is possible that aSyn is taken up by oligodendroglial progenitor cells prior to their 

maturation, probably impairing the myelination process (Kaji, Maki et al. 2020). Furthermore, 

another potential mechanism includes aSyn transfer between oligodendrocytes or between 

oligodendrocytes and other glial cells via tunneling nanotubes or extracellular vesicles (Danzer, 

Kranich et al. 2012; Abounit, Bousset et al. 2016; Valdinocci, Grant et al. 2018; Guo, Wang et al. 

2020). Finally, another scenario suggests that, in MSA pathology, oligodendrocytes adopt unknown 

cellular uptake mechanisms for aSyn internalization and subsequent propagation (Kaji, Maki et al. 

2020); however the precise mechanisms underlying aSyn transfer to oligodendrocytes still remains 

unknown. The gap junction protein connexin-32 (Cx32) has been also implicated in the uptake of 

oligomeric aSyn by both neurons and oligodendrocytes (Reyes, Sackmann et al. 2019) and 

Cx32protein levels were found elevated in animal PD and MSA models, thus suggesting an 

interaction between Cx32 expression and aSyn cellular uptake (Reyes, Sackmann et al. 2019).  

It is interesting to note that oligodendroglial and neuronal aSyn accumulation has been 

reported to occur in different time points and in particular that aSyn aggregation requires several 
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months to progress within oligodendrocytes, upon synthetic haSyn-PFFs delivery into the brain of 

WT mice (Uemura, Uemura et al. 2019). Moreover, in vitro aSyn overexpression in 

oligodendrocytes resulted in delayed maturation of oligodendrocyte progenitor cells and impaired 

myelin-gene expression and myelination deficits (Ettle, Reiprich et al. 2014; May, Ettle et al. 2014; 

Ettle, Kerman et al. 2016), whereas in another study aSyn-positive inclusions were mainly detected 

in BCAS1-expressing (breast carcinoma amplified sequence 1) immature oligodendrocytes of MSA 

brains (Kaji, Maki et al. 2020). The above observations insinuate that the oligodendroglial 

maturation and aSyn-aggregate formation are closely linked and may provide information regarding 

pathogenic events in MSA (Figure 7). Several in vitro studies have proposed that aSyn aggregation 

is stimulated by heparin and heparan sulfate (Cohlberg, Li et al. 2002; Ihse, Yamakado et al. 2017; 

Maiza, Chantepie et al. 2018), linear polysaccharides (glycosaminoglycans) found on the cell 

membrane and in the extracellular matrix (Iozzo 1998; Medeiros, Mendes et al. 2000). Heparan 

sulfate has been suggested to mediate aSyn fibril uptake by oligodendrocytes via binding to the 

plasma membrane (Holmes, DeVos et al. 2013; Ihse, Yamakado et al. 2017), whereas others have 

proposed that heparin and heparan sulfate proteoglycans (HSPGs) are responsible for aSyn 

fibrillation (Cohlberg, Li et al. 2002; Lehri-Boufala, Ouidja et al. 2015; Maiza, Chantepie et al. 

2018; Hudak, Kusz et al. 2019; Skaanning, Santoro et al. 2020). 

Apart from aSyn toxicity per se, the overexpression of aSyn in oligodendrocytes can lead to 

oligodendroglial cell death and subsequent neuronal loss via a plethora of mechanisms. Specifically, 

aSyn-overexpressing oligodendrocytes are more susceptible to oxidative stress and various cytokine 

actions (Stefanova, Klimaschewski et al. 2001; Stefanova, Schanda et al. 2003), or display impaired 

adhesion properties (Tsuboi, Grzesiak et al. 2005). Furthermore, it has been reported that animal 

MSA models exhibit myelin loss and impaired mitochondrial function, accompanied by severe 

neurodegeneration in various brain regions (Shults, Rockenstein et al. 2005; Stefanova, Reindl et al. 

2005; Yazawa, Giasson et al. 2005; Stefanova, Reindl et al. 2007; Stemberger, Poewe et al. 2010; 

Kuzdas, Stemberger et al. 2013). 
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Figure 7:  Alpha synuclein in oligodendrocyte-neuron interplay. 

(a) Neuronal aSyn accumulates to form fibrils that finally deposit in Lewy Bodies (LBs, red) in PD and DLB. Neuronal 

Cytoplasmic Inclusions (NCIs, purple), composed of aSyn, are also present within neuronal cells in MSA, (b) 

Oligomeric aSyn enters neuronal (yellow) or oligodendroglial (blue) cells via binding to the gap junction protein 

connexin-32 (Cx32), (c) Neurons secrete either free or exosome-bound aSyn which is then transmitted to neighboring 

cells, such as oligodendrocytes, (d) Neuronally-derived aSyn enters oligodendrocytes by clathrin-mediated endocytosis, 

exosomal transportation, or via binding to Heparan Sulfate ProteoGlycans (HSPGs), (e) Inside oligodendrocytes, 

neuronal aSyn (red) initiates the seeding of the endogenous oligodendroglial aSyn (black) and together with the 

oligodendroglial-specific TPPP/p25α protein, they lead to the formation of GCIs, (f) aSyn aggregates impair the 

proteolytic machineries of oligodendrocytes [(proteasome and lysosome (L)], (g) Misfolded aSyn leads to 

mitochondrial (M) dysfunction and subsequent cell toxicity in MSA. 

 

 

6. Tubulin Polymerization Promoting Protein TPPP/p25α 

 

Beyond aSyn protein, GCIs are rich with the oligodendroglial phosphoprotein TPPP/p25α 

(or p25α), a brain-specific protein of about 25 kDa, member of the p25 gene family, which is well 

conserved in vertebrates (Ovadi and Orosz 2009). In humans there are 3 family members: p25α, 

p25β and p25γ, encoding the respective p25 proteins with 219, 170, and 176 amino acids each. It is 

an intrinsically disordered protein without a well-defined 3D structure (Orosz, Kovacs et al. 2004; 
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Zotter, Bodor et al. 2011), however, NMR studies have shown that there are unfolded regions in 

both the N-terminus (45 amino acids) and at the C-terminus (44 amino acids) surrounding a flexible 

core (130 amino acids) mainly consisting of 5 α-helixes (DeBonis, Neumann et al. 

2015)(http://www.pdb.org/pdb/explore/explore.do?structureId=2JRF). In the healthy brain, p25α is 

expressed specifically in oligodendrocytes. It has been characterized as a “moonlight protein” due 

to its ability to perform more than one function inside the cell, as a result of its stereochemical 

modulation (Olah, Lehotzky et al. 2020). The functions of “moonlight proteins” differ depending on 

their subcellular localization, cell type expression, oligomeric stage, intracellular interactions with 

various ligands, etc. As a result, the physiological and pathological role of p25α is not yet well-

understood; however there are reports suggesting that its main function is to stabilize the 

microtubule network (Lehotzky, Tirian et al. 2004). 

In addition, p25α regulates microtubules acetylation via its direct association with tubulin 

deacetylases, such as the histone deacetylase 6 (HDAC6) and NAD+-dependent deacetylase, sirtuin-

2 (SIRT2) (Mangas-Sanjuan, Olah et al. 2015). p25α has been shown to inhibit HDAC6, leading to 

alterations in the tubulin-HDAC6-p25α complex (Mangas-Sanjuan, Olah et al. 2015). p25α binding 

to HDAC6 and/or SIRT2 leads to increased tubulin acetylation, thus affecting microtubule stability 

(Mangas-Sanjuan, Olah et al. 2015). Moreover, under physiological conditions p25α has been 

proposed to mediate the myelination process and to colocalize with the myelin basic protein (MBP) 

(Takahashi, Tomizawa et al. 1993; Otzen, Lundvig et al. 2005; Skjoerringe, Lundvig et al. 2006). 

Recently, p25α has been attributed a role for microtubule nucleation and elongation of the myelin 

sheath in Golgi outposts (Fu, McAlear et al. 2019).  

Similar to aSyn, p25α undergoes post-translational modifications, such as phosphorylation 

by ERK2 and Cdk 5 (at residues Thr14, Ser18 and Ser160) which inhibits the p25α-depended 

polymerization of microtubules (Hlavanda, Klement et al. 2007). Furthermore, its phosphorylation 

by LIM kinase 1 reduces the polymerization potential of the protein (Acevedo, Li et al. 2007), 

whereas phosphorylation by Rho-associated protein kinase (Rho-associated coiled-coil kinase, 

ROCK) at residues Ser32, Ser107 and Ser159, does not affect the polymerization function, but 

inhibits its interaction with HDAC6, eventually leading to increased deacetylase activity (Schofield, 

Steel et al. 2012). It is obvious though that phosphorylation of p25α in different residues by various 

kinases plays an important role in regulating the multiple cellular functions of p25α (Schofield, 

Gamell et al. 2013). 

Under pathological conditions, p25α is considered to be re-located from myelin sheaths to 

the oligodendroglial cell soma and to facilitate aSyn aggregation (Lindersson, Lundvig et al. 2005; 

Song, Lundvig et al. 2007) (Figure 8). In vitro experiments utilizing p25α ectopic overexpression in 

PC12 cells revealed that p25α prevents the fusion of autophagosomes with lysosomes and impairs 
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aSyn degradation, enhancing its secretion via exophagy (Ejlerskov, Rasmussen et al. 2013). 

Moreover, concurrent overexpression of p25α and aSyn in OLN-93 rat oligodendroglial cells led to 

pSer129 aSyn-dependent microtubule retraction from the processes to the perinuclear space, as well 

as to cytotoxicity and subsequent cell death via activation of the FAS receptor and caspase-8 

(Kragh, Lund et al. 2009; Kragh, Fillon et al. 2013). Importantly, the levels of glial cell-derived 

neurotrophic factor (GDNF) were found significantly decreased in the brains of MBP-haSyn 

transgenic mice, a mouse model for MSA where human aSyn is specifically overexpressed in 

oligodendrocytes (Ubhi, Rockenstein et al. 2010). In agreement, similar results were obtained from 

brain samples of MSA patients, further supporting that oligodendroglial aSyn accumulation is 

implicated in the dysregulation of neurotrophic support, oxidative stress and neuroinflammation, 

thus leading to MSA pathogenesis (Ubhi, Rockenstein et al. 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Prevailing hypothesis of pathological α-synuclein spreading and accumulation underlying 

neurodegeneration in MSA. Α) p25α and monomeric aSyn are normally located in myelin sheaths in presynaptic 

terminals, respectively, Β) Relocation of p25α towards the abnormally expanded oligodendroglial cell soma,  C) The 

neuronally secreted aSyn is internalized by oligodendrocytes, D) Abnormal aSyn accumulation and GCIs formation, Ε) 

Impaired trophic support, mitochondrial and proteasomal dysfunction and increased ROS production, F) 

Oligodendroglial degeneration, G) Secondary neuronal death, microglial and astroglial activation. Source: (Kuzdas-

Wood, Stefanova et al. 2014). 
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According to the prevailing hypothesis regarding the initiation of MSA pathogenesis, it has 

been proposed that p25α relocates from myelin sheaths to the abnormally expanded 

oligodendroglial cell soma, triggering aSyn aggregation and finally the formation of GCIs 

(Stefanova and Wenning 2016) (Figure 8). Alpha-synuclein is considered to be internalized by 

oligodendrocytes following its release from the neighboring neurons and then form toxic aggregates 

within oligodendrocytes, leading to their degeneration and subsequently to neuronal cell death 

(Stefanova and Wenning 2016) (Figure 8). However, as mentioned above, recent studies have 

revealed the crucial role of the endogenous oligodendroglial aSyn in the formation of aberrant 

species (Kaji, Maki et al. 2018), as well as the impact of cellular milieu in the formation of distinct 

aSyn strains, thus discriminating neuronal from oligodendroglial aSyn pathology (Peng, Gathagan 

et al. 2018).  From the aforementioned data, it is evident that the levels/conformations of both aSyn 

and p25α proteins are critical to MSA pathogenesis, and the pathways responsible for their 

clearance may represent potential therapeutic targets for the disease. 

 

7. Intracellular proteolytic machineries  

 

7a. Degradation via the ubiquitin-proteasome system (UPS) 

 

Protein degradation via the ubiquitin-proteasome system (UPS) is mainly responsible for the 

removal of short half-life nuclear and cytoplasmic proteins. Initially, a 76-residue ubiquitin 

polypeptide binds to the exposed lysine residues on the surface of the target protein (Glickman and 

Ciechanover 2002). Ubiquitination is achieved via a 3-step mechanism, catalyzed by: a ubiquitin-

activating enzyme (E1), a ubiquitin-conjugating enzyme (E2) and a ubiquitin ligase (E3) (Figure 

9). Ubiquitin is first activated by an E1 hydrolase and then the E2 enzyme transports it to the E3 

ligase, which catalyzes the binding of ubiquitin to the substrate protein, finally forming a multi-

ubiquitin chain (Layfield, Tooth et al. 2001; Glickman and Ciechanover 2002; Gallastegui and 

Groll 2010). 

Subsequently, the protein targets are cleaved by the 26S proteasomal complex, and the 

ubiquitin molecules are released by ubiquitin recycling enzymes, for an additional ubiquitination 

cycle (Glickman and Ciechanover 2002; Ardley and Robinson 2005). The 26S proteasome complex 

consists of two protein subunits, the 20S barrel-shaped central subunit, which is the active center of 

the complex where the protein degradation takes place, and two regulatory 19S subunits that form 

the cylinder cap (Benaroudj, Zwickl et al. 2003; Crews 2003; Goldberg, Fleming et al. 2003) 

(Figure 9). In case the substrate-proteins are not in a denatured form (such as oligomeric or 

aggregated proteins) they are degraded via an ubiquitin-independent proteolysis involving 
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regulatory complexes that lack ATPase activity, such as the PA28 activator (Verhoef, Lindsten et 

al. 2002; Cascio 2021). 

 

 

Figure 9: The ubiquitin-proteasome system (UPS) 

The 26S proteasome complex recognizes polyubiquitinated proteins, which were marked for elimination by the 

E1, E2 and E3 ubiquitinating enzymes.  

Source: https://www.caltagmedsystems.co.uk/information/the-ubiquitin-proteasome-system-2/ 

 

 

7b. Autophagy Lysosome Pathway (ALP) 

 

Autophagy-lysosome pathway (ALP) is a process of protein degradation that delivers 

cellular components, damaged organelles and protein aggregates to the lysosomes for digestion. The 

main differences between UPS and ALP degradation lie in the fact that lysosomes are responsible 

for the degradation of organelles and of proteins with long half-life (Xilouri, Brekk et al. 2013). 

Lysosomes contain a plethora of proteolytic enzymes, such as proteases, lipases and nucleases that 

can digest most cellular components. Three different types of autophagy have been identified, 

depending on the mechanism by which protein substrates are delivered into lysosome for 

degradation (Klionsky and Emr 2000; Levine and Klionsky 2004): a) microautophagy, b) 

macroautophagy (MA) and c) chaperone-mediated autophagy (CMA) (Figure 10). 
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Figure 10: Three types of autophagy in mammalian cells.  

(Upper panel) Macroautophagy, mediated by de novo formed cytosolic double-membrane vesicles, 

autophagosomes, to transport the protein cargo to the lysosome for degradation, (Lower panel, left) Chaperone-

mediated autophagy (CMA), which is responsible for the transport of unfolded proteins, bearing the KFERQ motif, 

directly across the lysosomal membrane, (Lower panel, right) Microautophagy, which involves the direct uptake of 

cargo via invagination of the lysosomal membrane. All three autophagic types lead to the digestion of protein cargo and 

the release of the products back into the cytosol for reuse. Source: (Parzych and Klionsky 2014). 

 

7b (i). Microautophagy 
 

Microautophagy, is a digestion process that involves the direct engulfment of the 

cytoplasmic cargo via membrane invagination. As a result, the vesicles that are formed enter 

lysosomes for protein, lipid or organelles digestion (Li, Li et al. 2012; Schuck 2020). Interestingly, 

three distinct types of microautophagy have been identified in mammalian cells (Oku and Sakai 

2018): 

a) Type 1 - Microautophagy with Lysosomal Protrusion: Although the precise molecular 

mechanism remains unknown, this type of microautophagy includes the formation of an “arm-

shaped” lysosomal protrusion that wraps around cytoplasmic components (such as organelles) 

(Sakai and Ogawa 1982). 

b) Type 2 - Microautophagy with Lysosomal Invagination: This is a microautophagic 

invagination process that requires the implication of the small GTPase Rab7 for endosomal 

incorporation into a specialized organelle named “the apical vacuole”. This organelle contains 

lysosomal enzymes and lysosomal membrane proteins and has been shown to play an important role 

during mouse embryogenesis (Kawamura, Sun-Wada et al. 2012). 

c) Type 3 - Microautophagy with Endosomal Invagination: This is a process for Late 

Endosomes/MultiVesicular Bodies (LE/MVB) formation via the endosomal sorting complexes 

required for transport (ESCRT) machinery. The protein cargo is recruited on the endosomal surface 

via receptors such as Nbr1 and Hsc70 (Sahu, Kaushik et al. 2011). 
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7b (ii). Macroautophagy 
 

Macroautophagy (MA) is a degradation process mediated by double-membrane vesicles, 

called autophagosomes (autophagic vacuoles, AVs) (Parzych and Klionsky 2014). These 

sequestering vesicles are formed de novo rather than through membrane budding (Yang and 

Klionsky 2009). Upon induction of macroautophagy by the ULK1/2 complex, the membrane 

expands forming the phagophore, which then elongates via the involvement of ATG12–ATG5-

ATG16L1 complex, the class III PtdIns3K complex, LC3-II, and ATG9 (Parzych and Klionsky 

2014) (Figure 11). Interestingly, the induction of autophagy is regulated by the activity of mTOR 

(mammalian/mechanistic target of rapamycin) or AMPK (AMP activated protein kinase), 

depending on the nutrient status. Specifically, in case of sufficient nutrient supply, mTOR prevents 

autophagy induction, whereas under starvation, AMPK triggers the autophagy initiation by 

inhibiting mTORC1 (Alers, Loffler et al. 2012).  

 

 
 

Figure 11: Steps of mammalian macroautophagy. 

 Initially, the ULK1/2 complex triggers the nucleation of the phagophore, followed then by its elongation aided by the 

ATG12–ATG5-ATG16L1 complex, the class III PtdIns3K complex, LC3-II, and ATG9. Finally, the membrane closes 

surrounding its cargo to form an autophagosome and LC3-II is cleaved from the outer membrane of this structure. The 

outer membrane of the autophagosome then fuses with the lysosomal membrane to form an autolysosome. 

Alternatively, the autophagosome may fuse with an endosome, forming an amphisome, before fusing with the 

lysosome. In all cases, the contents of the autolysosome are degraded and released back into the cytoplasm for reuse by 

the cell. Source: (Parzych and Klionsky 2014). 



44 

 

The phagophore expansion is also regulated by the ATG8/LC3 system. For this reason, 

ATG4 processes ATG8 to reveal a C-terminal glycine (LC3-I) which is then activated by ATG7 (an 

E1-like enzyme) and transferred to ATG3 (an E2-like enzyme) (Parzych and Klionsky 2014). LC3-I 

is then conjugated to the lipid phosphatidylethanolamine (PE) via the aid of ATG12–ATG5-

ATG16L1 complex (an E3 ligase), to finally form LC3-II (Parzych and Klionsky 2014) (Figure 

12). Eventually, the membrane closes and then matures before its fusion with the lysosomal 

membrane, to finally form an autolysosome. Alternatively, the autophagosome may be fused with 

an endosome, forming an amphisome, before the final fusion with the lysosome (Figure 12). In any 

case, the contents of the vesicles become digested by the lysosomal enzymes and are released to the 

cytoplasm for reuse (Parzych and Klionsky 2014).  

 

 
 

Figure 12: The LC3 conjugation system.  

ATG4 process LC3 which then reveals a C-terminal glycine (LC3-I). Upon LC3-I activation by ATG7, an E1-like 

enzyme, it is transferred to the E2-like enzyme ATG3. The ATG12–ATG5-ATG16L1 complex acts as an E3 ligase and 

conjugates phosphatidylethanolamine (PE) to LC3-I to finally form LC3-II, which can associate with the phagophore. 

ATG4 can subsequently cleave LC3-II to release LC3 (deconjugation process). Source: (Parzych and Klionsky 2014). 
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Importantly, the ratio LC3-II/LC3-I is indicative for the autophagosome formation, but not 

for the autophagic degradation. Since LC3-II is present both on inner and outer autophagosome 

membranes, it can be degraded itself, especially in cases of prolonged activation of autophagy 

(Tanida, Minematsu-Ikeguchi et al. 2005). Alternatively, p62 (SQSTM1/sequestosome 1) 

degradation may also serve as a method for detecting autophagic flux (the macroautophagic 

degradation activity) (Bjorkoy, Lamark et al. 2005; Bjorkoy, Lamark et al. 2009; Yoshii and 

Mizushima 2017). p62 is a ubiquitin-binding scaffold protein which interacts with ubiquitinated 

proteins and has been proposed to link ALP and UPS, since it also serves as a classical receptor of 

autophagy (selective autophagy) (Liu, Ye et al. 2016). p62 binds LC3 and drives ubiquitinated 

protein aggregates to degradation via autophagy (Pankiv, Clausen et al. 2007). Apart from being an 

autophagy adapter, p62 is also an autophagic substrate since it decreases during starvation or 

accumulates in case of autophagy inhibition (Shvets, Fass et al. 2008; Wu, Jin et al. 2020).  

 

 

7b (iii). Chaperone-mediated autophagy (CMA) 

 

The CMA pathway is a very selective form of autophagy, responsible for the clearance of 

proteins that contain the KFERQ signal pentapeptide or other biochemically related motifs and 

involves the activity of cytosolic chaperones and co-chaperones (Orenstein and Cuervo 2010). All 

substrates are recognized by the cytosolic Heat sock protein 70 (Hsp70) and the co-chaperone Heat 

shock cognate protein 70 (Hsc70) and they are transported to the lysosomal membrane (Chiang, 

Terlecky et al. 1989; Cuervo and Dice 1996; Cuervo, Dice et al. 1997; Agarraberes and Dice 2001; 

Bandyopadhyay, Kaushik et al. 2008) (Figure 13). There, the lysosome associated membrane 

protein type 2A (LAMP2A) serves as a specific receptor for CMA-substrate proteins, which are 

then transported to the lysosomal lumen and digested by lysosomal proteases (Saftig and 

Klumperman 2009) (Figure 13).  

The activity of the CMA pathway is directly dependent on the levels of LAMP2A in the 

lysosomal membrane and the presence of Hsc70, located in the lysosomal lumen (Cuervo, Knecht et 

al. 1995; Agarraberes, Terlecky et al. 1997; Cuervo and Dice 2000). Several studies have proposed 

that CMA activity increases upon various types of cellular stresses, (Massey, Zhang et al. 2006; Li, 

Yang et al. 2018; Dash, Aydin et al. 2019; Dong, Aguirre-Hernandez et al. 2020), whereas it 

decreases with age, mainly due to a reduction in the concentration of the LAMP2A receptor in the 

lysosomal membrane (Cuervo and Dice 2000). Moreover, enhanced levels of LAMP2A receptor 

lead to increased CMA activity, thus rendering LAMP2A an effective regulator of CMA (Cuervo 

and Dice 2000; Zhang and Cuervo 2008). Moreover, impairment of CMA pathway is implicated in 
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neurodegenerative diseases characterized by the presence of misfolded proteins, such as PD 

(Cuervo, Stefanis et al. 2004). Specifically, regarding aSyn degradation, it has been shown that PD-

linked mutants bind tightly to LAMP2A, thus preventing their own degradation and the transport of 

other substrate-proteins along the lysosomal membrane, which then accumulate and may cause cell 

toxicity (Cuervo, Stefanis et al. 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Schematic representation of macroautophagy and CMA pathways.  

Left: The CMA-targeted proteins bearing the KFERQ recognition sequence are recognized by the HSC70 chaperone 

protein, which then delivers the substrate to the LAMP2A receptor on the lysosome for degradation. Right: 

Macroautophagy initiates with the double-membrane vesicle nucleation and its further expansion resulting in the 

formation of autophagosome. Autophagosomes can engulf misfolded and aggregated proteins or entire organelles. 

Finally, mature autophagosomes fuse with lysosomes forming autolysosomes, responsible for their cargo digestion. 

Source: (Ghosh and Pattison 2018). 

 

 

8. Alpha-synuclein and protein degradation pathways: an intricate interplay 

 

A great wealth of data focuses on the complicated relationship between aSyn degradation 

and protein degradation pathways. It is well-known that aSyn can be cleared by both the UPS and 

the ALP (Figure 14) in a manner that depends on cell type, tissue and aSyn conformation state 

(Bennett, Bishop et al. 1999; Webb, Ravikumar et al. 2003; Vogiatzi, Xilouri et al. 2008). 

Specifically, there are studies demonstrating that aSyn can be degraded by the 26S/20S proteasome 

both via a ubiquitin-dependent (Rott, Szargel et al. 2011; Haj-Yahya, Fauvet et al. 2013) and a 
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ubiquitin-independent manner (Tofaris, Layfield et al. 2001; Liu, Corboy et al. 2003). Interestingly, 

further experiments conducted in PC12, HEK293 and primary mesencephalic cells suggested that 

pharmacological inhibition of the proteasome does not lead to aSyn accumulation (Rideout, Larsen 

et al. 2001; Rideout and Stefanis 2002; Vogiatzi, Xilouri et al. 2008), however others have shown 

that soluble aSyn oligomers, but not monomers, are partially cleared via the 26S proteasome 

(Emmanouilidou, Stefanis et al. 2010). Importantly, it has been proposed that the UPS is 

responsible for aSyn removal under normal conditions, while in pathological cases the ALP is 

recruited to clear the increased aSyn burden (Ebrahimi-Fakhari, Cantuti-Castelvetri et al. 2011). 

It has been previously shown that CMA is responsible for the degradation of monomeric or 

dimeric forms of aSyn via LAMP2A receptor, whereas oligomeric aSyn is cleared mainly via 

macroautophagy (Cuervo, Stefanis et al. 2004; Vogiatzi, Xilouri et al. 2008; Xilouri, Brekk et al. 

2013) (Figure 14). Lee and colleagues also suggested that the lysosome is responsible for the 

removal of oligomeric but not fibrillar aSyn and that lysosomal failure results in aSyn accumulation 

and aggregation and subsequent cell death (Lee, Khoshaghideh et al. 2004). Moreover, initial in 

vivo evidence suggested that increased aSyn protein levels evoked by paraquat treatment were 

preferably degraded via CMA in dopaminergic neurons, where the levels of LAMP2A and the 

lysosomal HSC70, both essential CMA-components, were found elevated (Mak, McCormack et al. 

2010). It has been previously shown that boosting CMA function via LAMP2A overexpression in 

cell lines and primary neuronal cultures and in the rat dopaminergic system mitigated aSyn protein 

levels and related toxicity (Xilouri, Brekk et al. 2013). Similar neuroprotective effects were 

obtained upon LAMP2A overexpression in the Drosophila brain (Issa, Sun et al. 2018). On the 

contrary, LAMP2A silencing led to endogenous aSyn accumulation in vitro (Vogiatzi, Xilouri et al. 

2008) and in vivo (Xilouri, Brekk et al. 2016) and in extensive neurodegeneration of the rat 

nigrostriatal axis (Xilouri, Brekk et al. 2016). Decreased levels of LAMP2A and HSC70 were 

reported in the human substantia nigra and amygdala of PD brains (Alvarez-Erviti, Rodriguez-Oroz 

et al. 2010), whereas, in a subsequent study, LAMP2A was found to be selectively reduced in 

association with increased aSyn levels, even in the early stages of PD, thus suggesting that 

dysregulation of CMA-mediated protein degradation occurs prior to substantial aSyn aggregation in 

PD (Murphy, Gysbers et al. 2015). 

However, a bidirectional link between aSyn accumulation and the protein degradation 

machineries exists and extensive studies have been conducted to elucidate not only the manner of 

aberrant aSyn degradation in a-synucleinopathies, but also the impact of various aSyn 

conformations on the proper lysosomal function. It has been proposed that overexpression of A30P 

and A53T mutants, contrarily to WT aSyn, leads to cell death due to proteasomal inhibition 

(Tanaka, Engelender et al. 2001). In agreement, Stefanis et al. have provided evidence that 
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overexpression of mutant aSyn variants results in UPS failure by inhibiting the activity of the 

20S/26S proteasome, finally leading to aSyn pathological accumulation (Stefanis, Larsen et al. 

2001). On the other hand, other groups have failed to detect alterations in the proteasomal function 

of PC12 cells or transgenic mice, following overexpression of WT or mutant (A30P, A53T) aSyn 

(Martin-Clemente, Alvarez-Castelao et al. 2004). Moreover, later studies demonstrated that 

transient overexpression of WT or mutant aSyn, followed by addition of recombinant aSyn 

oligomers and fibrils in an osteosarcoma cell line, did not result in any disturbance of the 

proteasomal function (Zondler, Kostka et al. 2017). Importantly, studies in human post-mortem 

brains of PD patients also indicate impaired proteasomal function in the substantia nigra (Bentea, 

Verbruggen et al. 2017), further supporting the crucial role of UPS function in PD pathogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Proteolytic pathways implicated in alpha-synuclein processing.  

Both ubiquitin-dependent (A) and independent (B) mechanisms have been proposed to degrade aSyn (wild-type and 

mutant). Both CMA (C) and macroautophagy (D) have been proposed to degrade alpha-synuclein, with CMA being 

responsible for the monomeric wild-type aSyn and macroautophagy being capable of degrading various forms (wild-

type, mutant, oligomeric). Besides the proteasome and the lysosome, other proteases such as calpains (E) and neurosin 

(F) have been implicated in the cleavage of normal or aggregated forms of intracellular aSyn. Such cleavage may 

promote the generation of truncated aSyn species with pathogenic significance. Moreover, secreted neurosin (G) and 

metalloproteinases (H) have been found to cleave at selective sites extracellular aSyn, generating fragments with 

increased tendency to aggregate. This figure was modified from Figure 1 in (Xilouri, Brekk et al. 2013). 
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To this end, in vitro and in vivo experiments suggested that increased levels of aSyn lead to 

macroautophagy impairment via its interaction with Rab1a, an event that subsequently results in the 

autophagosome-formation-related protein Atg9 mislocalization (Winslow, Chen et al. 2010). 

Similar results were obtained from cells expressing the PD-linked mutation of the retromer protein 

VPS35, which is involved in autophagy and is implicated in PD pathogenesis (Zavodszky, Seaman 

et al. 2014). Interestingly, the most well studied PD-linked aSyn mutations, E46K, A30P and A53T, 

have been shown to promote to ALP dysfunction, via either impairing autophagosome formation or 

inhibiting the selective removal of damaged mitochondria through mitophagy (Choubey, Safiulina 

et al. 2011; Yan, Yuan et al. 2014; Lei, Cao et al. 2019). Interestingly, it has been reported that 

dopamine-modified aSyn inhibits CMA and this could probably shed light into the selective 

vulnerability of dopaminergic neurons in PD (Martinez-Vicente, Talloczy et al. 2008). Further 

experiments in human iPSC-derived midbrain dopaminergic neurons revealed that disrupted 

hydrolase trafficking, due to aSyn overexpression, reduces lysosomal function (Mazzulli, Zunke et 

al. 2016). Similarly, multiple studies suggest that there is a strong relationship between decreased β-

glucocerebrosidase (GCase) activity and aSyn accumulation. In particular, heterozygote mutations 

in GBA1 gene encoding for GCase represent a major risk factor for PD development with a-

synucleinopathy (Osellame, Rahim et al. 2013; Sardi, Clarke et al. 2013; Murphy, Gysbers et al. 

2014; Du, Wang et al. 2015; Liu, Chen et al. 2015; Rocha, Smith et al. 2015). 

Regarding the hypothesis of impaired aSyn degradation in the context of MSA, both the 

UPS and the ALP have been proposed to contribute to the accumulation and aggregation of aSyn 

within oligodendrocytes. The detection of LC3-positive signal or other autophagy-related proteins, 

such as ubiquitin and p62 in GCIs points a role of the ALP in the pathogenesis of MSA (Mori, 

Nishie et al. 2005; Terni, Rey et al. 2007; Miki, Mori et al. 2011; Odagiri, Tanji et al. 2012; 

Schwarz, Goldbaum et al. 2012; Tanji, Odagiri et al. 2013). It has also been suggested that 

AMBRA1, an upstream protein regulator of autophagy and UCH-L1, a deubiquitylating enzyme, 

are implicated in neurodegenerative diseases with oligodendroglia pathology (Pukass and Richter-

Landsberg 2015; Miki, Tanji et al. 2018). The role of autophagic dysregulation along with 

mitochondrial impairment in aSyn aggregation was also studied in primary oligodendroglial 

cultures and in the OLN-t40 oligodendroglial cell line (Pukass, Goldbaum et al. 2015). Moreover, 

neurosin (kallikrein 6) has been proven an effective serine protease in clearing aSyn from 

oligodendrocytes both in vitro and in vivo (Iwata, Maruyama et al. 2003; Spencer, Valera et al. 

2015; Kiely, Miners et al. 2019). In addition, treatment of Tg haSyn-PLP mice, a well-established 

MSA mouse model, with the proteasome inhibitor I for 12 weeks, resulted in enhanced 

accumulation of both human and endogenous mouse aSyn within the cytoplasm of 
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oligodendrocytes, thus highlighting the role of UPS in aSyn degradation (Stefanova, Kaufmann et 

al. 2012).  

  

II. AIM OF THE STUDY 

 

MSA is a debilitating neurodegenerative disorder with poor prognosis and currently 

unavailable therapy. The accumulation of aSyn and TPPP/p25α proteins within the glial 

cytoplasmic inclusions (GCIs) represents the key histophathological hallmark of the disease. 

However, the pathogenic cascade of events underlying the mechanisms of both protein inclusion 

formation and removal remain hitherto unexplored. The controversial findings regarding the lack of 

expression of the endogenous aSyn within oligodendrocytes under physiological conditions has 

turned the spotlight on the neuronal aSyn as the main culprit for the formation of the 

oligodendroglial GCIs. 

The main objectives of the current study is to elucidate the role of the endogenous aSyn 

and/or p25α in the formation of pathological protein aggregates in MSA-like cellular and animal 

models and to identify the intracellular proteolytic machineries responsible for the removal of the 

disease-related oligodendroglial proteins in health and disease. The experimental design of this 

study includes the inoculation of human pre-formed fibrils (PFFs) of aSyn as seeds, in 

oligodendroglial cell lines and primary cultures or in the living mouse brain, in order to study the 

formation of aberrant aSyn species in the absence or presence of aSyn and/or p25α. Moreover, 

pharmacological and molecular modulation of both UPS and ALP is utilized to uncover the 

contribution of these degradation machineries in the removal of GCI-like protein aggregates 

engendered within oligodendrocytes. This line of investigation is expected to shed light on the 

mechanisms underlying the seeding of aSyn pathology in oligodendrocytes and will aid in the 

development of potential disease-modifying therapies against MSA and related alpha-

synucleinopathies. 
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III. MATERIALS AND METHODS 

 

1. Cell culture of OLN cell lines 
 

Three different oligodendroglial (OLN) cell lines have been utilized: the immortalized control 

OLN-93 line originated from primary Wistar rat brain glial cultures (Richter-Landsberg and 

Heinrich 1996), and the OLN-AS7 and OLN-p25α lines that were generated by transduction of the 

OLN-93 line with the human wild-type (WT) SNCA or human TPPP/p25α cDNA, respectively. All 

cells were cultured in Dulbecco’s modified Eagle’s medium (D6429; Gibco, Invitrogen, Carlsbad, 

CA, USA) under conditions of 10% fetal bovine serum (10270; Gibco, Invitrogen, Carlsbad, CA, 

USA), 50 U/mL penicillin, and 50 μg/mL streptomycin. For the selection of OLN-AS7 and OLN-

p25α, cells were maintained in 50 μg/mL Zeocin (R25001; Thermo Fisher Scientific, Waltham, 

MA, USA). 

 

2. Primary oligodendroglial cultures 
 

Briefly, mixed glial cultures were maintained in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin for 10–14 days. Loosely 

attached microglia were removed by shaking for 1 hr (200 rpm, 37°C), followed by additional 

shaking at 200 rpm for 18 hrs at 37°C for the enrichment of the culture with OPCs. Primary 

oligodendroglial progenitor cells derived from mixed glial cultures were prepared from P0 to P3 

neonatal knockout (KO)-aSyn, wild-type (WT)-aSyn or PLP-human aSyn (haSyn) transgenic mice, 

as described previously (McCarthy and de Vellis 1980). The cells were then seeded at a density of 

80,000 cells/well on poly-D-lysine-coated coverslips in 24-well plates and cultured in SATO 

medium (Bottenstein and Sato 1979) supplemented with insulin-transferrin-selenium solution 

(41400045; Gibco, Carlsbad, CA, USA), 1% penicillin/streptomycin, and 1% horse serum (H1138; 

Sigma-Aldrich, St. Louis, MO, USA). The cells were grown in SATO medium for 4 days prior to 

the addition of 0.5 µg haSyn PFFs (final concentration: 1 µg/mL culture medium/well) and/or 

pharmacological inhibitors or enhancers of the protein degradation pathways for 48 hrs in the 

appropriate concentrations. Subsequently, cells were fixed and preceded for immunofluorescence 

analysis using antibodies shown in Table 1. Differentiation of OPCs to mature oligodendrocytes 

was verified by labeling the cultures with an anti-MBP antibody (1:200; MCA409S; Bio-Rad, 

Hercules, CA, USA). 
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3. Preparation of primary cortical neuron cultures 
 

Cultures of rat (embryonic day 18) cortical neurons were prepared as described previously (Xilouri, 

Brekk et al. 2013). Briefly, dissociated cells were plated onto poly-D-lysine-coated 24-well dishes 

at a density of 100,000–120,000 cells/well. The cells were grown in Neurobasal medium 

(Invitrogen, Carlsbad, CA, USA), supplemented with B27 supplement (Invitrogen, Carlsbad, CA, 

USA), l-glutamine (0.5 mM), and penicillin/streptomycin (1%) for 5 days prior to the addition of 3 

μg haSyn PFFs (final concentration: 3 μg/mL culture medium/well of a 24-well plate). 

 

4. Preparation of haSyn PFFs 
 

HaSyn fibrils were generated as described (Cho, Nodet et al. 2009; Kim, Cho et al. 2009), with 

several modifications. Shortly, before aggregation, monomeric aSyn in 50 mM HEPES (pH 7.4,) 

100 mM NaCl, and 0.02% NaN3 was centrifuged for 1 hr at 84.000×g. The supernatant was ultra-

filtrated (0.2 µm) and adjusted to 0.27 mM. Aggregation was performed for 12 days at 37 °C. 

Fibrils were collected by ultracentrifugation, washed twice with phosphate-buffered saline (PBS), 

pH 7.3, at room temperature, and quantified by subtracting the amount of monomeric aSyn protein 

in the supernatant from the total protein used for aggregation. PFFs were resuspended in PBS (pH 

7.3) at a final concentration of 4.5 mg/mL and a working stock solution was prepared at 1 mg/mL. 

The cells were incubated with 0.5–3 μg non-sonicated haSyn PFFs or PBS as a control for the 

indicated time points and were either processed for confocal microscopy or lysed and collected for 

western blot analysis as described below. 

 

5. Sonication of haSyn PFFs 
 

HaSyn PFFs were sonicated using a probe tip sonicator as described previously (Cho, Nodet et al. 

2009). Briefly, a working solution of haSyn PFFs was prepared at a final concentration of 0.1 

mg/mL and sonicated with 60 pulses at 10% power (total of 30 s, 0.5 s on, 0.5 s off). The cells were 

incubated with 0.5 μg haSyn PFFs (pre- and post-sonication) or PBS as a control for 48 hrs and 

processed for confocal microscopy. 

 

6. Pharmacological reagents 
 

The inhibition of the proteasome was achieved with epoxomicin (15 nM) that selectively blocks the 

chemotrypsin-like activity of the 20S catalytic subunit (Meng, Mohan et al. 1999). For the 

lysosomal pathway, the inhibitor of phosphatidylinositol-3-kinase, 3-methyladenine (3MA, 10 mM) 

and the general lysosomal inhibitor NH4Cl (20 mM) were utilized. Since NH4Cl is unstable, for the 

24 and 48 hrs incubation a renewal of the inhibitor was required every 12 hrs.  Induction of 
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macroautophagy was accomplished with the use of rapamycin (1 μΜ) that induces the mTOR-

dependent macroautophagic pathway (Ballou and Lin 2008) and the RARα antagonist atypical 

retinoid 7 (AR7, 40 μM) that is reported to activate selectively the CMA pathway (Anguiano, 

Garner et al. 2013). The reagents were applied for 16-48 hrs and the analysis was performed either 

by western blotting or with immunocytochemistry. 

 

7. Cell transfections 
 

Transient transfections with haSyn, p25α and/or GFP plasmids or the autophagic flux reporter 

plasmids were performed with polyethylenimine-PEI (26966; Polysciences, Germany) reagent, and 

the cells were fixed at the indicated time points using 4% paraformaldehyde (P6148; Sigma-

Aldrich, St. Louis, MO, USA) in PBS and processed for immunofluorescence analysis. The 

autophagic flux of OLN cells upon treatment with haSyn PFFs (or PBS as control) was monitored 

with the use of RFP/GFP-LC3 (Okerlund, Schneider et al. 2017), and mCherry/GFP-SQSTM1/p62 

(Pankiv, Clausen et al. 2007) cDNA plasmids, upon transient transfection with PEI. The RFP/GFP-

LC3 plasmid was kindly provided by Dr Craig-Curtis Garner (DZNE, Germany) and the 

mCherry/GFP-SQSTM1/p62 plasmid by Dr Terje Johansen (University of Tromso, Norway). Cells 

were cultured in 24-well dishes and PEI with cDNA were diluted in Opti-MEM in a 1:3 ratio. After 

4 hrs of incubation, the transfection medium was replaced by fresh DMEM 10% FBS containing 

either PBS or haSyn PFFs. The lysosomal inhibitor NH4Cl was used as a positive control for 

autophagic flux impairment. Forty-eight (48) hours later, cells were fixed using 4% 

paraformaldehyde (PFA; Sigma-Aldrich, P6148) in PBS and processed for immunofluorescence 

analysis.    

 

8. Subcellular fractionation and Western immunoblotting 
 

For the biochemical analysis, the cells were plated on 6-well plates at a density of 200,000 

cells/well (for treatment up to 96 hrs) or 50,000 cells/well (for treatment up to 10 days). haSyn Pre-

Formed Fibrils (PFFs) were added the following day at a final concentration of 1 μg/mL culture 

medium/well (0.5 µg PFFs) or 3 μg/mL culture medium/well (3 μg PFFs). The cell pellets after 

being washed with PBS were homogenized in lysis buffers with progressively higher extraction 

strength. All of them contained protease (Roche, 11836170001) and phosphatase (Roche, 

04406837001) inhibitors.  Initially, cells were lysed with 1% Triton X-100-containing buffer (150 

mM NaCl, 50 mM Tris pH 7.6, 2 mM EDTA), left on ice for 30 min and centrifuged at 13,400 × g 

for 30 min at 4 °C. The supernatant was collected to obtain the Triton-soluble fraction and the 

pellet, after 2x washes with PBS, was resuspended in 1% SDS-containing buffer (150 mM NaCl, 50 
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mM Tris pH 7.6, 2 mM EDTA), sonicated and centrifuged to acquire the SDS-soluble fraction. 

Finally, the remaining pellet, after 2x washes with PBS, was solubilized in 8 M urea-5% SDS-

containing buffer. Primary oligodendroglial cells were lysed using RIPA buffer (150 mM NaCl, 25 

mM Tris pH 7.6, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40), left on ice for ~ 30 min, and 

centrifuged at 10,000×g for 15 min at 4 °C. Then, samples of equal protein concentration were 

processed for western blot analysis utilizing the utilized primary and secondary antibodies shown in 

Table 1. The immunoreactivity for protein band intensity within the linear range of detection was 

quantified with ImageJ software. All measurements were normalized to β-actin as a loading control. 

 

9. Immunocytochemistry and confocal microscopy 
 

For the immunofluorescence experiments OLN cells were seeded on poly-D-lysine-coated 

coverslips (P7405; Sigma-Aldrich, St. Louis, MO, USA) in 24-well plates at a density of 10,000 

cells/well (for analysis up to 48 hrs) or 1,000 cells/well (for up to 10 days).  Mouse primary 

oligodendrocytes were plated at a density of 80,000 cells/well and differentiated in SATO medium 

as described above. OLN cell lines and primary oligodendrocytes were treated with haSyn PFFs 

and/or inhibitors or enhancers of cellular proteolytic pathways at the indicated concentrations and 

time points. The cells were then fixed with 4% PFA for 40 min, blocked in 10% normal goat serum 

containing 0.4% Triton X-100 for 1 hr at room temperature, and incubated with primary antibodies 

overnight at 4 °C. The primary and fluorescent secondary antibodies used are shown in Table 1. 

The dye 4΄, 6-diamidine-2΄-phenylindole dihydrochloride (DAPI) was utilized for nuclei staining. 

Images were obtained using a Leica TCS SP5 confocal microscope combined with a dual (tandem) 

scanner. All confocal images were obtained under equivalent conditions of laser power, pinhole 

size, gain, and offset settings between the groups.  

For the transient transfections with the haSyn, p25α and/or GFP plasmids, quantifications were 

performed with the Imaris software suite (v7.7.2, Bitplane AG, Zurich, Switzerland), using a static 

set of parameters to isolate either GFP+ or p25α+ cell profιles, and then masking the channel 

containing the human aSyn (LB509 antibody), oxidized/nitrated aSyn (SYN-303 antibody) or the 

rodent aSyn (D37A6 antibody) signal using said profiles. The masking of the GFP+ or p25α+ signal 

was based on fluorescent intensity. ImageJ (v2.0.0) software was used to quantify relative protein 

levels expressed as mean fluorescence intensity (M.F.I.), area coverage (μm^2) or % area coverage, 

normalized to the total number of cells/field (the number of DAPI-stained nuclei). M.F.I./cell was 

used to express the protein levels of interest per cell in the absence of haSyn PFFs, whereas area 

coverage/cell or % area/cell measurements depicted the levels of the studies proteins following the 

addition of haSyn PFFs in cells. In the case of primary oligodendroglial cell cultures the area of 

signal was normalized to the number of TPPP/p25α+ cells (marker for mature oligodendrocytes). To 
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stain the lectins of the plasma membrane, wheat germ agglutinin (Alexa Fluor™ 488-conjugated; 

W11261; Thermo Fisher Scientific, Waltham, MA, USA) was added to PFF-treated OLN-93 cells 

(0.5 μg, 48 hrs) for 10 min at 37°C, prior to fixation for confocal microscopy analysis. For 

proteinase K treatment, OLN cells were treated with 0.05 μg/mL proteinase-K (AM2542; Thermo 

Fisher Scientific, Waltham, MA, USA) for 15 min following the addition of 0.5 μg haSyn PFFs for 

48 hrs.  

 

10. RNA extraction, cDNA synthesis and real-time PCR  
 

Total RNA was extracted either from OLN-93 cells treated with haSyn PFFs for 2, 12, and 48 hrs 

(or PBS), or from OLN-AS7 and OLN-p25α cells treated with PBS or epoxomicin (15 nM) or 

NH4Cl (20 mM) for 24 or 48 hrs using TRIzol® reagent (Ambion, Thermo Fisher Scientific, 

Waltham, MA, USA). Following digestion with 1 U/μg DNase I (Promega, Madison, WI, USA) 1 

μg total RNA was used to synthesize the first strand cDNA according to the Moloney murine 

leukemia virus reverse transcription reaction system (Promega, Madison, WI, USA), which 

subsequently would be the template for the RT-PCR reaction. To this end, duplicates of each 

sample were analyzed using a Light Cycler 96 (Roche Applied Science, Mannheim, Germany) to 

determine the levels of rat SNCA (in the case of PFF-treated OLN-93 cells) or human SNCA and 

TPPP/p25α mRNA (in the case of inhibitors-treated OLN-AS7 and OLN-p25α cells). Rat GAPDH 

or rat β-actin were used for normalization (reference genes). Primer sequences utilized in the study 

are shown in Table 1. Each cDNA sample was diluted 1:20 before use in the amplification assay. 

The utilized PCR conditions were 1× buffer (-Mg), 1.5 mm MgCl2, 0.2 mm dNTPs, 0.2 μm 

primers, template < 500 ng, 2 U Platinum Taq and SYBR Green (Roche, Mannheim, Germany), 

whereas the PCR cycling conditions were 95°C for 180 s, 95°C for 10 s, 60°C for 15 s, and 72°C 

for 15 s (45 cycles), and 95°C for 60 s, 65°C for 60 s, 95°C for 10 s, and 37°C for 30 s. for rat 

SNCA, 95°C for 180 s, 95°C for 10 s, 60°C for 15 s, 72°C for 15 s (45 cycles), 95°C for 60 s, 60°C 

for 60 s, 95°C for 10 s, 37°C for 30 s for human SNCA and 52°C for 120 s, 95°C for 120 s, 95°C 

for 15 s, 59°C for 40 s (50 cycles), 95°C for 10 s, 55°C for 60 s, 98°C for 1 s, 37°C for 30 s for 

human TPPP/p25α. No template samples served as negative controls. Data were analyzed 

automatically with a threshold set in the linear range of amplification. The cycle number at which 

any particular sample crossed that threshold (Ct) was used to determine fold difference, whereas the 

geometric mean of the control gene served as a reference for normalization. Fold difference was 

calculated with the 2−ΔΔCt method. 
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11. RNA interference 
 

Small interfering RNAs (siRNAs) targeting the rat Lamp2a or the Atg5 gene were utilized to assess 

the contribution of CMA or macroautophagy, respectively, in the proteolysis of aSyn and 

TPPP/p25α in OLN cell lines. In particular, OLN cells were transfected with Lsi1/Lsi2 (Lamp2a 

siRNAs, final concentration 60 nM), Atg5 si (rn.Ri.Atg5.13.1/2/3 TriFECTa kit DsiRNA, final 

concentration 10 nM) or scr (the control scrambled siRNA, final concentration 60 nM) in 

Lipofectamine 2000 (Invitrogen)-containing solution for 72 hrs. The sequences of the scr siRNA or 

the siRNAs targeting the rat Lamp2a are shown in Table 2. Analysis was performed with both 

western blotting and immunocytochemistry. 

 

12. Assessment of survival 
 

Viable cells were quantified by counting the number of intact nuclei in a haemacytometer, after 

lysing the cells in detergent- containing solution (Rukenstein, Rydel et al. 1991; Farinelli, Greene et 

al. 1998). This method has been shown to be reproducible and accurate and to correlate well with 

other methods of assessing cell survival-death (Troy, Stefanis et al. 1997; Stefanis, Park et al. 

1999). In more detail, cells were resuspended in a detergent-containing lysis buffer (0.1x PBS, 0.5 

% Triton, 2mM MgCl2, 0.013 mM ethyl-hexadecyl-dimethyl-ammonium bromide, 0.28 % glacial 

acetic acid and 2.82 mM NaCl) and two independent examiners blinded to the identity of the 

samples counted the number of intact nuclei with the aid of a haemacytometer. Cell counts were 

performed in triplicate and the results were presented as means ± SE. 

 

13. Intracellular protein degradation assay 
 

OLN cells were cultured to 60-70% confluence in 12-well plates in full DMEM and incubated with 

0.5 μg of haSyn PFFs for 48 hrs. Total protein degradation was measured by pulse-chase 

experiments, by labeling PBS- or PFF-treated OLN cells with [3H] leucine (2 μCi/ml) (Leucine, L-

3,4,5, NEN-Perkin Elmer Life Sciences, Belgium) at 37oC for 24 hrs. The cultures were then 

extensively washed with medium and returned in complete growth medium containing 2 mM of 

unlabeled leucine for 6 hrs. This medium containing mainly short-lived proteins was removed and 

replaced with: fresh medium (DMEM + 0,5% FBS) containing cold leucine (control conditions), 

medium containing 20 mM NH4Cl (total lysosomal proteolysis) or medium containing 10 mM 3MA 

(macroautophagic degradation). The lysosomal degradation that remains unaffected by the use of 

3MA was attributed to the CMA pathway, after the assumption that microautophagy can be 

considered minor (Kaushik and Cuervo 2009).   
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Aliquots of the medium were taken at 16 hrs after labeling and proteins in the medium were 

precipitated with 20% thrichloroacetic acid (TCA) for 20 min on ice and centrifuged (10.000 X g, 

10 min, 4oC). Radioactivity in the supernatant (representing degraded proteins) and pellet 

(representing undegraded proteins) was measured in a liquid scintillation counter (Wallac T414, 

Perkin Elmer). At the last time point, cells were lysed a mild lysis buffer, containing 0,1 N NaOH 

and 0,1% sodium deoxycholate. Proteolysis was expressed as the percentage of the initial total acid-

precipitable radioactivity (protein) in the cell lysates transformed to acid soluble radioactivity 

(amino acids and small peptides) in the medium during the incubation (Kaushik and Cuervo 2009).  

 

14. Proteasome Activity Assay 
 

OLN cells were treated with 0.5 μg of haSyn PFFs for 48 hrs and the measurement of the CT-like 

enzymatic activity was accomplished with the use of the fluorescent properties of the synthetic 

peptide Suc-LLVY-AMC, as previously described (Emmanouilidou, Stefanis et al. 2010). Suc-

LLVY-AMC is a proteasomal substrate that releases a fluorescent molecule (AMC) after cleavage, 

with emission at 437 nm. The reaction was performed in 5 μg of total protein lysate, with the 

addition of a resuspension buffer [50 mM Tris-HCl with pH 7.6, 5 mM DTT, 10 mM ATP and 

50mM MgCl2] and 100 μΜ of the fluorogenic substrate, followed by an incubation at 37° for 10 

min. Reaction was terminated by addition of 5% SDS and the released fluorescence was calculated 

with a PerkinElmer LS-55 luminescence spectrophotometer. 

 

15. Isolation of lysosomes 
 

To validate that TPPP/p25α is a CMA substrate, brain lysosomes were isolated from starved 

Sprague Dawley rats, as previously described (Storrie and Madden 1990; Cuervo, Dice et al. 1997). 

Tissue was homogenized in 0.25 M sucrose (Applichem, A4734) and the lysosomes were removed 

from the light mitochondrial fraction using a Nycodenz (Ncd) density gradient after an 

ultracentrifugation at 141,000 x g for 1 hr. To examine the integrity of the isolated lysosomes, the 

enzymatic activity of β-hexosaminidase was measured and only when less of 10% of the lysosomes 

were broken the process could proceed. In our experiments the ability of isolated lysosomes to 

degrade recombinant TPPP/p25α was explored via western blot analysis using LAMP1, LAMP2A 

and cathepsin D (CTSD) as lysosomal markers. 

 

16. CMA of recombinant TPPP/p25α by isolated lysosomes  
 

Transport of human recombinant TPPP/p25α into isolated rat brain lysosomes was analyzed using 

an in vitro system as previously described (Xilouri, Brekk et al. 2016). Briefly, 0.2 μg of 
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recombinant TPPP/p25α were incubated with freshly isolated rat brain lysosomes in MOPS buffer 

(10 mM 3-[N-morpholino] propanesulfonic acid, [Sigma-Aldrich, M1254] pH 7.3, 0.3 M sucrose 

[Applichem, A4734]), in the presence of 0.6 μg recombinant HSPA8/HSC70 (Enzo Life Sciences, 

AD1-SPP-751-D) for 20 min at 37oC. Where indicated, lysosomes were pre-incubated with a 

cocktail of proteinase inhibitors (Roche, 11836153001) for 10 min at 0oC. A competition assay 

utilizing 3x (0.6 μg) and 6x (1.2 μg) amount of human recombinant aSyn, a well-established CMA 

substrate (Cuervo, Stefanis et al. 2004) was also performed to further verify the contribution of 

CMA to TPPP/p25α proteolysis. At the end of the incubation, lysosomes were collected by 

centrifugation, washed and subjected to SDS-PAGE and immunoblotted for TPPP/p25α, aSyn, 

LAMP1, LAMP2A, CTSD and β-actin. 

 

17. Molecular Modelling 
 

The amino acid sequence of the human TPPP/p25α was obtained from the UniProt database 

(accession no: O94811). Using the Gapped-BLAST through NCBI the homologous human protein 

with PDB id 2JRF was identified, which was used as template for the homology modelling. The 

homology modelling of the TPPP/p25α model was carried out using the RCSB entries 2JRF 

(human) and 1WLM (mouse) as template structures. The sequence alignment between the raw 

sequence of the all the above revealed more than 87% sequence identity, which allowed 

conventional homology modelling techniques to be applied. Electrostatic potential surfaces were 

calculated on grid points per side (65, 65, 65) and the grid fill by solute parameter was set to 80%. 

The dielectric constants of the solvent and the solute were set to 80.0 and 2.0, respectively. An ionic 

exclusion radius of 2.0Å, a solvent radius of 1.4Å and a solvent ionic strength of 0.145 M were 

applied. Amber99 charges and atomic radii were used for this calculation. Energy minimizations 

were used to remove any residual geometrical strain in each molecular system, using the Charmm27 

forcefield as it is implemented into the MOE suite. Molecular systems were then subjected to 

unrestrained Molecular Dynamics Simulations (MDS) using the MOE suite. MDS took place in a 

SPC water-solvated, periodic environment. Water molecules were added using the truncated 

octahedron box extending 7Å from each atom. Molecular systems were neutralized with counter-

ions as required. For the purposes of this study all MDS were performed using the NVT ensemble 

in a canonical environment, at 300 K and a step size equal to 2 femtoseconds for a total 100 

nanoseconds simulation time. An NVT ensemble requires that the Number of atoms, Volume and 

Temperature remain constant throughout the simulation. 
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18. KFERQ-like motif discovery 
 

The developed scoring methodology in an effort to identify hidden KFERQ-like motifs in 

TPPP/p25α that reads the primary amino acid sequence both from N’ to C’ term and vice versa. The 

methodology is based on the fusion and analysis of amino acid physicochemical and structural 

properties that resemble the reference properties of the KFERQ motif. We calculated 435 molecular 

and physicochemical descriptors (dimensions) for each amino acid in an effort to be able to 

confidently scan the sequence of TPPP/p25α for KFERQ-like motifs. Only the KKRFK 

pentapeptide was discovered that meets the criteria for a KFERQ-like motif. The acceptable 

thresholds for each dimension used were calibrated and trained based on the properties of KFERQ 

and all known and established KREFQ-like motifs. The KFERQ-like motifs included from 

literature were: KFERQ, RKVEQ, QEKRV, QDLKF, QRFFE, DRIKQ, IRDLQ, QDIRR, QEFVR, 

QKIIE, DLLRQ, QKDFR, DFRKQ, KDLLQ (Dice 1990). Therefore, the KFERQ likeness of 

KKRFK was based on an algorithm that has been trained on KFERQ and the 13 established 

KFERQ-like motifs. Our analysis exploits the dynamic and static information and metrics 

calculated in an effort to discover patterns and associations among them that will lead to induction 

of new rules updating the knowledge base and affecting the reasoning process. The combination of 

the multimodal data collected was used as new knowledge in the form of rules. These rules were 

exploited to update the reasoning system in order to make adaptive the reasoning processes, i.e., 

tailored to unique information and characteristics of each motif. Efficient mining of association 

rules generated a scaled quantification of KFERQ likeness based on 435 physicochemical 

dimensions. Not only our multimodal methodology on determining KFERQ-likeness, confirms that 

KKRFK is KFERQ-like based on 435 fused and analyzed physicochemical properties, but we also 

propose that our approach can be used as a standard of quantification of KFERQ-likeness 

henceforward. 

 

19. Animals 
 

Eight-week-old male WT C57BL6/C3H (WT-aSyn), C57BL6/JOlaHsd aSyn null (KO-aSyn) 

(purchased from Harlan Laboratories), or C57BL6 PLP-haSyn transgenic (kindly provided by Dr. 

Nadia Stefanova, Innsbruck University) mice were housed (6–8 animals/cage) with free access to 

food and water under a 12-hrs light/dark cycle. All experimental procedures were approved by the 

Ethics Committee for the Use of Laboratory Animals in the Biomedical Research Foundation of 

Athens. 

 

 



60 

 

20. Surgical procedures 
 

All surgical procedures were performed under general isoflurane (B506; Abbott, Chicago, USA) 

anesthesia. Eight-week old male WT or KO aSyn mice were placed in a stereotaxic frame (Kopf 

Instruments, Tujunga, CA, USA) and the right dorsal striatum was targeted using the following 

coordinates from the bregma: +0.5 mm anteroposterior, −1.6 mm mediolateral, and − 3.4 mm 

dorsoventral according to the Mouse Brain Atlas (Xiong, Li et al. 2017). A total of 2 μL haSyn PFF 

solution (final concentration, 2 μg/μL) or PBS was injected unilaterally at a constant flow rate of 

0.1 μL/15 s using a pulled glass capillary (diameter, 60–80 mm) attached to a Hamilton syringe 

with a 22-gauge needle. Following delivery of haSyn PFFs or PBS, the capillary was held in place 

for 5 min and removed slowly from the brain. 

 

21. Immunohistochemistry and confocal microscopy 
 

At 1 month post-injection, the animals were anesthetized with isoflurane followed by intracardial 

perfusion with ice-cold PBS and then ice-cold 4% paraformaldehyde solution (n = 4–5 

animals/condition/genotype). The brains were removed and post-fixed for 24 hrs in the same 

preparation of paraformaldehyde and transferred to 15% sucrose for 24 hrs and finally in 30% 

sucrose until sectioning. The brains were sectioned through the coronal plane at 30 μm increments, 

and every section throughout the striatum and ventral midbrain was collected. 

Immunohistochemical staining was carried out in free-floating sections as described previously 

(Xilouri, Kyratzi et al. 2012) using the primary and secondary antibodies listed in Table 2. 

 

22. Transmission electron microscopy (TEM) 

 

22a. Negative staining 
 

Specimens were prepared by adsorbing 5-μLdrops of fibrils (pre- and post-sonication) onto 200 

mesh formvar-carbon film-bearing grids (Electron Microscopy Sciences, Hatfield, PA, USA), 

rinsing with water, and staining with a 2% w/w aqueous uranyl acetate solution for 2 min.  

 

22b. Preparation of cultured cells for EM and immuno-EM  
 

For conventional EM, the cells were fixed for 1 h in 2.5% glutaraldehyde (at 37°C) made up in 

0.1M phosphate buffer (pH 7.4). After subsequent buffer washes, the cells were released from the 

dish by gentle scraping and pelleted at 800 x g for 5 min. The pellets were embedded in 4% low-

melting-point agarose in 0.1 M phosphate buffer. After solidification, small cubes were cut and 

post-fixed with 1% osmium tetroxide for 1 hr on ice. After washing with the above buffer, the 
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samples were dehydrated in a graded ethanol series and embedded in an Epon/Araldite resin 

mixture. Ultrathin sections were cut with a DiATOME diamond knife at a thickness of 65 nm on a 

Leica EM UC7 ultramicrotome (Leica Microsystems, Vienna, Austria), mounted onto 300 mesh 

copper grids, and stained with uranyl acetate and lead citrate. For immuno-EM, the cells were fixed 

for 1 h in 3% paraformaldehyde/0.5% glutaraldehyde made up in 0.1 M phosphate buffer and 

processed as above. Post-embedding double immunogold labeling was performed on thin sections 

for the detection of human and rodent aSyn. Briefly, the grids were floated on a blocking solution 

(0.05 M Tris-HCl, pH 7.4, 1% bovine serum albumin [BSA], 0.1% cold water fish gelatin, 5% 

normal goat serum, 0.1% Tween 20) for 30 min. The grids were then incubated in a mixture of the 

LB-509 mouse monoclonal antibody (1:100) and D37A6 rabbit monoclonal antibody (1:100) 

diluted in Tris-HCl/BSA, overnight at 4°C. After several washes with Tris-HCl/BSA, the grids were 

incubated for 1 hr at room temperature in a mixture of goat anti-mouse IgG conjugated to 10-nm 

gold particles [1:40] and goat anti-rabbit IgG conjugated to 15-nm gold particles [1:40]. Finally, the 

grids were counterstained with ethanolic uranyl acetate and lead citrate. 

 

22c. EM for myelin integrity 
 

At 1 month post-injection, haSyn PFF-treated WT- and KO-aSyn mice (n = 4/genotype) were 

anesthetized and perfused transcardially with 0.1 M PBS (pH 7.2) at 37°C, with a flow rate of 10 

mL/min for 5 min and then with a 4% paraformaldehyde/1% glutaraldehyde fixative mixture at the 

same rate for 15 min. The brain was removed and the ipsilateral striatum was dissected into small 

pieces and placed in fixative for 1 hr at 4°C. After subsequent buffer washes, the tissue was cut into 

small pieces and post-fixed in 1% osmium tetroxide/1.5% potassium ferrocyanide for 1 hr on ice to 

preserve myelin integrity further (Bernis, Babila et al. 2015). This was followed by immersion of 

the blocks in 2% glutaraldehyde for 1.5 hrs on ice. After washing, the samples were dehydrated and 

embedded in an Epon/Araldite resin mixture. Ultrathin sections (65 nm) were cut, mounted onto 

300 mesh copper grids, and stained with uranyl acetate and lead citrate as above. In all EM 

procedures, the grids were examined in a Philips 420 transmission electron microscope at an 

acceleration voltage of 60 kV and photographed with a Megaview G2 CCD camera (Olympus SIS, 

Münster, Germany) and iTEM image capture software. In order to assess myelin integrity in the 

PFF-injected mice striatum, we quantified the g ratio (ratio of inner axonal diameter to total outer 

diameter) and the % of axons with decompacted myelin (Payne, Bartlett et al. 2012). For these 

quantifications, at least 100 randomly selected myelin sheaths that were cross-sectioned completely 

without artifacts and could be classified without doubt were counted. Semi-automated analysis of 

randomly selected myelin sheaths was carried out using a plug-in for ImageJ software as previously 

described (Cruz-Martinez, Gonzalez-Granero et al. 2016). 
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23. Autopsy case material 
 

Human brain tissue was obtained through the University of Florida Neuromedicine Human Brain 

Tissue Bank according to protocols approved by the Institutional Review Board. Post-mortem 

pathological diagnoses were made according to standard neuropathological criteria (McKeith, 

Dickson et al. 2005; Trojanowski and Revesz 2007). Cerebellar samples containing GCIs from 

three MSA cases were studied including the two major pathological subtypes: striatonigral 

degeneration and olivopontocerebellar atrophy. The cingulate cortex and midbrain containing 

cortical and brainstem Lewy Bodies (LBs), respectively, from three dementia with Lewy bodies 

(DLB) cases with concurrent Alzheimer’s disease pathology were also utilized. 

 

24. Immunohistochemistry and semi-quantitative scoring 
 

Immunostaining of the sections was performed using standard methods (Duda, Giasson et al. 2000). 

The sections were rehydrated and subsequent antigen retrieval was performed in a steam bath for 30 

min in a 0.2% Tween-20 solution for all antibodies utilized. Non-specific antibody binding was 

minimized with a 2% fetal bovine serum/0.1 M Tris blocking solution; primary antibodies were 

diluted in the blocking solution and applied to tissue sections at 4 °C overnight. Biotinylated 

secondary antibodies (Vector Laboratories, Burlingame, CA, USA) were diluted in the blocking 

solution and applied to the sections for 1 hr at room temperature. An avidin–biotin complex system 

(VECTASTAIN ABC Elite Kit; Vector Laboratories, Burlingame, CA, USA) was used to enhance 

detection of the immunocomplexes, which were visualized using the chromogen 3,3′-

diaminobenzidine (DAB Kit; KPL, Gaithersburg, MD, USA). For comparison, all MSA and DLB 

sections were exposed to DAB for the same amount of time for a given antibody. Tissue sections 

were counterstained with hematoxylin. All slides were digitally scanned using an Aperio ScanScope 

CS instrument (40× magnification; Aperio Technologies Inc., Vista, CA, USA), and images of 

representative areas of pathology were captured using ImageScope software (40×magnifcation; 

Aperio Technologies, Inc., Vista, CA, USA). Inclusion pathology was observed and assessed 

qualitatively and confirmed independently by a second observer. 

 

25. Statistical analysis 
 

All statistical analysis was performed utilizing GraphPad Prism 5. To be more specific, differences 

between or within groups were assessed by unpaired t-test, one-way analysis of variance (ANOVA) 

with Tukey’s post hoc test and two-way ANOVA followed with Bonferroni’s correction. Results 

are displayed as the mean ± standard error (SE), with a p value of < 0.05 defined as statistically 

significant. Image acquisition and analysis were performed by two independent examiners blinded 
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to the true identity of the samples. Results are based on the analysis of three independent 

experiments with at least duplicate samples/condition within each experiment. 

26. Tables 
 

Table 1: A table depicting the primary and secondary antibodies used either in western 

blotting or immunocytochemistry/immunohistochemistry including species reactivity and 

working dilutions. 

 

 

WB ICC/IHC

LB-509* 807701 - 1/1000 mouse Biolegend

4B12 GTX21904 1/1000 - mouse GeneTex

211 sc-12767 - 1/1000 mouse Santa Cruz

C20 sc7011R 1/1000 1/1000 rabbit Santa Cruz

D10 sc-515879 - 1/1000 mouse Santa Cruz

3H2897 sc-69977 - 1/1000 mouse Santa Cruz

- PA5-16738 1/1000 rabbit Invitrogen

SYN-1 610786 - 1/1000 mouse
BD Transduction 

Laboratories

rodent aSyn D37A6* 4179 1/1000 1/400 rabbit Cell Signaling

oxidized/nitrated SYN303 824301 - 1/1000 mouse Biolegend

aggregated aSyn MJFR-14-6-4-2 ab209538 - 1/1000 rabbit Abcam

EP1536Y ab51253 1/1000 1/200 rabbit Abcam

LS4-2G12 - 1/1000 mouse

11A5 - 1/10000 mouse
Imago 

Pharmaceuticals

p25α 1/1000 1/400 rabbit/rat

LC3 PM036 1/1000 - rabbit MBL

LC3B NB100-2220 - 1/200 rabbit Novus

SQSTM1/p62 PM045 1/1000 - rabbit MBL

Ubiquitin Z0458 1/1000 - rabbit DAKO

β-actin TA309077 1/2000 - mouse OriGene

Olig-2 AB9610 - 1/500 rabbit Millipore

O4 MAB1326 - 1/100 mouse RD Systems

MPB MCA409S 1/500 1/200 rat Biorad

α-tubulin 62204 - 1/750 mouse 62204

phospho-Ser404 tau AP02404PU-N - 1/1000 rabbit Acris

GFAP ab4674 - 1/1500 chicken Abcam

AIF-1 019-19741 - 1/1000 rabbit DAKO

20033 rabbit Biotium 

20030 mouse Biotium 

20096 rat Biotium 

20012 rabbit Biotium 

20010 mouse Biotium 

115- 175-146 mouse
Jackson 

Imm.Affinipure 

111-175-144 rabbit
Jackson 

Imm.Affinipure 

DAPI 10236276001 Signa-Aldrich

Wheat Germ 

Agglutinin
w11262 Thermo Scientific

human aSyn

Cat. No.
Working DilutionsPrimary antibodies 

against
Species Reactivity Company Clone

pSer129 aSyn

total aSyn

*working dilutions for EM analysis = 1/100

Secondary 

antibodies 
Cat. No.

Working Dilutions
Species Reactivity Company 

ICC/IHC

1/2000

1/2000

1/2000

CF555 red

CF488A green
1/2000

1/2000

Cy5

1/1000

1/1000

1/400

1/400

Dyes Cat. No.
Working Dilutions

Company 
ICC/IHC
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Table 2: A table depicting the sequences of the siRNAs targeting the rat Lamp2a, as well as 

the rat SNCA, human SNCA, TPPP/p25α rat Gapdh and rat β-actin primer sequences 

utilized in the RT-PCR. 

 

Target name siRNA design 

Rat Lamp2a siRNA sense (1) (Lsi1) CCAUCAUACUGGAUAUGAGdTdT 

Rat Lamp2a siRNA antisense (1) (Lsi1) CUCAUAUCCAGUAUGAUGGdTdT 

Rat Lamp2a siRNA sense (2) (Lsi2) GGUCUCAAGCGCCAUCAUAdTdT 

Rat Lamp2a siRNA antisense (2) (Lsi2) UAUGAUGGCGCUUGAGACCdTdT 

  

Oligo name Primer sequence (5΄→3΄) 

Rat SNCA-Rev TATCTTTGCTCCACACGGCT 

Rat SNCA-For GCCTTTCACCCCTCTTGCAT 

huSNCA-Rev CACCACACTGTCGTCGAATGG 

huSNCA-For CGCCTTGCCTTCAAGCCTTC 

huTPPP/p25α-Rev (1) CCGGACACATAGCCTGACTC 

huTPPP/p25α-For (1) GGGGTGACGAAAGCCATCTC 

huTPPP/p25α-Rev (2) CGAGATGGCTTTCGTCACCC 

huTPPP/p25α-For (2) AAGTCTTGCCGGACCATCAC 

Rat Gapdh-Rev TTCAGCTCTGGGATGACCTT 

Rat Gapdh-For TGCCACTCAGAAGACTGTGG 

Rat β-actin-Rev CCACCAATCCACACAGAG 

Rat β-actin-For TGGCTCCTAGCACCATGA 
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IV. RESULTS 
 

1. Internalization of haSyn preformed fibrils (PFFs) by oligodendroglial cell lines leads to the 

formation of Triton-insoluble aSyn species 
 

In order to assess the uptake and seeding capacity of haSyn PFFs in oligodendroglial cells, 

we initially utilized the immortalized rat OLN-93 cell line, which expresses very low to non-

detectable levels of endogenous aSyn and p25α, and the stable cell lines OLN-AS7 and OLN-p25α, 

which overexpress human WT-aSyn and p25α, respectively (Figure 15A). Stable or transient 

overexpression of haSyn and p25α in OLN cells was not accompanied by changes in cell viability 

(Figure 15B, bottom). Electron Microscopy was used to monitor fibril morphology and to confirm 

the presence of fibrils (Figure 15C). Treatment of OLN-93 cells with 0.2 and 0.5 μg haSyn PFFs 

for 48 hrs, led to the dose-dependent accumulation of SDS- and urea-soluble high molecular weight 

(HMW) aSyn species (Figure 15D). The uptake of haSyn PFFs was further verified by staining the 

lectins of the plasma membrane using wheat germ agglutinin (WGA) (Figure 15E). 

 

 

 

Figure 15: Human aSyn PFFs are taken up by 

oligodendroglial cell lines and colocalize with 

endogenous rat aSyn. (A) OLN-AS7 and OLN-

p25α cells overexpress human aSyn and p25α 

proteins, respectively. Representative immunoblots 

for p25α, haSyn (human-specific antibody 4B12), 

total aSyn (C20 antibody, recognizes endogenous 

and human aSyn), and β-actin as a loading control in 

the Triton-soluble fraction. (B) (upper rows) 

Representative immunofluorescence images of OLN-

93 cells transfected with haSyn or p25α plasmids for 
48 hrs using antibodies against haSyn (green, LB-

509 antibody, upper panel) or p25α (red, bottom 
panel). (bottom row) Quantification of cell viability 

following transfection of all OLN cell lines with 

GFP, haSyn of p25α plasmids for 48 hrs. Data are 

expressed as the mean ± SE of at least three 
independent experiments with triplicate 

samples/condition within each experiment. (C) 

Transmission EM image of negative stained haSyn 

PFF samples confirming the presence of fibrils. Scale 

bar: 500 nm. (D) Biochemical profile of aSyn species 

formed in OLN-93 cells following the addition of 0.2 

and 0.5 μg recombinant haSyn PFFs or PBS as a 
control at 48 hrs post-addition. Representative 

immunoblots for both monomeric and HMW species 

of aSyn (human-specific antibody 4B12) and β-actin 

as a loading control in Triton-, SDS-, and urea-

soluble fractions. Asterisk represents non-specific 

bands obtained with the human-specific 4B12 

antibody (detected also in PBS-treated OLN-93 cells 

in which no haSyn was present). (E) aSyn 

aggregates, composed of human and endogenous rat 

aSyn, are located in the perinuclear space and 

cytoplasm of OLN-93 cells following the addition of 

0.5 μg haSyn PFFs for 48 hrs. Representative 

immunofluorescence images with antibodies against 

endogenous rat aSyn (green, D37A6 antibody) and 

haSyn (gray, LB-509). Wheat germ agglutinin was 

used as a plasma membrane marker (red, WGA) and 

DAPI as a nuclear marker. Scale bar: 10 μm. 
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We used 0.5 μg haSyn PFFs in subsequent experiments, and we investigated the solubility 

and aggregation of internalized PFFs in the OLN cell lines over time (24-96 hrs). The Triton-

soluble fraction of all cell lines contained only monomeric aSyn [detected with antibodies against 

human and total (human+rodent) aSyn] that showed the highest levels at 24 hrs post-addition, 

which was followed by a time-dependent decrease to baseline levels (PBS-treated cells), evident 

mostly in the control OLN-93 cells (Figure 16A and Figure 18A, B). This could be attributed 

either to the effective clearance of the formed aSyn species or to the dilution of exogenous aSyn due 

to cell proliferation.  

 

 

 

 

 

 

Notably, monomeric aSyn levels detected in the Triton-soluble fraction of OLN-AS7 cells 

remained high over time, possibly due to the stable overexpression of the human protein in these 

cells, whereas in the OLN-p25α cells both exogenously added human and total aSyn remained at 

Figure 16: Pre-formed haSyn fibrils are taken up by oligodendroglial cell lines and evoke the formation of Triton-insoluble 

aSyn species. Representative immunoblots of Triton- and SDS-soluble protein fractions derived from OLN-93, OLN-AS7, and 

OLN-p25α cells treated with 0.5 μg of haSyn PFFs for various times (24–96 hrs). (A) A small fraction of human and total aSyn 

(detected with 4B12 and C20 antibodies, respectively) is present in the Triton-soluble fraction of OLN-93 and OLN-AS7 (left 

panel) or OLN-p25α cell lysates (right panel). (B) Monomeric and high molecular weight (HMW) aSyn species (human and total) 

are detected in the SDS-soluble fractions, following the addition of haSyn PFFs, thus representing rather insoluble aSyn species in 

OLN-93 and OLN-AS7 (left panel) or OLN-p25α cell lysates (right panel). Equal loading was verified by the detection of β-actin 

levels. Asterisk represents non-specific bands obtained with the human-specific 4B12 antibody (also detected in the PBS-treated 

OLN-93 or OLN-p25α cells where no human aSyn was present). 
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higher levels than in the OLN-93 cells. HMW-aSyn species were detected mostly in the SDS- and 

urea- soluble fractions (Figure 16B, 17Α), thus representing rather insoluble aSyn species. Similar 

to the Triton-soluble fraction, in the SDS-soluble fraction, the peak levels of monomeric and HMW 

aSyn were observed at 24 hrs in all cell lines, followed by a gradual decrease over time (48-96 hrs); 

however, they remained at higher levels than in the PBS-treated cells (Figure 16B and Figure 

18C-F). Interestingly, in the urea-soluble fraction of OLN-p25α cells, aSyn monomeric and 

oligomeric forms (both human and total) were relatively resistant to degradation, since their levels 

remained high compared to control OLN-93 cells, in which their levels decreased over time (Figure 

17A-C). This could be indicative of a role for p25α in promoting aSyn aggregate formation within 

oligodendrocytes or in inhibiting the clearance of aSyn aggregates. 

 

 

 

 

Figure 17: (A) Monomeric and high molecular weight (HMW) aSyn species (human and total) are detected in the urea-

soluble fractions, following the addition of haSyn PFFs, thus representing rather insoluble aSyn species in OLN-93 and 

OLN-AS7 (left panel) or OLN-p25α cell lysates (right panel). Equal loading was verified by the detection of β-actin levels. 

Asterisk represents non-specific bands obtained with the human-specific 4B12 antibody (also detected in the PBS-treated OLN-93 

or OLN-p25α cells where no human aSyn was present). B, C Quantification of monomeric and HMW species of human (upper 

panels) and total (lower panels) aSyn levels detected in the urea-soluble fraction of OLN-93 and OLN-AS7 cells (B) or OLN-93 and 

OLN-p25α cells (C) treated with 0.5 μg PFFs for 24-96 hrs. Data are expressed as the mean±SE of five independent experiments 
with triplicate samples/condition within each experiment; *p< 0.05; **p< 0.01; ***p<0.001, by two-way ANOVA with 

Bonferroni’s correction, comparing between OLN-93 and OLN-AS7 or OLN-p25α cells treated with haSyn PFFs at all time points. 
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2. Addition of haSyn PFFs to OLN cell lines recruits endogenous rat oligodendroglial aSyn 

into the formation of highly insoluble aSyn conformations 

  

In order to investigate the ability of haSyn PFFs to act as a template for endogenous 

oligodendroglial aSyn to form insoluble protein species, we utilized the rodent-specific D37A6 

antibody in western blot and confocal microscopy analyses. This antibody does not give any 

immunofluorescence signal in PBS-treated OLN cells (Figure 19A and Figure 21); the addition of 

0.5 μg haSyn PFFs, which had no effect on OLN-cell survival as shown in Figure 22, was 

accompanied by the detection of an elevated endogenous aSyn signal, which co-localized with the 

exogenously added human aSyn, that persisted over time (48 hrs-10 days) and depended, in terms 

of its intensity, on the exogenously added human material (Figure 23). The uptake of haSyn PFFs 

was further verified by ultrastructural EM analysis, which revealed the presence of filaments in the 

cell soma of OLN-93 cells treated with haSyn fibrils, which were absent in PBS-treated cells 

Figure 18: Quantification of relative human and total aSyn levels (monomeric and HMW species) in the Triton- and SDS-soluble 

fraction of OLN cells treated with 0.5 μg haSyn PFFs. A, B Quantification of monomeric human (left panels) and total (right panels) 

aSyn levels detected in the Triton-soluble fraction of OLN-93 and OLN-AS7 cells (A) or OLN-93 and OLN-p25α cells (B) treated 

with 0.5 μg haSyn PFFs (or PBS as a control) for 24-96 hrs. C-F Quantification of monomeric (upper panels) and HMW species 

(bottom panels) of human (left) and total (right) aSyn protein levels detected in the SDS-soluble fraction of OLN-93 and OLN-AS7 

cells (C and E) or OLN-93 and OLN-p25α cells (D and F) treated with 0.5 μg haSyn PFFs (or PBS as a control) for 24-96 hrs. Data 

are expressed as the mean ± SE of five independent experiments with triplicate samples/condition within each experiment; *p < 0.05; 
**p < 0.01; ***p < 0.001, by two-way ANOVA with Bonferroni’s correction, comparing between OLN-93 and OLN-AS7 or OLN-

p25α cells treated with haSyn PFFs at all time points. 
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(Figure 19B). Double immuno-EM analysis with nanogold particles of different diameters showed 

the presence of human and rat aSyn in the formed intracellular filamentous inclusions (Figure 

19B). Measurement of human or rat endogenous aSyn levels, expressed as % of surface area 

normalized to the total number of cells/field, revealed no significant differences among the different 

OLN cells, at 48 hrs and 10 days post-addition of 0.5 μg haSyn PFFs (Figure 19C).  

 

 

 

 

 

 

 

Figure 19: Addition of haSyn PFFs in OLN cell lines leads to the recruitment of endogenous rat oligodendroglial aSyn into 

highly insoluble aSyn assemblies. (A) Representative immunofluorescence images using antibodies against human aSyn (green, LB509 

antibody) and endogenous rat aSyn (red, D37A6 antibody) and DAPI staining in OLN cell lines treated with 0.5 μg of haSyn PFFs for 

48 hrs and 10 days. Scale bar: 25 μm. (B) (Upper panels) ultrastructural transmission EM analysis of PBS-treated (upper left) and haSyn 

PFFs-treated (upper right) OLN-93 cells showing the presence of filaments (box highlight) in the cell soma near the nucleus of PFF-

treated cells (N). (bottom left panel) A higher magnification image of the filaments of PFF-treated cultures is shown. (Box highlight, 

bottom right panel) double immuno-EM analysis with nanogold particles of different diameters, demonstrating the presence of both 

human (green asterisk, LB-509, 10 nm) and rodent (red asterisk, D37A6, 15 nm) aSyn in the formed filamentous inclusions in the cell 

soma of OLN-93 cells. A highpower image of independent PFF-treated cultures is shown in the upper dashed box. Scale bars: 500 nm 

(upper), 200 nm (bottom) and 100 nm (highlight box). (C) Quantification of aSyn levels (human and endogenous rat) measured as % 

area surface/cell in OLN cell lines following treatment with 0.5 μg PFFs for 48 hrs or 10 days. Data are expressed as the mean±SE of 
three independent experiments with triplicate samples/condition within each experiment. *p<0.05 by two-way ANOVA with 

Bonferroni’s correction. 
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Figure 20: (A) Representative immunoblots demonstrating the presence of endogenous rat aSyn (D37A6 antibody) in the urea-

soluble fraction of OLN-93 and OLNAS7 cells (upper panel) or OLN-p25α cells (bottom panel) following treatment with 0.5 μg 
haSyn PFFs for 24–96 hrs. Equal loading was verified by the detection of β-actin levels. (B) Quantification of monomeric (left) 

and HMW species (right) of endogenous rat aSyn levels detected in the urea-soluble fraction of OLN-93 and OLN-AS7 cells 

(upper row) or OLN-93 and OLN-p25α cells (bottom row) treated with 0.5 μg PFFs for 24–96 h. Data are expressed as the mean 

±SE of five independent experiments with triplicate samples/condition within each experiment. *p< 0.05; **p<0.01; ***p<0.001, 

by two-way ANOVA with Bonferroni’s correction. (C) (Left panel) representative immunoblots of urea-soluble protein fraction 

derived from OLN-93, OLN-AS7 and OLN-p25α cells treated with 0.5 μg of haSyn PFFs for 2–10 days. Asterisk represents non-

specifc bands obtained with the rodent-specifc D37A6 antibody. (right) Quantification of monomeric (upper row) and HMW 

species (bottom row) of rat endogenous aSyn detected in the urea-soluble fraction of all OLN cell lines treated with 0.5 μg PFFs 
for 2–10 days. Data are expressed as the mean ±SE of three independent experiments with triplicate samples/condition within 

each experiment; *p<0.05; **p<0.01; ***p<0.001, by two-way ANOVA with Bonferroni’s correction, comparing between OLN-

93 and OLN-AS7 or OLN-p25α cells treated with haSyn PFFs. (D) Quantitative real-time PCR reveals unaltered Snca levels upon 

treatment of OLN-93 cells with 0.5 μg haSyn PFFs for 2–48 h. Data are expressed as Snca mRNA levels relative to the mRNA 

levels of β-actin normalized to control-treated cultures (PBS). 
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Similarly, in the urea-soluble fraction of OLN-p25α cells from 24 hrs to 10 days post-

addition of haSyn PFFs, higher levels of monomeric and HMW forms of endogenous rodent aSyn 

were found compared to OLN-93 and OLN-AS7 cells (Figure 20A-C). No rat-specific signal was 

detected in the Triton- or the SDS-soluble fractions at 24hrs to 10 days post-addition of haSyn PFFs 

(data not shown). The elevated levels of endogenous aSyn detected following treatment of OLN 

cells with haSyn PFFs were not attributed to increased transcription of the rat Snca gene, encoding 

endogenous oligodendroglial aSyn, as revealed by quantitative real-time-PCR analysis (Figure 

20D). The specificity of the D37A6 aSyn antibody to recognize only the rodent protein was 

validated further by confocal microscopy and western immunoblotting, utilizing human SH-SY5Y 

dopaminergic cells inducibly overexpressing the WT-aSyn upon the removal of doxycycline (dox) 

(Vekrellis, Xilouri et al. 2009) and extracts from WT-, KO-, and hA53T-aSyn transgenic mice 

(Figure 25A, B). 

 
Figure 21: High-power images demonstrating the recruitment of endogenous rat aSyn in all OLN cell lines 

following the addition of 0.5 μg of haSyn PFFs for 48 hrs and 10 days using antibodies against haSyn 

(green, LB-509 antibody) and endogenous rat aSyn (red, D37A6 antibody) and DAPI staining. Scale bar: 

10 μm. 
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Figure 22: Short-term or prolonged incubation of OLN cells with haSyn PFFs does not affect their survival. 

Quantification of cell viability following addition of 0.5 μg haSyn PFFs in OLN-93, OLN-AS7 and OLN-p25α cells for 48 hrs (A) or 

10 days (B). 

 

 

 

 

Figure 23: Co-localization of exogenously added haSyn with endogenous rat aSyn following the addition of 

increasing amounts of haSyn PFFs to OLN-93 cells. The endogenous rat aSyn signal is increased following the 

incubation of OLN-93 cells even with small amounts of haSyn PFFs (0.1 μg) for 48 hrs. Representative 
immunofluorescence images with antibodies against haSyn (green, LB-509 antibody) and endogenous rat aSyn (red) and 

DAPI staining. Scale bar: 25 μm. 
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In agreement with the immunoblot data (Figure 17A-C), OLN-p25α cells retained  

significantly more proteinase K-resistant human and rodent aSyn species compared to OLN-93 and 

OLN-AS7 cells (Figure 24). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Stable overexpression of 

p25α promotes the formation of 

proteinase K-resistant aSyn inclusions 

formed following the addition of 

haSyn PFFs. (A) Representative 

immunofluorescence images using 

antibodies against haSyn (green, LB-

509 antibody) and endogenous rat aSyn 

(red, D37A6 antibody) and DAPI 

staining in OLN cell lines treated with 

0.05 μg/mL proteinase K for 15 min 

(PFF+ProtK) following the addition of 

0.5 μg haSyn PFFs for 48 hrs. Scale bar: 

25 μm. (B) Quantification of human 

(left) and endogenous rat (right) aSyn 

levels measured as % area surface/cell 

in PFF-treated (0.5 μg for 48 hrs) OLN 

cell lines without (PFFs) or following 

proteinase-K (PFF+ProtK) treatment. 

Data are expressed as the mean ± SE of 
three independent experiments with 

triplicate samples/condition within each 

experiment. *p < 0.05; **p < 0.01; ***p 

< 0.001 by two-way ANOVA with 

Bonferroni’s correction. 
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3. Overexpression of human aSyn or p25α accelerates the recruitment of the endogenous rat 

oligodendroglial aSyn and the formation of intracellular oxidized/nitrated aSyn species 

following the addition of haSyn PFFs  
 

 To decipher the impact of human aSyn or p25α overexpression on the seeding of aSyn 

pathology in OLN cells, we performed time-course analysis from 30 min until 24 hrs post-

treatment. Confocal microscopy analysis with antibodies against human and rodent aSyn (LB-509 

and D37A6 antibodies, respectively) revealed that haSyn PFFs were taken up effectively by all 

OLN cell lines within 1 hr, whereas the recruitment of the endogenous rat aSyn represented a later 

event (Figure 26). Interestingly, in control OLN-93 cells, the seeding process was initiated at 12 hrs 

post-treatment with the haSyn PFFs (Figure 26A), whereas in OLN-AS7 and OLN-p25α cells, the 

endogenous rat aSyn signal was detected earlier, at 2 hrs post-addition (Figure 26B-C). 

Importantly, the recruitment of endogenous rat aSyn evokes a dramatic change in the pattern of 

haSyn immunostaining and an increase in haSyn immunoreactivity, measured as % area 

surface/cell, at the onset of seeding (Figure 26). This observation suggests a possible role for the 

seeded rat aSyn in the rapid formation of aSyn aggregates positive for both human and rodent aSyn 

or in the stabilization of haSyn aggregates, rendering them resistant to degradation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Specificity of the rodent-specific aSyn antibody D37A6. (A) Human SH-SY5Y cells inducibly over-expressing human 

aSyn were treated with 0.5 μg haSyn PFFs for 48hrs. No signal from the rodent-specific aSyn D37A6 antibody was detected. 

Representative immunofluorescence images with antibodies against haSyn (green, LB-509 antibody) and rodent aSyn (red) and DAPI 

staining. Scale bar: 25 μm.  (B) (Upper panel) Representative immunoblots for rodent-specific aSyn and actin in: total brain lysates 

derived from mice expressing endogenous WT protein (WT-aSyn), mice overexpressing hA53T-aSyn in neurons (hA53T-aSyn), aSyn 

KO mice (KO-aSyn), SDS-soluble fraction of SH-SY5Y cells pre-treated with haSyn PFFs, and Triton-, SDS-, and urea-soluble 

fractions of rat OLN-93 cells treated with haSyn PFFs for 96 hrs. (Lower panel) Representative immunoblots for rodent aSyn (D37A6 

antibody, left) and total aSyn (C20 antibody, right) in WT-aSyn mouse brain lysate run together with 0.1 μg haSyn PFFs, further 
confirming the specificity of the D37A6 aSyn antibody to recognize only endogenous rodent aSyn and not exogenously added human 

fibrils.  
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Figure 26: Overexpression of human aSyn or p25α accelerates the recruitment of endogenous rat oligodendroglial aSyn 

following the addition of haSyn PFFs to OLN cell lines. A-C Confocal microscopy with exogenous human-specific and 

endogenous rat-specific anti-aSyn antibodies reveals the enhanced expression of endogenous rat aSyn at 12 hrs in control OLN-93 

cells and at 2 hrs in OLN-AS7 and OLN-p25α cells. (left panels) Representative immunofluorescence images with antibodies against 

human aSyn (green, LB509 antibody) and rodent aSyn (red) and DAPI staining. Scale bar: 25 μm. (right panels) Quantification of 

aSyn protein levels (human or endogenous rat aSyn) in OLN-93, OLN-AS7 and OLN-p25α cells measured as % area surface/cell 

following treatment with 0.5 μg haSyn PFFs for various times (2–12 hrs). Data are expressed as the mean ± SE of three independent 
experiments with triplicate samples/condition within each experiment; *p<0.05; **p< 0.01; ***p< 0.001, by one-way ANOVA with 

Tukey’s post hoc test. (D) A drawing depicting the key time points when the uptake of exogenous haSyn PFFs and the recruitment of 

endogenous rat aSyn occur in control cells (OLN-93) and cells overexpressing human aSyn (OLN-AS7) or p25α (OLN-p25α). 
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We next investigated whether excess intracellular aSyn protein load (OLN-AS7 cells) or the 

presence of p25α (OLN-p25α cells) affects the onset of the appearance of aSyn pathology in 

oligodendrocytes by assessing the formation of oxidized/nitrated aSyn species over time (30 min – 

10 days) with confocal microscopy. Indeed, in OLN-AS7 and OLN-p25α cells, the appearance of 

oxidized/nitrated aSyn (detected with the SYN303 aSyn antibody) was observed within 8 hrs post-

addition of 0.5 μg haSyn PFFs, whereas in the control OLN-93 cells, these pathological species 

were observed after 20 hrs (Figures 27 and 28). Notably, co-staining with the rodent-specific aSyn 

antibody revealed that endogenous aSyn was a major component of the seeded time-resistant 

pathological aSyn assemblies. Importantly, the SYN303 aSyn antibody did not recognize 

exogenously added haSyn PFFs per se, since no signal was observed at 1 hr post-addition, when 

haSyn PFFs were detected inside the cells (data not shown), further supporting a major role for 

oligodendroglial aSyn in the seeding of aSyn pathology in OLN cells.  

 

 

 

 

 

 

 

Figure 27: Overexpression of human aSyn facilitates the formation of pathological (oxidized/nitrated) aSyn assemblies 

following the addition of haSyn PFFs. (A-B) In OLN-AS7 cells, the recruitment of endogenous rat aSyn and the formation of 

pathological aSyn species are detected at 8 hrs, whereas they occur in control OLN-93 cells at 20 hrs post-addition of PFFs. 

Representative immunofluorescence images of OLN-93 and OLN-AS7 treated with 0.5 μg haSyn PFFs for various times (8–48 

hrs and 10 days) using antibodies against oxidized/nitrated aSyn (green, Syn303 antibody) and endogenous rat aSyn (red) and 

DAPI staining. Scale bar: 25 μm.  
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4. Transient overexpression of human p25α augments the formation of insoluble aberrant 

aSyn species, consisting of human and endogenous rat protein  
 

In order to validate further the role of p25α in the seeding of aSyn pathology, we used 

another experimental approach. Specifically, OLN-93 and OLN-AS7 cells were transiently 

transfected (or co-transfected where indicated) with p25α or/and GFP (as a control) plasmids 6 hrs 

prior to the addition of 0.5 μg of haSyn PFFs. At 2 days post-transfection, the cells were fixed and 

processed for confocal microscopy using antibodies against human aSyn (LB-509 antibody, Figure 

Figure 28: Overexpression of human p25α facilitates the formation of pathological (oxidized/nitrated) aSyn assemblies 

following the addition of haSyn PFFs. (A) In OLN-p25α cells, the recruitment of endogenous rat aSyn and the formation of 

pathological aSyn species are detected at 8 hrs. Representative immunofluorescence images of OLN-p25α cells treated with 0.5 μg 

haSyn PFFs for various times (8–48 hrs and 10 days) using antibodies against oxidized/nitrated aSyn (green, Syn303 antibody) 

and endogenous rat aSyn (red) and DAPI staining. Scale bar: 25 μm. (B) Quantification of aSyn protein levels (oxidized/nitrated or 

endogenous rat aSyn) in OLN-93 (upper row), OLN-AS7 (middle row) and OLN-p25α (bottom row) cells measured as % area 

surface/ cell following treatment with 0.5 μg haSyn PFFs for various times (6-48 hrs). Data are expressed as the mean±SE of three 
independent experiments with triplicate samples/condition within each experiment; *p<0.05; **p< 0.01; ***p< 0.001, by one-way 

ANOVA with Tukey’s post hoc test. (C) A schema highlighting the time points when the increase in endogenous rat aSyn and the 

detection of pathological (oxidized/nitrated) aSyn species are observed in the different OLN cell lines. 
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29A), oxidized/nitrated aSyn (SYN303 antibody, Figure 29B), or rodent aSyn (D37A6 antibody, 

Figure 30A). The transient overexpression of human p25α increased the accumulation of human 

(Figure 29A) and endogenous rat (Figure 30A) aSyn-positive signals and the generation of 

oxidized/nitrated aSyn species (Figure 29B), in OLN-93 and OLN-AS7 cells.  

Figure 29: Transient overexpression of human p25α in OLN-93 and OLN-AS7 cells augments the formation of aberrant aSyn 

species following the addition of haSyn PFFs. (A-B, Upper panels) Representative immunofluorescence images of OLN-93 and 

OLN-AS7 cells transfected with GFP or human p25α plasmids in the presence of haSyn PFFs (48 hrs) using antibodies against: (A) 

haSyn (gray) and (B) oxidized/nitrated aSyn (gray). Antibodies against GFP (green) and p25α (red) were used to visualize the 

transfected cells. Scale bar: 10 μm. (Bottom panels) Quantification of human and oxidized/nitrated aSyn protein levels in OLN-93 

and OLN-AS7 cells measured as mean fluorescent intensity in selected GFP (green) or p25α (red) transfected cells, using the image 

analysis tool Imaris. Data are expressed as the mean±SE of at least three independent experiments with triplicate samples/condition 

within each experiment; *p<0.05, by Student’s unpaired t test.  

Additionally, p25α overexpression in OLN-93 cells augmented the formation of monomeric 

and HMW aSyn species extractable in urea buffer (Figure 30B). Such data further support a critical 

role for p25α in the aggregation of pathological aSyn conformations within oligodendrocytes. 
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Figure 30: Transient overexpression of human p25α in OLN-93 and OLN-AS7 cells augments the formation of aberrant aSyn 

species comprised of human and endogenous rat aSyn following the addition of haSyn PFFs. (A, Upper panel) Representative 

immunofluorescence images of OLN-93 and OLN-AS7 cells transfected with GFP or human p25α plasmids in the presence of haSyn 

PFFs (48 hrs) using antibodies against: haSyn (gray) and endogenous rat aSyn (red). An antibody against GFP (green) was used to 

visualize the transfected cells. Scale bar: 10 μm. (Bottom panel) Quantification of the endogenous rat aSyn protein levels in OLN-93 

and OLN-AS7 cells measured as mean fluorescent intensity in selected GFP or GFP/p25α (green) transfected cells, using the image 

analysis tool Imaris. Data are expressed as the mean±SE of at least three independent experiments with triplicate samples/condition 

within each experiment; *p<0.05, by Student’s unpaired t test.  (B) p25α overexpression enhances the accumulation of monomeric 

and HMW aSyn species following the addition of haSyn PFFs. Representative immunoblots of urea-soluble aSyn species of control 

OLN-93 cells transfected with GFP or p25α plasmids and treated with 0.5 μg haSyn PFFs for 48 hrs using antibodies against haSyn 

(4B12 antibody) or total (human +rodent) aSyn (C20 antibody). Equal loading was verified by the detection of β-actin levels. 

 

5. Phosphorylation of aSyn at Ser129 depends on aSyn and p25α protein load and may involve 

different aSyn aggregate “strains” present in oligodendroglial and neuronal synucleinopathies  
 

Given that the presence of aSyn phosphorylated at Ser129 (pSer129 aSyn) is an indicator of 

pathology in synucleinopathies, we assessed pSer129 aSyn levels in all OLN cell lines upon 

treatment with 0.5 or 3 μg haSyn PFFs for 48 hrs and 10 days using a panel of specific pSer129 
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aSyn antibodies. Importantly, incubation of all OLN cells with 3 μg PFFs resulted in a 20% cell 

death only in the case of OLN-AS7, probably due to the increased aSyn burden in these cells 

(Figure 31). 

 

 

 

 

 

 

Figure 31: Short-term or prolonged incubation of OLN cells with haSyn PFFs affects only the survival of OLN-AS7 cells, 

probably due to the increased aSyn protein load. Quantification of cell viability following addition of 3 μg haSyn PFFs in OLN-

93, OLN-AS7 and OLN-p25α cells for 48 hrs (A) or 10 days (B). 

Surprisingly, we detected positive pSer129 aSyn signals only in PFFs-treated OLN cells 

overexpressing human aSyn or p25α (in the presence of 3 μg haSyn PFFs for 10 days) and not in 

the control OLN-93 cells, using the pSer129 aSyn-specific antibodies 11A5 (Figure 32A, middle 

row) and EP1536Y (Figure 32A, bottom row). Conversely, no positive signal was detected in any 

PFF-OLN-treated cell line using the pSer129 aSyn antibody LS4-2G12 (Figure 32A, upper row), 

which could be attributed to the low affinity of this antibody. Interestingly, no positive pSer129 

aSyn signal was detected in the Triton- or SDS-soluble fraction of all PFF-treated OLN cells 

(Figure 32B), whereas pSer129 immunoreactivity was observed only in the urea-soluble fraction of 

OLN-AS7 cells and to a greater extent in OLN-p25α cells (Figure 32C). Most importantly, 

endogenous rat aSyn co-localized with the 11A5 pSer129 aSyn antibody, suggesting that the seeded 

oligodendroglial aSyn is phosphorylated, upon the addition of haSyn PFFs (Figure 32D).  

Strikingly, in PFF-treated primary rat cortical cultures we detected a pSer129 aSyn signal 

with all antibodies utilized, including the LS4-2G12 antibody that did not give a signal in the OLN 

seeding model (Figure 33A), suggesting that this antibody may recognize distinct pSer129 aSyn 

assemblies generated specifically in neurons and not in oligodendrocytes. Importantly, this 

hypothesis was further buttressed by data obtained from human post-mortem brain material derived 

from patients with neuronal synucleinopathy (DLB) and oligodendroglial synucleinopathy (MSA). 

As shown in Figure 33B and in agreement with our results from PFF-treated primary cortical 

cultures, all pSer129 antibodies recognized pSer129 aSyn in LBs in the substantia nigra pars 

compacta (left columns) and cortex (middle columns) of DLB brains to a similar extent. In contrast, 

and congruent with the data obtained from PFF-treated oligodendroglial cells, LS4-2G12 reactivity 

for MSA cerebellar GCIs was much weaker than the 11A5 and EP1536Y signals.  
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Figure 32: Comparative analysis of pSer129-aSyn phosphorylation in haSyn PFF-treated cultured cells and human post-

mortem synucleinopathy brains. (A) OLN-93, OLN-AS7 and OLN-p25α cells were treated with 3 μg haSyn PFFs for 10 days and 

the phosphorylation of aSyn at Ser129 was examined using various pSer129 aSyn-specific antibodies by confocal microscopy. 

Representative immunofluorescence images with antibodies against total (human +rodent) aSyn (green, PA5-16738 or 3H2897 

antibody) and pSer129 aSyn (red, LS4-2G12, 11A5, or EP1536Y antibody) and DAPI staining. Scale bar: 25 μm. (B, C) 

Phosphorylated aSyn at Ser129 (EP1536Y antibody) is detected by immunoblotting only in the urea-soluble fractions of OLN-AS7 

and OLN-p25α cells following prolonged incubation with 3 μg PFFs. Representative immunoblots of Triton- and SDS-soluble protein 

fractions (B) or urea-soluble protein fractions (C) derived from OLN-93, OLN-AS7 and OLN-p25α cells treated with 0.5 μg or 3 μg 

of haSyn PFFs for 10 days. (D) Endogenous rat aSyn is phosphorylated at Ser129 following prolonged incubation with 3 μg PFFs 

only in OLN-AS7 and OLN-p25α cells. Representative immunofluorescence images with antibodies against endogenous rat aSyn 

(green, D37A6 antibody), pSer129 aSyn (red, 11A5 antibody) and DAPI staining. Scale bar: 25 μm.  
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Finally, the conformation-specific aSyn antibody MJFR-14 recognized better the aberrant 

aSyn species present in GCIs, compared to LBs (Figure 33B), supporting the notion that aSyn 

generated within oligodendrocytes (MSA) is incorporated into higher order pathological 

conformations, compared to those generated in neurons (DLB) (Dickson, Liu et al. 1999).  

 

 

 

 

 

 

 

 

 

Figure 33: (A) Primary rat cortical neurons were treated with 3 μg haSyn PFFs for 10 days and phosphorylated aSyn, and 

aggregated aSyn were detected by confocal microscopy. Representative immunofluorescence images with antibodies against total 

(human+ rodent) aSyn (green, PA5-16738, D10, or 3H2897 antibody), pSer129 aSyn (red, LS4-2G12, 11A5, or EP1536Y antibody), 

aggregated aSyn (red, MJFR-14 antibody) and DAPI staining. Scale bar: 25 μm. (B) (Upper panel) representative DAB-

immunostained images using antibodies against phosphorylated (LS4-2G12, 11A5 and EP1536Y antibodies), aggregated aSyn 

(MJFR-14 antibody) and unmodified aSyn (94-3A10) in human post-mortem brain sections derived from the substantia nigra pars 

compacta and the cingulate cortex of DLB patients and from the cerebellum of MSA patients. Three confirmed cases of DLB and 

MSA were utilized for the analysis with similar results, whereby differential reactivity for GCIs vs. LBs was apparent for certain 

antibodies including LS4-2G12 and MJFR-14. (bottom panel)  Immunohistochemical grading of aSyn pathology in different MSA 

and DLB cases. Glial cytoplasmic inclusions in MSA, cortical LBs in DLB cingulate and brainstem LBs in DLB midbrain were 

graded using a qualitative assessment of staining intensity and inclusion density by two independent observers. The findings are 

summarized as (±) rare, (+) mild, (++) moderate, (+++) strong and (++++) severe. 
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In our cellular systems, the MJFR-14 antibody recognized aggregated aSyn in 

oligodendrocytes (Figures 34-35) and neurons (Figure 33A) to a similar extent, a finding that 

could be explained by the fact that this antibody also recognizes exogenously added haSyn PFFs. 

 

 

Figure 34: Addition of haSyn PFFs to OLN cells is accompanied by the formation of intracellular insoluble aSyn 

aggregates, which remain in a fibrillar state even following prolonged incubation with PFFs.  

Representative immunofluorescence images depicting the aSyn aggregates in OLN-93 (A), OLN-AS7 (B), and OLN-p25α cells 

(C) following the addition of 0.5 μg haSyn PFFs at 1 h, 48 hrs and 10 days using antibodies against total (human+rodent) aSyn 

(green, D10 antibody) and aggregated aSyn (red, MJFR-14 antibody) and DAPI staining. Scale bar: 25 μm. 
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Figure 35: Incubation of OLN cells with 3 μg haSyn PFFs for 48 hrs or 10 days expedites the formation of highly aggregated 

aSyn forms. (A) Representative immunofluorescence images with antibodies against total aSyn (green, D10 antibody) and 

aggregated aSyn (red, MJFR-14) and DAPI staining. Scale bar: 25 μm. (B) Representative immunofluorescence images with 

antibodies against human aSyn (green, 211 antibody) and aggregated aSyn (red, MJFR-14) and DAPI staining. Scale bar: 25 μm. (C) 

Quantification of total (upper panel) and aggregated (bottom panel) aSyn levels measured as % area surface/cell in OLN cell lines 

following the addition of 3 μg haSyn PFFs for 48 hrs or 10 days. Data are expressed as the mean ± SE of three independent 

experiments with triplicate samples/condition within each experiment. *p < 0.05; **p < 0.01 by two-way ANOVA with Bonferroni’s 

correction. 

 

6. Endogenous aSyn is a major component of the seeded pathological aSyn aggregates 

following the addition of haSyn PFFs  
 

To delineate further the contribution of endogenous oligodendroglial aSyn and p25α in the 

spread of aSyn pathology, we treated OLN cells with 3 μg PFFs and analyzed aSyn levels at 48 hrs 

or 10 days (Figure 36). With this higher amount of PFFs, over time, the equilibrium of intracellular 

aSyn protein load in OLN cells shifted toward the seeded endogenous rat protein and notably, this 

phenomenon was more robust in the presence of human aSyn or p25α (Figure 36A, B). Similarly, 

oxidized/nitrated aSyn conformations were elevated in OLN-AS7 and OLN-p25α cells over time 

(Figure 36C, D). Finally, using the conformation-specific aSyn antibody MJFR-14, which 

recognizes aggregated conformations exclusively (Lassen, Gregersen et al. 2018), we detected the 

induction of MJFR-14- positive structures that colocalized from the earliest time point of 1 hr with 
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structures recognized with a pan-aSyn (human+rodent) antibody (D10); the MJFR-14 antibody 

showed no reactivity against overexpressed aSyn in the OLN-AS7 cell line (Figures 34-35).  

 

 

 

 

 

 

 

 

In order to quantitatively estimate the contribution of aSyn and p25α load to the formation 

and stability of inclusions, we utilized an indirect immunostaining strategy with antibodies against 

either total aSyn (D10 antibody) or human aSyn (211 antibody) and aggregated aSyn (MJFR-14 

Figure 36: Prolonged incubation of OLN cell lines with high concentrations of haSyn PFFs uncovers the significant 

contribution of endogenous rat oligodendroglial aSyn to the formation of aberrant aSyn conformations. (A, B) Over time, 

the equilibrium of aSyn protein load shifts toward seeded endogenous rodent aSyn in all cell lines. OLN-93, OLN-AS7 and OLN-

p25α cells were incubated with 3 µg human aSyn PFFs for 48 hrs or 10 days, and the recruitment of endogenous rat aSyn was 

examined by confocal microscopy. (A) Representative immunofluorescence images with antibodies against human aSyn (green) 

and endogenous rat aSyn (red) and DAPI staining. Scale bar: 25 µm. (B) Quantification of human and endogenous rat aSyn 

protein levels measured as % area surface/cell in OLN cell lines following the addition of 3 μg PFFs for 48 hrs or 10 days. Data 

are expressed as the mean ±SE of at least three independent experiments with triplicate samples/condition within each experiment; 

*p<0.05; **p<0.01, ***p< 0.001, by two-way ANOVA with Bonferroni’s correction. (C) The addition of a high concentration of 

haSyn PFFs (3 μg) leads to the formation of time-resistant pathological (oxidized/nitrated) aSyn species, in which endogenous rat 

aSyn is the major constituent, as shown using antibodies against oxidized/nitrated aSyn (green) and endogenous rat aSyn (red) and 

DAPI staining. Scale bar: 25 μm. (D) Quantification of oxidized/nitrated aSyn protein levels measured as % area surface/cell in 

OLN cell lines following the addition of 3 μg PFFs for 48 hrs or 10 days. Data are expressed as the mean ±SE of at least three 
independent experiments with triplicate samples/condition within each experiment; ***p<0.001, by two-way ANOVA with 

Bonferroni’s correction. 
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antibody), since both the rodent-specific (D37A6) and MJFR-14 antibodies are generated in rabbits 

(Figure 37A).  

 

 

 

 

 

Figure 37: Incubation of OLN cells with 3 μg PFFs for 48 h or 10 days expedites the formation of aggregated conformations 

of aSyn. (A, upper panel) Representative immunofluorescence images with antibodies against human aSyn (green, 211 antibody, 

upper panel), total aSyn (human + rodent, green, D10, bottom panel) and aggregated aSyn (red) and DAPI staining in OLN-93 

cells. Scale bar: 7.5 μm. (bottom panel) Quantification of aggregated (left), human (middle) and total (human+ rodent) aSyn levels 

in all OLN cell lines treated with 3 μg haSyn PFFs for 48 h or 10 days, expressed as % area surface/cell verifies the aggregated 

nature of the generated aSyn assemblies and highlights the contribution of recruited endogenous rat aSyn to the formation of such 

structures. Data are expressed as the mean±SE of at least three independent experiments with triplicate samples/condition within 

each experiment; *p<0.05; **p< 0.01; ***p< 0.001 by two-way ANOVA with Bonferroni’s correction. (B) Quantification of the 

percentage of positively stained OLN-93, OLNAS7 or OLN-p25α cells treated with 3 μg PFFs for 48 h or 10 days with antibodies 

against endogenous rat (D37A60), human (LB-509), aggregated (MJFR-14) or pathological aSyn species (oxidized/nitrated aSyn 

[Syn303] or pSer129-aSyn [EP1536Y]). All data are expressed as the mean± SD of at least three independent experiments with 
triplicate samples/condition within each experiment. 
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Total aSyn (human and endogenous rat) and aggregate-aSyn fluorescence signals exhibited 

a nearly complete co-localization (Figure 35A and Figure 37A), whereas staining with the 211 

human-specific and MJFR-14 aggregate-specific aSyn antibodies (Figure 35B and Figure 37A) 

revealed partial co-localization, suggesting indirectly that endogenous rat aSyn is a major 

component of the formed aggregates. Consistent with this idea, MJFR-14-positive immunostaining 

increased following the addition of PFFs over a period of 10 days, matching the pattern of 

endogenous rat aSyn, whereas human aSyn-positive structures remained stable or decreased over 

time, with OLN-p25α cells again exhibiting higher levels of total and aggregated aSyn (Figure 

37A). Interestingly, the percentage of cells positive for the various aSyn conformations was similar 

among all OLN cell lines, with the exception of pSer129 aSyn (EP1536Y antibody) (Figure 37B), 

suggesting that the observed differences shown in Figure 37A are possibly attributed to the 

formation of larger aggregates in aSyn- and p25α-expressing cells, compared to OLN-93 cells. 

Finally, proof-of-concept experiments utilizing sonicated fibrils yielded similar results regarding the 

seeding of endogenous aSyn and the formation of pathological assemblies (Figures 38-39). 

 

 

 

Figure 38: The addition of sonicated haSyn PFFs leads to the recruitment of endogenous rat aSyn and the formation of 

pathological aSyn species. A-B Representative immunofluorescence images of all OLN cell lines treated with non-sonicated and 

sonicated PFFs (0.5 μg for 48 hrs) using antibodies against human aSyn (green, LB-509 antibody), endogenous rat aSyn (red, 

D37A6 antibody) and oxidized/nitrated aSyn (green, Syn303 antibody) and DAPI staining. Scale bar: 25 μm.  
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7. Endogenous mouse oligodendroglial aSyn is incorporated into pathological aSyn assemblies 

in primary oligodendrocytes following the addition of haSyn PFFs  
 

To investigate the intracellular processes governing the templating of aSyn pathology in a 

more physiological cellular setting with properties resembling more closely those of the CNS 

oligodendrocytes we established a protocol to isolate and cultivate mature oligodendrocytes derived 

from P0-P3 mouse brains. In order to decipher whether the presence of aSyn, which is small in 

amount, is a prerequisite for the seeding of exogenous added haSyn, we used primary 

oligodendrocytes prepared from WT- or KO-aSyn mice. In parallel experiments, we utilized 

primary cultures from PLP-haSyn mice, a well-established MSA mouse model in which haSyn is 

overexpressed only in oligodendrocytes, under the PLP promoter (Kahle, Neumann et al. 2002). To 

differentiate the oligodendroglial progenitor cells into mature, myelin producing (MBP+) 

oligodendrocytes, the cells were grown in SATO medium. The enrichment of the cultures with 

oligodendrocytes was verified utilizing markers for astrocytes (GFAP) and microglia (AIF1/IbaI), 

as well as markers for the oligodendroglial lineage such as Olig2, O4, and MBP (Figure 40A, B).  

Figure 39: The addition of sonicated haSyn PFFs leads 

to the recruitment of endogenous rat aSyn and the 

formation of pathological aSyn species. (A) 

Representative immunofluorescence images of all OLN 

cell lines treated with non-sonicated and sonicated PFFs 

(0.5 μg for 48 hrs).. Scale bar: 25 μm. (B) Transmission 

EM images of negatively stained haSyn PFF samples pre-

sonication (upper) or post-sonication (bottom) confirming 

the efficient sonication of the fibrils utilized. 
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As observed in the OLN cell lines, the addition of haSyn PFFs (0.5 μg, 48 h) evoked a 

dramatic increase in the levels of endogenous mouse oligodendroglial aSyn only in the WT-aSyn 

and PLP-haSyn primary cultures (Figure 40C). No fluorescence signal for the rodent-specific 

D37A6 aSyn antibody was detected in the KO-aSyn cultures or at baseline in the WT-aSyn and 

PLP-haSyn cultures in the absence of haSyn PFF treatment (Figures 40C, 41B-C). The magnitude 

of the increase was dependent on the endogenous aSyn load, since the rodent-specific aSyn signal 

was more intense and more compact in the PLP-haSyn oligodendrocytes than in WT-aSyn 

oligodendrocytes (Figure 40C).  

 

 

 

 

 

 

The formed aSyn species were aggregated, as verified by the strong immunoreactivity of the 

conformation-specific MJFR-14 antibody, which co-localized completely with the D10 antibody, 

recognizing the human+rodent protein (Figure 41A). Interestingly, the expression pattern of aSyn 

in the haSyn-PLP cultures changed dramatically from diffuse (in PBS-treated cultures) to strongly 

Figure 40: Endogenous mouse oligodendroglial aSyn is incorporated into pathological aSyn assemblies in primary mouse 

oligodendroglial cultures following the addition of haSyn PFFs. (A, B) Mouse primary oligodendroglial cells derived from WT-aSyn 

pups were grown in SATO medium for 7 days prior to fixation and immunofluorescent analysis. The enrichment of the cultures in mature 

myelin-producing oligodendrocytes was confirmed with confocal microscopy using antibodies against glial fibrillary acidic protein as an 

astrocytic marker (green, GFAP), allograft inflammatory factor 1 (gray, AIF1/Iba1) as a marker for microglia and myelin basic protein (red, 

MBP) as a marker for mature oligodendrocytes (A), as well as against the oligodendroglial markers Olig2 (red, AB9610 antibody) and O4 

(green, MAB1326 antibody) (B). α-Tubulin (gray, 62204 antibody) and DAPI staining were used as cytoskeletal and nuclear markers, 

respectively. Scale bars: 25 μm (A, upper panels), 50 μm (A, bottom panel) and 10 µm (B). (C) Confocal microscopy with human-specific 

(green) and rodent-specific (red) aSyn antibodies identifies the enhanced expression of endogenous mouse aSyn in WT-aSyn and PLP-

haSyn oligodendroglial cultures, upon the addition of 0.5 µg haSyn PFFs for 48 h. No rodent-specific signal is detected in KO-aSyn cells. 
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punctated (in PFF-treated cultures), as detected by the LB-509 and D10 antibodies (Figure 40C, 

41A). Finally, the rodent-specific positive puncta colocalized to a great extent with the 

oxidized/nitrated aSyn antibody in the WT-aSyn and haSyn-PLP cultures, but not in the KO-aSyn 

cultures (Figure 41B-C), further indicating that the endogenous protein contributes to the formation 

of such pathological conformations.  

 

 

 

 

Figure 41: Endogenous mouse oligodendroglial aSyn is incorporated into pathological aSyn assemblies in primary mouse 

oligodendroglial cultures following the addition of haSyn PFFs. (A, B) Both exogenously added human aSyn and endogenous 

mouse aSyn contribute to the formation of aggregated (A) and oxidized/nitrated (B) conformations of aSyn in WT-aSyn and PLP-

haSyn primary oligodendrocytes incubated with haSyn PFFs. Only exogenously added haSyn PFFs (A) and not oxidized/nitrated (B) 

conformations are detected in the KO-aSyn cultures. Representative immunofluorescent images using antibodies against total aSyn 

(green, D10 antibody) and aggregated aSyn (red) are shown in A and against oxidized/nitrated aSyn (green) and endogenous mouse 

aSyn (red) are shown in B. Scale bar: 25 μm. (C) Quantification of human, endogenous rodent and total (human and rodent) aSyn 

protein levels (upper panel) or aggregated and oxidized/nitrated aSyn protein levels (bottom panel) measured as % area surface/cell in 

KO-aSyn, WT-aSyn or PLP-haSyn mouse primary oligodendroglial cultures following the addition of 0.5 μg PFFs for 48 hrs. Data are 

expressed as the mean± SE of at least three independent experiments with triplicate samples/condition within each experiment; *p< 

0.05; ***p<0.001, by one-way ANOVA with Tukey’s post hoc test (to compare between PBS- and PFF-treated cells) or by two-way 

ANOVA with Bonferroni’s correction (to compare between the different PFF-treated cultures). 
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8. Endogenous oligodendroglial aSyn protein load is closely linked to the redistribution of 

microtubule-associated proteins upon the addition of haSyn PFFs  
 

Given the close link between aSyn levels and the redistribution p25α in disease 

pathogenesis, we assessed the expression pattern of p25α in PFF-treated primary mouse 

oligodendrocytes. As shown in Figure 42A and 43B, there was no apparent change in the pattern of 

p25α expression in PFF-treated KO-aSyn cultures (Figure 42A, upper rows), in contrast to WT-

aSyn cultures, in which p25α was redistributed from the oligodendroglial processes to the cell body, 

although no obvious co-localization with haSyn-positive aggregates was observed (Figure 42A, 

middle rows). Remarkably, p25α in the PFF-treated PLP-haSyn oligodendrocytes, beyond its cell 

body redistribution, accumulated clearly in haSyn-positive cytoplasmic aggregates (Figure 42A, 

bottom rows). This change was related to haSyn PFFs, given that p25α protein levels were similar 

between the untreated oligodendroglial cultures (Figures 42A, 43B and 43C).  

Figure 42: The re-distribution of the microtubule-associated proteins p25α, tau, and MBP in primary oligodendroglial cells 

depends on endogenous aSyn protein load following the addition of haSyn PFFs. (Α) p25α redistributes from the 

oligodendroglial processes to the cell body only in WT-aSyn and in PLP-aSyn cultures and is trapped in aSyn-positive aggregates 

only in PLP-haSyn oligodendroglial cells (bottom rows), following treatment with haSyn PFFs for 48 hrs. No relocalization of p25α 

is observed in KO aSyn primary oligodendroglial cultures (upper rows). Representative immunofluorescence images with antibodies 

against human aSyn (green, LB509), endogenous mouse p25α (red, p25α antibody) and DAPI staining. Scale bar: 25 µm. (B) The 

cellular pattern and distribution of phosphorylated tau at residue Ser404 changes dramatically following the addition of haSyn PFFs 

in a manner dependent upon the endogenous aSyn protein load. No differences are observed in KO-aSyn cultures treated with haSyn 

PFFs. Immunofluorescence images with antibodies against human aSyn (green) and pSer404 tau (red, AP01708PU-N antibody) are 

shown. DAPI is used as a nuclear marker. Scale bar: 25 μm. 
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Since p25α is a tubulin polymerization-promoting protein that is involved in the 

organization of the microtubule network (Tirian, Hlavanda et al. 2003), its re-localization in the 

presence of haSyn PFFs might also be linked to the altered localization of other microtubule-

associated proteins, such as tau, which has also been found to be present in GCIs (Takeda, Arai et 

al. 1997). To investigate whether the distribution pattern of tau was affected upon the addition of 

haSyn PFFs, we studied tau phosphorylated at residue Ser404 (pSer404-tau), which is one of the 

first sites to be hyperphosphorylated leading to the detachment of tau from microtubules, a 

phenomenon that is closely related to disease pathogenesis in tauopathies (Gustke, Steiner et al. 

1992; Alonso, Zaidi et al. 1994; Sun and Gamblin 2009; Mondragon-Rodriguez, Perry et al. 2014). 

Our data showed that pSer404-tau was redistributed from the processes to the cell soma upon the 

Figure 43: The re-distribution of the microtubule-associated proteins p25α, tau, and MBP in primary oligodendroglial cells 

depends on endogenous aSyn protein load following the addition of haSyn PFFs. (A) The cellular pattern and distribution of MBP 

changes dramatically following the addition of haSyn PFFs in a manner dependent upon the endogenous aSyn protein load. No 

differences are observed in KO-aSyn cultures treated with haSyn PFFs, thus highlighting the contribution of the endogenous 

oligodendroglial aSyn to the dysregulation of myelin. Immunofluorescence images with antibodies against human aSyn (green) and 

MBP (red) are shown. DAPI is used as a nuclear marker. Scale bar: 25 μm. (B) Quantification of p25α (upper row), pSer404 tau 

(middle row), or MBP protein levels (bottom row) in KO-aSyn, WT-aSyn and PLP-haSyn primary oligodendrocyte cultures treated 

with 0.5 μg haSyn PFFs for 48 hrs measured as % area surface/cell. Data are expressed as the mean ± SE of three independent 

experiments with three samples/condition within each experiment; *p< 0.05; **p<0.01; ***p<0.001, by one-way ANOVA with 

Tukey’s post hoc test (to compare between PBS- and PFF-treated cells) or by two-way ANOVA with Bonferroni’s correction (to 
compare between the different PFF-treated cultures). (C) No differences are detected in p25α protein levels expressed in KO-aSyn, 

WT-aSyn, or PLP-haSyn primary oligodendrocytes. (upper panel) Representative immunoblots of p25α, MBP and haSyn (4B12 

antibody) protein levels are shown. Equal loading was verified by the detection of β-actin levels. (bottom panel) Quantification of p25α 

protein levels expressed in all primary oligodendroglial cultures. Data are expressed as the mean ± SE of three independent experiments 

with triplicate samples/condition within each experiment. 
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addition of haSyn PFFs in a manner dependent on the endogenous aSyn load, since this effect was 

more evident and robust in PLP-haSyn cultures, whereas the pSer404-tau immunostaining pattern 

remained unchanged only in the case of KO-aSyn primary oligodendrocytes (Figures 42B and 

43B). However, pSer404-tau largely failed to be incorporated into haSyn aggregates, even in PLP-

haSyn cultures, revealing a different behavior compared to p25α; this may have occurred because 

this specific phosphorylated form, in contrast to p25α, is unable to bind to microtubules.  

Finally, we assessed the impact of exogenously added haSyn PFFs on myelination, which is 

impaired in MSA brains (Song, Lundvig et al. 2007; Don, Hsiao et al. 2014; Ettle, Kerman et al. 

2016). The addition of haSyn PFFs to primary oligodendrocyte precursor cells reportedly leads to 

the disruption of MBP expression (Kaji, Maki et al. 2018). However, the role of endogenous aSyn 

in the levels and distribution of MBP remains unknown. In order to investigate whether alterations 

in the levels of endogenous oligodendroglial aSyn may be linked to alterations in myelin integrity, 

we assessed haSyn and MBP by confocal microscopy. Our data showed that the presence of 

endogenous mouse aSyn (in WT-aSyn cultures) or overexpressed human aSyn (in PLP-haSyn 

cultures) led to a dramatic alteration of MBP immunoreactivity following the addition of haSyn 

PFFs; in particular, MBP staining was drastically decreased and redistributed from the processes to 

the cell soma, largely colocalizing with aggregated haSyn (Figure 43A, B). On the contrary, KO-

aSyn mouse oligodendrocytes did not display any significant changes in MBP levels or distribution 

(Figure 43A), thus indicating a crucial role for seeded oligodendroglial aSyn aggregation in the 

alterations of MBP.  

 

9. Delivery of haSyn PFFs into the mouse striatum is accompanied by the recruitment of 

endogenous oligodendroglial protein in MBP+ pathological aggregates and the impairment of 

myelin integrity  
 

In order to evaluate the seeding capacity of haSyn within oligodendrocytes in vivo, we 

performed unilateral stereotactic injections of haSyn PFFs (4 μg/brain) (or PBS as a control) into 

the mouse striatum, to imitate the situation occurring in MSA brains. As shown in Figure 44A 

(bottom panels), the delivery of haSyn PFFs into the mouse striatum seeded the recruitment of 

endogenous mouse aSyn to form MBP-positive inclusions, which were positive for human and 

rodent aSyn, detected at 1 month post-injection (Figure 44A, IPSI, indicated by the asterisks). 

The uptake of haSyn PFFs by oligodendrocytes was verified further by co-staining with the p25α 

antibody (Figure 44B), whose specificity for oligodendrocytes in the mouse striatum was 

confirmed by its complete co-localization with O4 and Olig2 antibodies (Figure 44C).  

Consistent with the results in the primary oligodendroglial cultures, the MBP-positive signal 

changed dramatically upon the addition of haSyn PFFs, and MBP+ puncta colocalized with the 
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human (LB-509), rodent (D37A6), total (SYN1) and aggregated aSyn antibodies (Figures 44A and 

45A). Importantly, such alterations were not observed when a similar amount of haSyn PFFs was 

injected into the striatum of KO-aSyn mice (Figure 44A).  Staining with the SYN303 aSyn 

antibody, which recognizes oxidized/nitrated species, revealed the formation of pathological 

aggregated aSyn assemblies in MBP+ oligodendrocytes of the ipsilateral striatum within 1 month of 

injection (Figure 45B). No SYN303 aSyn-positive signal was detected in haSyn PFF-injected KO-

aSyn striatum (data not shown), and none of the aforementioned pathological alterations were 

observed in the ipsilateral striatum of WT-aSyn mice injected with PBS (Figure 46).  

 

 

 

 

 

 

 

Importantly, ultrastructural EM analysis revealed that haSyn PFFs evoked a clear 

rearrangement of the myelin sheath in the striatum of WT-aSyn mice, compared to PFF-treated KO-

aSyn mice, as depicted by the increased number of axons with a decompacted myelin sheath and 

axons with myelin vesiculation (Figure 45 C, D). Such data support further the aforementioned 

Figure 44: Unilateral delivery of haSyn PFFs (4 μg) into the WT-aSyn mouse striatum results in the recruitment of endogenous 

mouse oligodendroglial aSyn and the formation of pathological aSyn assemblies. (A) Representative immunofluorescence images 

showing the co-localization (indicated by the asterisks) of exogenously added human aSyn PFFs (gray) with endogenous mouse aSyn 

(green) in MBP+ cells (red) in the ipsilateral (IPSI) striatum, but not in the contralateral (CONTRA) striatum, at 1 month post-injection 

(lower panel). Importantly, no endogenous mouse-specific aSyn signal was detected in the ipsilateral striatum of KO-aSyn mice (upper 

panel). Scale bar: 10 μm. High-power merged images are shown on the right. (B) Human aSyn PFFs are taken up by striatal 

oligodendrocytes in vivo, as shown by confocal microscopy using antibodies against human aSyn (green, LB-509 antibody) and the 

oligodendroglial marker p25α (red, p25α antibody). Scale bar: 10 μm. (C) The specificity of our home-made p25α antibody to 

oligodendrocytes was further verified using the O4 (gray, upper panel) and Olig2 (gray, bottom panel) antibodies. Scale bar: 10 μm.  
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results in PFF-treated primary oligodendrocytes (Figure 43A, B) and in the PFF-treated ipsilateral 

WT-aSyn striatum (Figure 44A and 45A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: Unilateral delivery of haSyn PFFs (4 μg) into the WT-aSyn mouse striatum results in the recruitment of endogenous 

mouse oligodendroglial aSyn and the formation of pathological aSyn assemblies. (A) MBP redistributes in the PFF-injected striatum 

and co-localizes with aggregated aSyn conformations. Representative immunofluorescence images for MBP (red), human aSyn (gray, 

SYN1 antibody), aggregated aSyn (green) and DAPI staining. Scale bar: 10 μm. (B) Pathological aSyn assemblies are detected in the 

ipsilateral striatum of WT-aSyn mice injected with haSyn PFFs at 1 month post-injection, as verified using antibodies against 

oxidized/nitrated aSyn (gray) and aggregated aSyn (green). Scale bar: 10 μm. (C) Ultrastructural transmission EM analysis of haSyn PFF-

injected KO-aSyn (upper panel) or WT-aSyn (bottom panel) mouse striatum at 1 month post-injection, revealing myelin sheath 

decompaction only in WTaSyn neuronal axons (red arrowheads) vs. normal myelinated axons (yellow asterisks). Purple arrowheads point 

to areas with vesiculated myelin sheaths. Scale bars: 2 μm (left panels), 1 μm (middle panels), and 500 nm (right panels). (D) Average 

myelin g-ratio values (upper row) and quantification of axons with decompacted myelin (bottom row) derived from haSyn PFF-injected 

KO-aSyn or WT-aSyn mouse striatum. Data are expressed as the mean± SE of n=4 mice per group. **p<0.01; ***p< 0.001 by Student’s 
unpaired t test. 
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Figure 46: Unilateral intrastriatal delivery of PBS into the mouse WT-aSyn brain is not associated with aSyn-related 

pathology. (A-D) Representative immunofluorescence images with antibodies against haSyn (gray, LB-509 antibody), total aSyn 

(gray, SYN1 antibody), oxidized/nitrated aSyn (gray, Syn303 antibody), endogenous mouse aSyn (green, D37A6 antibody), 

aggregated aSyn (green, MJFR-14 antibody), p25α (red, shown in D), and MBP (red, shown in A-C) and DAPI staining. Scale bar: 

10 μm. 
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10. Both the proteasome and the ALP contributes to the degradation of the endogenous rat 

oligodendroglial aSyn  
 

Our aforementioned data insinuate that manipulation of the expression of aSyn and/or p25α 

in oligodendrocytes may provide a rational approach to combat the accumulation of aSyn in GCIs 

and the progression of MSA. However, the degradation pathways responsible for the clearance of 

the endogenous oligodendroglial aSyn and p25α in health and disease and the role of ALP 

manipulation in the context of MSA remained unexplored.  

In order to study the degradation pathways responsible for the proteolysis of the endogenous 

rat oligodendroglial aSyn, we pharmacologically inhibited the lysosome (total and macroautophagy-

dependent) and the proteasome, or we performed siRNA-based gene silencing of CMA- and 

macroautophagy-related genes. Specifically, we utilized the rat oligodendroglial OLN-93, OLN-

AS7 and OLN-p25α cell lines, which express very low to non-detectable levels of the endogenous 

aSyn and we treated cells with 20 mM NH4Cl (as total lysosomal inhibitor), 10 mM 3MA (as 

macroautophagy inhibitor) or 15 nM epoxomicin (epox, as proteasomal inhibitor) for 48 hrs. 

Confocal microscopy analysis revealed that all pharmacological inhibitors significantly increased 

the oligodendroglial aSyn signal in all lines (expressed as μm2 area/cell), detected with the rodent-

specific D37A6 antibody (Figure 47A-D). Moreover, immunoblot analysis further confirmed the 

notion that the oligodendroglial aSyn is mostly degraded by the lysosome (Figure 48 A, B).  

In order to dissect the partitioning of CMA and macroautophagy lysosomal pathways in the 

rodent aSyn degradation under basal conditions, we treated all OLN cell lines with Lamp2a- 

(Lsi1/Lsi2) or Atg5- (Atg5 si) specific siRNAs, targeting the LAMP2A receptor which acts as the 

rate-limiting step of the pathway or the macroautophagy- ATG5 protein that participates in the 

formation of the phagophore, which will ultimately become the autophagosome. The efficacy of 

these siRNAs on LAMP2A or ATG5 downregulation was verified 72 hrs later by confocal 

microscopy that revealed an almost 3-fold decrease in the respective protein levels as a result of the 

effective gene silencing (Figure 49A-D), measured as M.F.I./cell. Atg5 siRNA was accompanied 

by decreased levels of the autophagosome marker LC3B, further verifying the efficient inhibition of 

macroautophagy (Figure 49E-F).  

Interestingly, treatment of OLN cells with Lsi1/Lsi2 (Figure 50) or Atg5 (Figure 51) 

siRNAs was accompanied by a significant increase in endogenous rat oligodendroglial aSyn protein 

levels. It is important to mention that the D37A6 antibody does not produce a specific 

immunofluorescence signal in control conditions (PBS- or scr siRNA-treated cells, Figures 47, 50, 

51), whereas in immunoblot analysis, film overexposure enables the detection of the rodent aSyn 

signal at minute amounts even at basal conditions (Figure 48). In all cases, α-tubulin was used as a 
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cytoskeletal marker, in order to verify the cytoplasmic distribution of the endogenous 

oligodendroglial aSyn protein. 

 

 

 

 

 

 

 

 

Figure 47: Both autophagy and the proteasome contributes to the degradation of the endogenous rat oligodendroglial 

aSyn. (A-C) Confocal microscopy with endogenous rodent-specific aSyn and α-tubulin antibodies reveals the cytoplasmic 

accumulation of the endogenous oligodendroglial aSyn in OLN-93 (A), OLN-AS7 (B) and OLN-p25α cells (C) upon treatment 

with: proteasomal (epoxomicin, 15 nM) or autophagy (NH4Cl 20 mM, 3MA 10 mM) inhibitors for 48 hrs. Representative 

immunofluorescence images with antibodies against α-tubulin (green) and rat aSyn (red, D37A6 antibody) and DAPI staining are 

shown. Scale bar: 25 μm. (D) Quantification of the endogenous rat aSyn protein levels in OLN cells measured as μm2 area 

surface/cell following treatment with proteasomal (epox) or lysosomal (NH4Cl, 3MA) inhibitors for 48 hrs. Data are expressed as 

the mean ± SE of three independent experiments with duplicate samples/condition within each experiment; ***p< 0.001, by one-

way ANOVA with Tukey’s post hoc test (to compare between inhibitor-treated and untreated cells) or #p<0.05; ###p< 0.001 by 

two-way ANOVA with Bonferroni’s correction (to compare between the different OLN cell lines).  
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Figure 48: Both autophagy and the proteasome contributes to the degradation of the endogenous 

rat oligodendroglial aSyn. (A) Representative immunoblots for rodent aSyn (D37A6 antibody), poly-

ubiquitinated proteins, LC3I & II, and p62 (as macroautophagy markers), and β-actin (as loading 

control), verifying the increase of endogenous oligodendroglial aSyn protein levels in OLN-93 cells 

following lysosomal inhibition (NH4Cl, 48 hrs). (B) Quantification of the endogenous rat aSyn protein 

levels in OLN-93 cells treated with proteasomal (epox) or autophagy (NH4Cl, 3MA) inhibitors for 48 

hrs. Data are expressed as the mean ± SE of three independent experiments with duplicate 

samples/condition within each experiment; *p<0.05, by one-way ANOVA with Tukey’s post hoc test. 



100 

 

Figure 49: Efficient down-regulation of LAMP2A and ATG5 protein levels by Lamp2a and Atg5 siRNAs, respectively. OLN-

93 cells were treated with (A) Lsi1/Lsi2 (60 nM) or (C, E) Atg5 si (10 nM) for 72 hrs for Lamp2a and Atg5 silencing, respectively. 

(A, C, E) Representative immunofluorescence images of LAMP2A (A, red) and ATG5 (C, red) proteins verifying the genes’ 

silencing. The reduced expression of the autophagosome marker LC3B (E, red) upon Atg5 siRNA treatment indicates efficient 

macroautophagy inhibition. Α-tubulin is used as cytoskeletal marker (green) and DAPI as nuclear marker. Scale bar: 25 μm. (B, D, 

F) Quantification of LAMP2A (B), ATG5 (D) and LC3B (F) protein levels in OLN-93 cells, measured as M.F.I./cell. Data are 

expressed as the mean±SE of three independent experiments with duplicate samples/condition within each experiment; ***p< 0.001, 

by one-way ANOVA with Tukey’s post hoc test. 
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Figure 50: Down-regulation of the CMA-related gene Lamp2a leads to the accumulation of the endogenous rat 

oligodendroglial aSyn. (A-C) Representative immunofluorescence images of OLN-93 (A), OLN-AS7 (B) and OLN-p25α cells (C) 

treated with two different siRNAs targeting the rat Lamp2a receptor (Lsi1/Lsi2, 60 nM) for 72 hrs. Scrambled RNA sequences (scr) 

were used as negative control. The antibodies utilized were against α-tubulin (green) and rat aSyn (red, D37A6 antibody). DAPI was 

used as a nuclear marker. Scale bar: 25 μm. (D) Quantification of the endogenous rat aSyn protein levels in OLN cells shown in A-C 

measured as μm2 area surface/cell. Data are expressed as the mean ± SE of three independent experiments with duplicate 

samples/condition within each experiment; *p<0.05; **<0.01; ***p< 0.001, by one-way ANOVA with Tukey’s post hoc test (to 

compare between siRNA-treated and untreated cells) or ##p< 0.01 by two-way ANOVA with Bonferroni’s correction (to compare 

between the different treated cell cultures). 
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Figure 51: Down-regulation of the macroautophagy-related gene Atg5 leads to the accumulation of the endogenous 

rat oligodendroglial aSyn. (A-C) Confocal microscopy images depicting the cytoplasmic accumulation of the rodent 

oligodendroglial aSyn (D37A6 ab, red) in OLN-93 (A), OLN-AS7 (B) and OLN-p25α cells (C) upon treatment with Atg5-siRNA 

(Atg5 si, 10 nM) or scrambled siRNA (scr) for 72 hrs. α-tubulin was used as a cytoskeletal marker and DAPI as a nuclear marker. 

Scale bar: 25 μm. (D) Quantification of the endogenous rat aSyn protein levels in OLN cells shown in A-D measured as μm2 area 

surface/cell. Data are expressed as the mean ± SE of three independent experiments with duplicate samples/condition within each 

experiment; **<0.01; ***p< 0.001, by one-way ANOVA with Tukey’s post hoc test. 

 

11. The overexpressed human aSyn accumulates upon pharmacological or molecular 

inhibition of the autophagy-lysosome pathway in OLN-AS7 cells 
 

The degradation of the overexpressed human aSyn was also studied in OLN-AS7 cells, as 

above. Treatment of rat OLN-AS7 cells with NH4Cl or 3MA for 48 hrs increased human aSyn 

protein levels (detected with the human-specific aSyn antibody LB-509) measured as M.F.I./cell, 

suggesting that this protein is degraded, at least partly, via the ALP (Figure 52 A, B). Moreover, the 

accumulation of human aSyn upon NH4Cl or 3MA treatment of OLN-AS7 cells for 48 hrs was 

further verified by immunoblot analysis as shown in Figure 52 C, D. In addition, transfection of 

OLN-AS7 cells with Lsi1/Lsi2 or Atg5 siRNAs for 72 hrs increased protein levels of human aSyn 

albeit non-significantly, as detected with confocal microscopy (Figure 53A, B, E and F) and 

immunoblot analysis (Figure 53 C, D, G and H). 

Interestingly, proteasomal inhibition (epox, 24 hrs) evoked a robust increase of human Snca 

mRNA levels in OLN-AS7 cells (Figure 54A), accompanied by accumulation of human aSyn 

protein levels (data not shown) due to the epox-mediated non-specific activation of the CMV 

promoter (which drives the expression of human Snca in OLN-AS7 cells), as has been previously 
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suggested by Biasini et al., 2004 (Biasini, Fioriti et al. 2004). Similar effect has been reported using 

lactacystin or MG132 (Biasini, Fioriti et al. 2004), rendering difficult the investigation of the role of 

the proteasome to the degradation of the overexpressed human protein in OLN-AS7 cells. 

Importantly, treatment of OLN-AS7 cells with NH4Cl for 24 hrs or 48 hrs did not increase human 

Snca mRNA levels, suggesting that the observed increased protein levels upon lysosomal inhibition 

was due to impaired degradation (Figure 54C). 

 

 

 

 

 

 

 

 

 

 

Figure 52: The overexpressed human aSyn accumulates upon pharmacological inhibition of the ALP in OLN-AS7 cells. (A) 

Representative immunofluorescence images of OLN-AS7 cells treated with NH4Cl (20 mM) or with the macroautophagy inhibitor 3MA 

(10 mM) using antibodies against human aSyn (red, LB509 antibody) and α-tubulin (green) and DAPI staining. Scale bar: 25 μm. (B) 

Quantification of human aSyn protein levels in OLN-AS7 cells measured as Mean Fluorescence Intensity/cell (M.F.I./cell) following 

treatment with NH4Cl, 3MA for 48 hrs. Data are expressed as the mean±SE of three independent experiments with duplicate 
samples/condition within each experiment; *p<0.05; **p< 0.01, by one-way ANOVA with Tukey’s post hoc test.  (C) Representative 

immunoblots of human aSyn protein levels (using the human aSyn-specific 4B12 antibody) derived from OLN-AS7 cells following total 

lysosomal (NH4Cl) or macroautophagy inhibition (3MA). Antibodies against LC3I & II, and p62 were used as macroautophagy markers 

and β-actin as loading control. (D) Quantification of the human aSyn protein levels in OLN-AS7 cells treated with NH4Cl or 3MA for 

48 hrs. Data are expressed as the mean±SE of three independent experiments with duplicate samples/condition within each experiment; 
*p<0.05; ***p<0.001, by one-way ANOVA with Tukey’s post hoc test. 
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Figure 53: The overexpressed human aSyn accumulates upon molecular inhibition of the ALP in OLN-AS7 cells. (A, E) 

Representative immunofluorescence images of OLN-AS7 cells following siRNA delivery targeting Lamp2a  (A) or the autophagy-

related Atg5 gene (E) using antibodies against human aSyn (red, LB509 antibody) and α-tubulin (green) and DAPI staining. Scale 

bar: 25 μm. (B, F) Quantification of human aSyn protein levels in OLN-AS7 cells measured as Mean Fluorescence Intensity/cell 

(M.F.I./cell) following transfection with Lsi1/Lsi2 (60 nM) (B) or Atg5 si (10 nM) (F) for 72 hrs. 
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Figure 53 (continued): Scrambled RNA sequences (scr) were used as negative control. Data are expressed as the mean±SE of three 

independent experiments with duplicate samples/condition within each experiment; *p<0.05; **p< 0.01, by one-way ANOVA with 

Tukey’s post hoc test.  (C, G) Representative immunoblots of human aSyn protein levels (using the human aSyn-specific 4B12 

antibody) derived from OLN-AS7 cells following gene silencing using Lamp2a- (Lsi1/Lsi2) and Atg5-si RNAs, respectively. Gene 

silencing was verified by the detection of LAMP2A or ATG5 protein levels. Scrambled RNA sequences (scr) were used as negative 

control. Antibodies against LC3I & II, and SQSTM1 were used as macroautophagy markers and β-actin as loading control. (D, H) 

Quantification of the human aSyn protein levels in OLN-AS7 cells treated with (D) Lsi1/Lsi2 for 72 hrs and (H) Atg5 si for 72 hrs. 

Data are expressed as the mean±SE of three independent experiments with duplicate samples/condition within each experiment; 

*p<0.05; ***p<0.001, by one-way ANOVA with Tukey’s post hoc test. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54: Non-specific CMV-dependent transcriptional up-regulation of human Snca and Tppp/p25α mRNA by the 

proteasomal inhibitor epoxomicin. (A-B) Expression of Snca and Tppp/p25α cDNAs is driven by the CMV promoter in OLN-AS7 

and OLN-p25α cells, respectively and epoxomicin (epox, 15 nM, 24 hrs) increased the CMV-driven transcription, as assessed by 

quantitative real-time PCR. (C-D) No alterations at the mRNA levels of Snca or Tppp/p25α were observed when OLN-AS7 and 

OLN-p25α cells were treated with the total lysosomal inhibitor NH4Cl (20 mM) for 24 or 48 hrs. Data are expressed as human Snca 

or Tppp/p25α mRNA levels relative to the mRNA levels of rat Gapdh normalized to control-treated cultures (PBS). 

 

12. The overexpressed human p25α is increased following pharmacological or molecular 

inhibition of the autophagy-lysosome pathway in OLN-p25α cells 
 

To decipher the role of the ALP on p25α proteolysis, OLN-p25α cells were incubated with 

20 mM NH4Cl or 10 mM 3MA (48 hrs) for total lysosomal or macroautophagy-dependent 

inhibition, respectively, and protein levels of p25α were assessed by immunofluorescence analysis 

(as M.F.I./cell) and Western blotting. According to the data presented in Figure 55 treatment of 

OLN-p25α cells with these pharmacological inhibitors led to p25α protein accumulation, suggesting 
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that the lysosome (with macroautophagy contributing to a lesser extent) is responsible, at least 

partly, for p25α proteolysis under basal conditions.  

 

Figure 55: The overexpressed human p25α is increased following pharmacological inhibition of the ALP in OLN-p25α cells. (A) 

Representative immunofluorescence images of OLN-p25α cells showing the increased protein levels of human p25α upon 

pharmacological inhibition of lysosomal pathways (total, CMA, macroautophagy) using antibodies against human p25α (red) and α-

tubulin (green) and DAPI staining. Scale bar: 25 μm.  (B) Quantification of human p25α protein levels in OLN-p25α cells measured as 

M.F.I./cell following treatment with NH4Cl, 3MA for 48 hrs. Data are expressed as the mean±SE of three independent experiments with 

duplicate samples/condition within each experiment; *p<0.05; **p< 0.01, by one-way ANOVA with Tukey’s post hoc test. (C) 

Representative immunoblots of OLN-p25α cell lysates verifying the accumulation of p25α protein levels upon lysosomal inhibition using 

pharmacological. Antibodies against LC3I & II, and p62 were used as macroautophagy markers and β-actin as a loading control. (D) 

Quantification of the human p25α protein levels in OLN-p25α cells treated with NH4Cl or 3MA for 48 hrs. Data are expressed as the 

mean±SE of three independent experiments with duplicate samples/condition within each experiment; *p<0.05, by one-way ANOVA 

with Tukey’s post hoc test. 

Lamp2a or Atg5 gene silencing revealed that p25α protein is partially degraded via the CMA 

and macroautophagy pathways (Figure 56), since both manipulations evoked an increase in p25α 

protein levels with the Lsi2 RNA sequence against rat LAMP2A eliciting a statistically significant 

accumulation of p25α levels (Figure 56B, D). It has to be noted that treatment of all OLN cells with 

the pharmacological inhibitors NH4Cl and epox for 48 hrs, had no significant impact on cell 

survival. However, only in the case of 3MA-treated OLN-AS7 and OLN-p25α cells for 48 hrs, a 

20% decrease in cell survival was observed (Figure 57). As in OLN-AS7 cells, epoxomicin, but not 
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NH4Cl treatment, evoked a non-specific upregulation of human Tppp/p25α mRNA levels due the 

increased CMV-driven promoter gene transcription (see Figure 54B, D). 

 

Figure 56: The overexpressed human p25α is increased following molecular inhibition of the ALP in OLN-p25α cells. (A, E) 

Representative immunofluorescence images of OLN-p25α cells showing the increased protein levels of human p25α upon molecular 

inhibition of lysosomal pathways (total, CMA, macroautophagy) using antibodies against human p25α (red) and α-tubulin (green) and 

DAPI staining. Scale bar: 25 μm.  (B, F) Quantification of human p25α protein levels in OLN-p25α cells measured as M.F.I./cell 

following treatment with Lamp2a-or Atg5-siRNAs for 72 hrs. Scrambled RNA sequences (scr) were used as negative control. 
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Figure 56 (continued): Data are expressed as the mean±SE of three independent experiments with duplicate samples/condition 

within each experiment; *p<0.05; **p< 0.01, by one-way ANOVA with Tukey’s post hoc test. (C, G) Representative immunoblots 

of OLN-p25α cell lysates verifying the accumulation of p25α protein levels upon lysosomal inhibition using gene silencing methods. 

Lamp2a and Atg5 downregulation was verified using antibodies against LAMP2A or ATG5 proteins. Scrambled RNA sequences 

(scr) were used as negative control. Antibodies against LC3I & II, and p62 were used as macroautophagy markers and β-actin as a 

loading control. (D, H) Quantification of the human p25α protein levels in OLN-p25α cells treated with Lsi1/Lsi2 (60 nM) for 72 hrs 

and Atg5 si (10 nM) for 72 hrs. Data are expressed as the mean±SE of three independent experiments with duplicate 

samples/condition within each experiment; *p<0.05, by one-way ANOVA with Tukey’s post hoc test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57: Effects of short-term or prolonged incubation of OLN cells with pharmacological inhibitors/enhancers of 

degradation pathways on cell survival. Treatment of OLN cells with pharmacological inhibitors (NH4Cl/20 mM, 3MA/10 mM and 

epox/15 nM) or enhancers (AR7, 40 μM and rap, 1 μM) for 16 hrs (A, C, E) or 48 hrs (B, D, F) has no significant impact on cell 

survival, with the exception of prolonged incubation of OLN-AS7 and OLN-p25α cells with 3MA. Data are expressed as the mean ± 

SE of at least three independent experiments with triplicate samples/condition within each experiment; ***p< 0.001, by one-way 

ANOVA with Tukey’s post hoc test. 
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13. The oligodendroglial-specific protein p25α is a putative CMA substrate  
 

In order for a protein to be a CMA substrate, it has to bear a KFERQ-like CMA-targeting 

motif that guides the delivery of the protein to the level of the lysosomal membrane, where binding 

with the CMA-specific receptor, LAMP2A, takes place. We therefore examined whether this is the 

case for p25α, and found that it contains a pentapeptide sequence (KKRFK), consistent with a CMA 

targeting motif (Figure 58A). According to the 3D structure of the rat Cgi-38 protein (PDB id: 

1WLM) [homologous of the human p25α (NM_001108461)], the KKRFK is located in a loop, 

flanked by two adjacent α-helices, both fully exposed to the solvent. Figure 58A shows the 

superposed structures of the human, mouse and the 3D model of the p25α bearing the KKRFK 

motif.  

 

 

 

 

 

 

Figure 58: The oligodendroglial-specific protein p25α is a putative CMA substrate, containing a KFERQ-like motif necessary 

for CMA targeting. (Ai) The superposed p25α protein from human (magenta), mouse (orange) and the human model (turquoise), 

(Αii) The superposed X-Ray structures and the model with the KKRFK motif highlighted, (Αiii) The KKRFK motif with 

electrostatic surface. Notice that the KFERQ-like motif region is in a loop, surrounded by two α-helices, fully exposed to the solvent. 

(B) Representative immunoblots of recombinant p25α in vitro degradation via isolated rat brain-derived lysosomes. Lysosomes were 

incubated with 0.2 μg recombinant human p25α protein in the absence or presence (as negative control) of protease inhibitors (PIs). 

The addition of increasing amounts of recombinant human monomeric aSyn (0.6 μg or 1.2 μg) reveals the competition of the two 

proteins (aSyn and p25α) for LAMP2A binding and CMA degradation. Human recombinant HSPA8/HSC70 was used for the 

substrate translocation to the lysosomes. Lysosomal enrichment was verified by the detection of LAMP2A, LAMP1 and CTSD and 

equal loading with β-actin and CTSD proteins. (C) Quantification of the relative levels of human recombinant p25α protein (versus 

CTSD levels) in the presence or the absence of PIs or recombinant human monomeric aSyn Data are expressed as the mean±SE of 
three independent experiments; *p<0.05, by one-way ANOVA with Tukey’s post hoc test. 
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Given that the presence of the CMA motif does not guarantee that the protein is actually 

degraded via this pathway (Dice 1990), we incubated human recombinant p25α with isolated rat 

brain lysosomes and assessed the in vitro degradation of the protein, in the presence or absence of 

Protease Inhibitors (PIs). Under these conditions, we found that purified recombinant p25α added to 

the incubation medium was translocated into and efficiently degraded by intact brain lysosomes, 

since lysosomal protease inhibitors increased the levels of the lysosome-associated protein (Figure 

58B-C). Interestingly, a competition assay utilizing 3x (0.6 μg) and 6x (1.2 μg) amount of human 

recombinant aSyn, a well-established CMA substrate (Cuervo, Stefanis et al. 2004) effectively 

inhibited the degradation of p25α by intact lysosomes, in a dose-dependent manner (Figure 58B-

C). These data, in combination with the increased protein levels of p25α following LAMP2A down-

regulation (Figure 56 A-D), further confirm that the oligodendroglial p25α is a putative CMA 

substrate and is degraded via this pathway in OLN cells.  

 

14. Both the exogenously added human aSyn (haSyn PFFs) and the recruited endogenous rat 

oligodendroglial aSyn are partly degraded via the autophagy-lysosome pathway, without 

impairing lysosomal function  
 

We subsequently assessed the proteolytic pathways responsible for aSyn and p25α 

clearance, as well as the role of the overexpressed human aSyn and p25α on the proteasomal and 

lysosomal function, under conditions of increased aSyn protein burden, thus mimicking the human 

MSA.  To this end, OLN cells were inoculated with 0.5 μg haSyn PFFs for 48 hrs and 16 hrs prior 

to cell-fixation, lysosomal or proteasomal inhibitors were added to the medium and then fixed cells 

were stained for immunofluorescence analysis. Epoxomicin was used only for the assessment of the 

endogenous rodent aSyn degradation, since, as already mentioned, it evokes a CMV-dependent 

upregulation of the human Snca and Tppp/p25α mRNA levels (Figure 54).  

Confocal microscopy analysis revealed that in PFF-treated OLN-93 cells, inhibition of total 

lysosomal (NH4Cl) or proteasomal (epox) function leads to a significant increase of both the 

exogenously added human (green, LB-509 antibody) and the recruited endogenous rodent (red, 

D37A6 antibody) aSyn (Figure 59A, D-E), measured as μm2 area/cell. Interestingly, 

macroautophagy (inhibited by 3MA) seems to participate, albeit to a lesser extent, only in the 

degradation of haSyn PFFs and not to the seeded rodent aSyn.  

Similarly, in PFF-treated OLN-AS7 cells, treatment with epox significantly increased the 

levels of the recruited endogenous aSyn, whereas total lysosomal inhibition resulted in the 

accumulation of both rodent and exogenously added fibrillar human aSyn (Figure 59 B, D-E). 

Interestingly, in PFF-treated OLN-p25α cells levels of both rodent and human aSyn did not 

significantly change upon NH4Cl or 3MA addition, however when the proteasome was inhibited, 
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the levels of the endogenous aSyn were found elevated (Figure 59 C-E). This could indicate a role 

of the p25α in the formation of highly insoluble aberrant aSyn species that probably are 

degradation-resistant and/or impair lysosomal activity. At the same time, p25α protein levels (grey) 

seem to be slightly, but not significantly, increased upon lysosomal inhibition, which could again 

presumably be attributed to a potential inhibitory effect on the lysosome due to the concurrent 

increased aSyn load and p25α overexpression or to a possible degradation of p25α via the 

proteasome. 

To further verify the contribution of the proteasome and the lysosome in the clearance of 

aberrant aSyn species engendered in the PFF-treated OLN cells, we used fractionated Western 

immunoblotting; we treated OLN-93 cells with 0.5 μg haSyn PFFs followed by addition of NH4Cl 

or epox as above. Cells were collected at 48 hrs and sequentially fractionated using buffers with 

increasing extraction strength. Immunoblot analysis of the SDS-soluble protein fraction did not 

reveal any differences in the protein levels of human or total (rodent + human) aSyn upon 

lysosomal or proteasomal inhibition (data not shown). However, addition of NH4Cl or epox in PFF-

treated OLN-93 cells, led to the detection of increased protein levels (that did not reach statistical 

significance) of both human (4B12 antibody) and total (SYN1 antibody) monomeric and high 

molecular weight (HMW) aSyn species in the UREA-soluble fraction (Figure 60 A-E).  
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Figure 59: Both the exogenously added human aSyn (haSyn PFFs) and the recruited endogenous rat oligodendroglial aSyn 

are partly degraded via the ALP. (A-C) Representative immunofluorescence images of OLN-93 (A), OLN-AS7 (B) and OLN-

p25α (C) cells treated with NH4Cl (20 mM), 3MA (10 mM) or epoxomicin (epox, 15 nM) for 16 hrs following their incubation with 

0.5 μg haSyn PFFs for 32 hrs. (D-F)  Quantification of the endogenous rodent aSyn (D), human aSyn (E) or p25α (F) protein levels 

in OLN-93, OLN-AS7 and OLN-p25α cells shown in A-C measured as μm2 area surface/cell. Data are expressed as the mean ± SE 

of three independent experiments with duplicate samples/condition within each experiment; *p<0.05; **p< 0.01, by one-way 

ANOVA with Tukey’s post hoc test (to compare between inhibitor-treated and untreated cells) or #p<0.05; ##p< 0.01 by two-way 

ANOVA with Bonferroni’s correction (to compare between the different treated cell cultures). 
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Figure 60: Both the exogenously added human aSyn (haSyn PFFs) and the recruited endogenous rat oligodendroglial aSyn 

are partly degraded via the ALP. (A) Representative immunoblots of the UREA-soluble protein lysates of OLN-93 cells treated 

with 0.5 μg haSyn PFFs (32 hrs) followed by their incubation with the pharmacological inhibitors epox or NH4Cl for 16 hrs. Both 

human (4B12 antibody) and total (endogenous + human) aSyn (C20 antibody) seem to accumulate in the UREA-soluble fraction of 

OLN-93 cells treated with epox or NH4Cl following incubation with 0.5 μg haSyn PFFs. Antibodies against LC3I & II, and p62 were 

used as macroautophagy markers and β-actin as loading control. (B-E) Quantification of monomeric and High Molecular Weight 

(HMW) species of human (B-C) and total (D-E) aSyn detected in the UREA-soluble fraction of OLN-93 cells treated with 0.5 μg 

PFFs and epox or NH4Cl for a total of 48 hrs. Data are expressed as the mean±SE of three independent experiments. 
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Figure 61: Addition of haSyn PFFs does not affect the chymotrypsin (CT)-like proteasomal activity of OLN cells. CT-like 

activity of the proteasome was measured in OLN-93, OLN-AS7 and OLN-p25α cells treated with PBS (as control) or 0.5 μg 

haSyn PFFs for 48 hrs. No significant alterations of the proteasomal activity in vitro were detected between PBS- and haSyn PFFs-

treated cells. Data are expressed as the mean±SE of three independent experiments with duplicate samples/condition within each 

experiment. 

 

 

Figure 62: Lysosomal degradation of long-lived proteins is increased in OLN cells upon treatment with 0.5 μg haSyn PFFs for 

a total of 96 hrs. OLN cells incubated with haSyn PFFs for 48 hrs were labeled with [3H] leucine for another 48 hrs (2 µCi/ml). 16 

hrs prior to media collection, cells were treated with or without NH4Cl (20 mM) or 3MA (10 mM) and degraded proteins were 

assayed. The rate of total (A) (inhibitable by NH4Cl), macroautophagic (B) (inhibitable by 3MA) or CMA-dependent (C) long-lived 

protein degradation in all OLN cells is shown. The increased total lysosomal degradation upon PFF treatment seems to be attributed 

to the induction of macroautophagy in OLN-93 cells or CMA in OLN-AS7 and OLN-p25α cells. Data are expressed as the mean ± 

SE of three independent experiments; *p<0.05; **p< 0.01, by one-way ANOVA with Tukey’s post hoc test (to compare between 

PBS- and haSyn PFFs-treated cells) or #p<0.05; ##p< 0.01 by two-way ANOVA with Bonferroni’s correction (to compare between 

the different OLN cells). 

 

Finally, to elucidate the impact of haSyn PFFs on the proteasomal and lysosomal function of 

all OLN cell lines and the effect, if any, of the overexpressed aSyn or p25α on these proteolytic 

systems, we measured the CT-like proteasomal activity and the degradation rate of long-lived 

proteins (total lysosomal, macroautophagy- and CMA- dependent). Strikingly, the CT-like 

proteasomal activity remained unchanged in all OLN cells upon treatment with 0.5 μg haSyn PFFs 

for 48 hrs (Figure 61).  
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On the other hand, long-lived protein degradation assay revealed a significant increase of the 

lysosomal activity upon inoculation of OLN cells with haSyn PFFs, which however varied between 

the different OLN lines. Specifically, in PFF-treated OLN-93 cells, macroautophagy (3MA-

inhibitable) seems to increase in response to the treatment, whereas in PFF-treated OLN-AS7 and 

OLN-p25α cells, CMA-dependent (NH4Cl-3MA inhibitable) degradation is significantly enhanced 

(Figure 62). It has to be noted that with this assay we estimate CMA activity by subtracting NH4Cl-

3MA–dependent proteolysis that also contains the contribution of microautophagy, which however 

is considered to be relative small. Interestingly, the increase of CMA-dependent proteolysis in 

OLN-p25α cells was accompanied by a significant decrease of macroautophagic activity, thus 

leading to overall unchanged total lysosomal activity levels, compared to OLN-93 and OLN-AS7 

cells. It is important, though, to note that all the above differential responses could also be attributed 

to clonal variability between the three OLN cell lines.     

 

15. p25α overexpression favors the degradation of both exogenously added (haSyn PFFs) and 

recruited endogenous oligodendroglial aSyn via CMA and not via macroautophagy 
 

To further elucidate the contribution of macroautophagy and/or CMA in the degradation of 

rodent aSyn, human aSyn and p25α in the context of MSA, we transfected all OLN cells with 

Lsi1/Lsi2 (targeting LAMP2A) or Atg5 (targeting ATG5) siRNAs followed by incubation with 0.5 

μg haSyn PFFs for 48 hrs. According to the data presented in Figures 63-64, LAMP2A 

downregulation increased protein levels of the recruited rodent aSyn in all PFF-treated OLN cells; 

however, the levels of the human aSyn were found elevated only in PFF-treated OLN-p25α cells 

transfected with Lsi1/Lsi2.  

On the other hand, Atg5 gene silencing led to the accumulation of the rodent and the human 

aSyn only in PFF-treated OLN-93 and OLN-AS7 cells (Figure 63A-C, 64B and D). Moreover, 

protein levels of p25α were significantly increased upon LAMP2A downregulation, whereas 

transfection of OLN-p25 cells with Atg5 si led to a slight accumulation of p25α (Figures 63C, 64 E 

and F). These data, when combined to those presented in Figure 59A-F may lead to the hypothesis 

that under pathological conditions (addition of haSyn PFFs), CMA seems to be the main pathway 

responsible for the clearance of aSyn (rodent and human) and p25α in OLNp25α cells, whereas both 

CMA and macroautophagy contribute to the degradation of aSyn (rodent and human) in PFF-treated 

OLN-93 and OLN-AS7 cells. 
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Figure 63: p25α overexpression favors the degradation of both exogenously added (haSyn PFFs) and recruited endogenous 

oligodendroglial aSyn preferentially via CMA and not via macroautophagy. (A-C) Representative immunofluorescence images of 

OLN-93, OLN-AS7 and OLN-p25α cells incubated with 0.5 μg haSyn PFFs added at 24 hrs following transfection with Lamp2a- 

(Lsi1/Lsi2, 60 nM), Atg5-siRNAs (Atg5 si, 10 nM) or scr siRNA (control) for another 48 hrs, using antibodies against the endogenous 

rodent aSyn (red, D37A6 antibody), human aSyn (green, LB509 antibody) and p25α (grey) and DAPI staining. Scale bar: 25μm.  
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Figure 64: p25α overexpression favors the degradation of both exogenously added (haSyn PFFs) and recruited endogenous 

oligodendroglial aSyn preferentially via CMA and not via macroautophagy. (A-F) Quantification of the endogenous rodent 

aSyn (A, B), human aSyn (C-D) or p25α (E-F) protein levels in OLN-93, OLN-AS7 and OLN-p25α cells measured as μm2 area 

surface/cell. Data are expressed as the mean ± SE of three independent experiments with duplicate samples/condition within each 

experiment; *p<0.05; **p< 0.01; ***p< 0.001, by one-way ANOVA with Tukey’s post hoc test. 

 

16. Addition of haSyn PFFs in OLN cells does not impair autophagosome formation, but 

seems to interfere with the fusion of autophagosomes with the lysosome  
 

Autophagy is a dynamic process that includes the autophagosome formation, maturation and 

fusion with lysosomes. In order to measure the autophagic flux in PFF-treated OLN cells we 

utilized the GFP/RFP-LC3 and GFP/mcherry-SQSTM1 tandem fluorescent-tagged LC3 and 

SQSTM1/p62, respectively, which allows the dynamic visualization of the formation of 

autophagosomes and/or autolysosomes.  

Specifically, OLN cells were transfected with GFP/RFP-LC3 or GFP/mcherry- 

SQSTM1/p62 cDNAs and 6 hrs later, 0.5 μg hSyn PFFs were added to the medium for 48 hrs. 

Based on the fact that the fluorescence of GFP, contrarily to the mRFP or mcherry, is quenched in 

an acidic environment, autophagy inhibition results in a decrease of red puncta followed by an 

increase of green puncta, indicative of the low autolysosome formation. Incubation of all OLN cells 

with 0.5 μg hSyn PFFs for 48 hrs resulted in autophagic flux defects, due to the detection of a lower 

number of red puncta (in both GFP/RFP-LC3 and GFP/mcherry-p62), as presented in Figures 65-

66.  
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Figure 65: Addition of haSyn PFFs does not 

impair autophagosome formation, but seems 

to interfere with the fusion of 

autophagosomes with the lysosome in all 

OLN cell lines. (A) Representative 

immunofluorescence images of OLN-93, OLN-

AS7 and OLN-p25α cells transfected with 
GFP/RFP-LC3 construct for 48 hrs. Cells were 

incubated with PBS (as control) or with 0.5 μg 
haSyn PFFs 6 hrs post-transfection with the 

fluorescent constructs and the autophagic flux 

was assessed via confocal microscopy. 

Incubation of OLN-93 cells with NH4Cl (20 

mM) for 16 hrs was used as a positive control 

for the inhibition of lysosomal fusion. DAPI is 

used as a nuclear marker. Scale bar: 25 μm. (B) 

Calculation of the GFP:RFP  fluorescence ratio 

as an estimation of autophagic flux. The ratio 

increases when autophagic flux is low, as 

presented in the graphs. Data are expressed as 

the mean ± SE of three independent experiments 
with duplicate samples/condition within each 

experiment; ***p< 0.001, by one-way ANOVA 

with Tukey’s post hoc test. 
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Calculation of GFP:RFP (LC3 cDNA) or GFP:mcherry (SQSTM1/p62 cDNA) ratio is 

indicative for the autophagic flux process; the ratio increases when autophagic flux is low and 

decreases when autophagic flux is enhanced. According to our results, autophagic flux was 

inhibited in all PFF-treated OLN cells, with no differences detected amongst the different cell lines 

(Figures 65, 66). 

Figure 66: Addition of haSyn PFFs does not 

impair autophagosome formation, but 

seems to interfere with the fusion of 

autophagosomes with the lysosome in all 

OLN cell lines. (A) Representative 

immunofluorescence images of OLN-93, 

OLN-AS7 and OLN-p25α cells transfected 
with GFP/mcherry-p62 construct for 48 hrs. 

Cells were incubated with PBS (as control) or 

with 0.5 μg haSyn PFFs 6 hrs post-transfection 

with the fluorescent constructs and the 

autophagic flux was assessed via confocal 

microscopy. Incubation of OLN-93 cells with 

NH4Cl (20 mM) for 16 hrs was used as a 

positive control for the inhibition of lysosomal 

fusion. DAPI is used as a nuclear marker. 

Scale bar: 25 μm. (B) Calculation of the 

GFP:mcherry fluorescence ratio as an 

estimation of autophagic flux. The ratio 

increases when autophagic flux is low, as 

presented in the graphs. Data are expressed as 

the mean ± SE of three independent 
experiments with duplicate samples/condition 

within each experiment; ***p< 0.001, by one-

way ANOVA with Tukey’s post hoc test. 

 



120 

 

17. Pharmacological enhancement of CMA (AR7) or macroautophagy (rapamycin) decreases 

overexpressed human aSyn (OLN-AS7 cells) and p25α (OLN-p25α cells) protein levels under 
basal conditions 
 

Having established the lysosomal contribution to the clearance of both aSyn and p25α 

proteins, we investigated the potential therapeutic potential of enhancing macroautophagy 

(rapamycin, 1 μM) or CMA (AR7, 40 μM), under basal conditions and upon hSyn PFF treatment 

(see below). We initially verified the induction of CMA activity upon AR7 addition (40 μM, 16 hrs) 

with confocal microscopy, where we detected increased LAMP2A-positive lysosomes to the 

perinuclear region of OLN-93 cells, an indirect indicator of increased CMA activity (Kaushik and 

Cuervo 2009) (Figure 67A-B).  Moreover, treatment with AR7 or rapamycin for 16 or 48 hrs did 

not significantly affect survival of all OLN cells (see Figure 57).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 67: Addition of AR7 in OLN cells evokes the perinuclear re-distribution of the LAMP2A receptor, and by extension 

enhances the activity of the CMA pathway. (A) Representative confocal microscopy images depicting LAMP2A upregulation 

(red) and increase formation of LAMP2A+ puncta upon treatment of OLN-93 cells with AR7 (40 μM) for 16 hrs. α-tubulin is used as 

a cytoskeletal marker (green) and DAPI as a nuclear marker. Scale bar: 25 μm. (B) Quantification of LAMP2A protein levels, 

measured as μm2/cell when OLN-93 cells were treated with AR7 for 16 hrs. Data are expressed as the mean±SE of three independent 

experiments with duplicate samples/condition within each experiment; ***p< 0.001, by Student’s unpaired t test. 
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Incubation of OLN-AS7 and OLN-p25α cells with both enhancers for 48 hrs under basal 

conditions led to a significant decrease of human aSyn (human-specific LB-509 or 4B12 

antibodies), and p25α levels respectively, verified by both confocal microscopy imaging and 

analysis (Figure 68A-D) and western immunoblotting (Figure 69A-D). 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 68: Pharmacological enhancement of CMA (AR7) or macroautophagy (rapamycin) decreases overexpressed human 

aSyn (OLN-AS7 cells) and p25α (OLN-p25α cells) protein levels under basal conditions. (A-B) Confocal microscopy with 

antibodies against human aSyn (A, red, LB-509 antibody) and p25α (B, red) reveals the enhanced degradation of these proteins upon 

treatment of OLN-AS7 and OLN-p25α cells with 40 μM AR7 (CMA enhancer) or 1 μM rapamycin (rap, macroautophagy enhancer) 

for 48 hrs. α-tubulin is used as a cytoskeletal marker (green) and DAPI as a nuclear marker. Scale bar: 25 μm. (C-D) Quantification 

of human aSyn (C) and p25α (D) protein levels in OLN-AS7 and OLN-p25α cells respectively, measured as M.F.I./cell following 

treatment with AR7 or rap for 48 hrs. Data are expressed as the mean±SE of three independent experiments with duplicate 

samples/condition within each experiment; **p< 0.01; ***p<0.001, by one-way ANOVA with Tukey’s post hoc test. 
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Figure 69: Pharmacological enhancement of CMA (AR7) or macroautophagy (rapamycin) decreases overexpressed human 

aSyn (OLN-AS7 cells) and p25α (OLN-p25α cells) protein levels under basal conditions. (A, C) Representative immunoblots of 

protein cell lysates derived from OLN-AS7 (A) and OLN-p25α cells (C) demonstrating the decline of human aSyn (4B12 antibody) 

and p25α protein levels upon treatment of cells with AR7 or rap for 48 hrs. Antibodies against LC3I & II, and p62 were used as 

macroautophagy markers and β-actin as loading control. (B, D) Quantification of human aSyn (B) and p25α (D) protein levels vs β-

actin in OLN-AS7 and OLN-p25α cells, respectively, treated with AR7 or rap for 48 hrs. Data are expressed as the mean±SE of three 

independent experiments; ***p<0.001, by one-way ANOVA with Tukey’s post hoc test. 

 

18. Pharmacological augmentation of CMA or macroautophagy accelerates the clearance of 

aberrant aSyn conformations formed upon treatment of OLN cells with haSyn PFFs 
 

To assess the therapeutic potential of macroautophagy or CMA enhancement on the 

clearance of pathological aSyn assemblies and/or p25α following addition of haSyn PFFs, OLN 

cells were incubated with 0.5 μg haSyn PFFs for 48 hrs or 10 days. Following PFF-addition and 16 

or 48 hrs prior to cell fixation, rapamycin (1 μM) or AR7 (40 μM) were added to the cell medium 

and then cells were processed for confocal microscopy imaging. Immunofluorescence analysis 
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revealed that addition of rap or AR7 in all PFF-treated OLN cells evoked a reduction of the 

endogenous rodent and human haSyn, as well as of the overexpressed p25α (in OLN-p25α cells) 

protein levels, suggesting that these proteins/conformations can be efficiently cleared via 

macroautophagy and/or CMA pathways under these conditions [Figure 70, Figure 73 

(Quantifications), Figure 76A-C, Figure 80A-C (Quantifications)].   

 

Figure 70: Pharmacological augmentation of CMA or macroautophagy accelerates the clearance of aberrant aSyn conformations 

formed in PFF-treated oligodendrocytes (48 hrs). (A-C) Representative immunofluorescence images using antibodies against the 

endogenous rodent aSyn (red, D37A6 antibody), the human aSyn (green, LB509 antibody) and p25α (grey) proteins are shown. DAPI is 

used as nuclear marker. Scale bar: 25 μm. 

 

Moreover, the levels of oxidized/nitrated aSyn seem to be diminished upon induction of 

macroautophagy with rapamycin in PFF-incubated OLN-93 cells for 48 hrs, whereas in PFF-treated 

OLN-AS7 and OLN-p25α cells, the levels of oxidized/nitrated aSyn remained unchanged following 

addition of both rap or AR7 [Figure 71A-C and Figure73D (Quantifications)]. CMA induction 

via AR7 also decreased oxidized/nitrated aSyn species only in OLN-93 cells, although this drop did 
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not reach statistical significance. On the contrary, upon prolonged incubation of cells with haSyn 

PFFs and addition of rap or AR7 for 48 hrs, oxidized/nitrated aSyn was effectively degraded upon 

induction of both lysosomal pathways in all OLN cells [Figures 77A, 78A, 79A and 80D 

(Quantifications)]. 

 

Figure 71: Induction of CMA or macroautophagy leads to effective degradation of pathological aSyn species following short-

term treatment of OLN cells with haSyn PFFs. (A-C) Representative immunofluorescence images using antibodies against the 

endogenous rodent aSyn (red, D37A6 antibody) and the oxidized/nitrated aSyn (green, SYN303 antibody) in OLN-93 (A), OLN-AS7 

(B) and OLN-p25α (C) cells upon their treatment with 0.5 μg haSyn PFFs for 32 hrs, followed by addition of AR7 or rap for an 

additional 16 hrs treatment. DAPI staining is used as nuclear marker. Scale bar: 25 μm. 

 

In agreement with the confocal imaging data, we found that the SDS-soluble HMW species 

of human and total aSyn protein were decreased mainly upon macroautophagy enhancement 

(addition of 1 μM rap for 16 hrs), although the levels of monomeric aSyn species did not seem to be 

significantly reduced following incubation of PFF-treated OLN-93 cells either with rap or with AR7 

(Figure 74A-E).  



125 

 

 

 

Figure 72: Induction of CMA or macroautophagy leads to effective degradation of pathological aSyn species following short-

term treatment of OLN cells with haSyn PFFs. (A-C) Representative immunofluorescence images using antibodies against the 

aggregated aSyn (red, MJFR-14 antibody) and the total (endogenous + human) aSyn (green, 3H2897 antibody) in OLN-93 (A), 

OLN-AS7 (B) and OLN-p25α (C) cells upon their treatment with 0.5 μg haSyn PFFs for 32 hrs, followed by addition of AR7 or rap 

for an additional 16 hrs treatment. DAPI staining is used as nuclear marker. Scale bar: 25 μm. 
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Figure 73: Pharmacological augmentation of CMA or macroautophagy accelerates the clearance of aberrant aSyn 

conformations formed in PFF-treated oligodendrocytes. (A-F) Quantification of the recruited endogenous rodent (A), the 

exogenously added human (B) aSyn, the overexpressed human p25α (in OLN-p25α cells) (C) and the pathological oxidized/nitrated 

(D), the aggregated (E) and the total (rodent + human) (F) aSyn protein levels in all OLN cells treated with 40 μM AR7 or 1 μM rap 

(16 hrs) following the addition of 0.5 μg aSyn PFFs for a total of 48 hrs. Data are expressed as the mean ± SE of three independent 

experiments with duplicate samples/condition within each experiment; *p<0.05; **p< 0.01; ***p< 0.001, by one-way ANOVA with 

Tukey’s post hoc test (to compare between enhancer-treated and untreated cells) or #p<0.05 by two-way ANOVA with Bonferroni’s 

correction (to compare between the different OLN cell lines). 
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 Figure 74: Pharmacological augmentation of CMA or macroautophagy accelerates the clearance of aberrant aSyn conformations 

formed in PFF-treated oligodendrocytes. (A) Representative immunoblots of the SDS-soluble aSyn species of control OLN-93 cells 

incubated with 0.5 μg haSyn PFFs for 32 hrs followed by addition of AR7 or rap for 16 hrs using antibodies against haSyn (4B12 

antibody) or total (rodent + human) aSyn (SYN1 antibody). Equal loading was verified by the detection of β-actin levels. (B-E) 

Quantification of monomeric and HMW species of human (B and C) and total (rodent + human) (D and E) aSyn levels detected in the 

SDS-soluble fraction of OLN-93 treated with 0.5 μg haSyn PFFs for 32 hrs and AR7 or Rap for additionally 16 hrs. Data are expressed 

as the mean±SE of three independent experiments; *p< 0.05, by one-way ANOVA with Tukey’s post hoc test. 

 

Interestingly, the monomeric and HMW aSyn species of the seeded endogenous rodent 

protein, which are detectable only in the UREA-soluble fraction that contains the most insoluble 

protein species, seems to be significantly reduced following addition of rap or AR7 in PFF-treated 

OLN-93 cells (Figure 75A-C). Similarly, human and total aSyn protein levels in this UREA-

soluble fraction displayed significant reduction upon macroautophagy or CMA enhancement, as 

presented in Figure 75 A, D-G. All the above results suggest that aSyn (endogenous, human, total 

and pathological species) and p25α can be effectively cleared via the ALP in all conditions tested. 

Furthermore, protein levels of aggregated and total aSyn were also decreased upon rap or 

AR7 (to a lesser extent) treatment in all OLN cells, only following short-term incubation with PFFs, 

suggesting that under these conditions there is no significant effect of the overexpressed human 

aSyn or p25α in the clearance of aggregated aSyn species (Figure 72A-C and Figure 73E-F). 

Strikingly, upon long-term incubation of all OLN cells with haSyn PFFs, aggregated and total aSyn 

could not be effectively cleared only in OLN-p25α cells, thus implying a potential role of the 
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overexpressed protein in the observed resistance to the degradation of aggregated aSyn assemblies 

via macroautophagy and CMA [Figures 77B, 78B, 79B, 80E-F (Quantifications)].  

 

Figure 75: Pharmacological augmentation of CMA or macroautophagy accelerates the clearance of aberrant aSyn 

conformations formed in PFF-treated oligodendrocytes. (A) Representative immunoblots of the UREA-soluble protein fraction 

derived from OLN-93 cells treated with AR7 or rap following haSyn PFFs addition. Antibodies against rodent aSyn (D37A6 

antibody), haSyn (4B12 antibody) or total (rodent + human) aSyn (SYN1 antibody) verified the decrease of the protein levels 

detected in this fraction upon addition of CMA (AR7) or autophagy (rap) enhancers. β-actin was used as loading control. (B-G) 

Quantification of monomeric and HMW species of rodent (B and C), human (D and E) and total (endogenous + human) (F and G) 

aSyn levels detected in the UREA-soluble fraction of OLN-93 cells treated with 0.5 μg haSyn PFFs and the autophagy modulators. 

Data are expressed as the mean±SE of three independent experiments; *p<0.05; **p< 0.01; ***p< 0.001, by one-way ANOVA with 

Tukey’s post hoc test. 
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Figure 76: Augmentation of CMA or macroautophagy effectively decreases protein levels of pathological aSyn species and 

p25α, following prolonged incubation of OLN cells with haSyn PFFs (10 days). OLN cells were incubated with 0.5 μg haSyn 

PFFs for 8 days followed by addition of AR7 (40 μM) or rap (1 μM) for an additional 48 hrs treatment. (A-C) Representative 

immunofluorescence images using antibodies against the endogenous rodent aSyn (red, D37A6 antibody), the human aSyn (green, 

LB-509 antibody) and p25α (grey) in all OLN cells are shown. DAPI is used as nuclear marker. Scale bar: 25 μm. 
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Figure 77: Augmentation of CMA or macroautophagy effectively decreases protein levels of pathological aSyn species and 

p25α, following prolonged incubation of OLN-93 cells with haSyn PFFs. Representative immunofluorescence images using 

antibodies against (A) the endogenous rodent aSyn (red, D37A6 antibody) and the oxidized/nitrated aSyn (green, SYN303 antibody) 

and (B) against the aggregated aSyn (red, MJFR-14 antibody) and total (rodent + human) aSyn (green, 3H2897 antibody). DAPI is 

used as nuclear marker. Scale bar: 25 μm 
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Figure 78: Augmentation of CMA or macroautophagy effectively decreases protein levels of pathological aSyn species and 

p25α, following prolonged incubation of OLN-AS7 cells with haSyn PFFs. Representative immunofluorescence images using 

antibodies against (A) the endogenous rodent aSyn (red, D37A6 antibody) and the oxidized/nitrated aSyn (green, SYN303 antibody) 

and (B) against the aggregated aSyn (red, MJFR-14 antibody) and total (rodent + human) aSyn (green, 3H2897 antibody). DAPI is 

used as nuclear marker. Scale bar: 25 μm 
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Figure 79: Augmentation of CMA or macroautophagy effectively decreases protein levels of pathological aSyn species and 

p25α, following prolonged incubation of OLN-p25α cells with haSyn PFFs. Representative immunofluorescence images using 

antibodies against (A) the endogenous rodent aSyn (red, D37A6 antibody) and the oxidized/nitrated aSyn (green, SYN303 antibody) 

and (B) against the aggregated aSyn (red, MJFR-14 antibody) and total (rodent + human) aSyn (green, 3H2897 antibody). DAPI is 

used as nuclear marker. Scale bar: 25 μm 
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Figure 80: Augmentation of CMA or macroautophagy effectively decreases protein levels of pathological aSyn species and p25α, 

following prolonged incubation of OLN-p25α cells with haSyn PFFs. (A-F) Quantification of the recruited endogenous rodent (A), 

the exogenously added human (B) aSyn, the overexpressed human p25α (in OLN-p25α cells) (C), the pathological oxidized/nitrated 

aSyn (D), the aggregated (E) and the total (F) aSyn protein levels in OLN cells shown in A-F. Data are expressed as the mean ± SE of 

three independent experiments with duplicate samples/condition within each experiment; *p<0.05; **p< 0.01; ***p< 0.001, by one-way 

ANOVA with Tukey’s post hoc test (to compare between enhancer-treated and untreated cells) or #p<0.05; ##p< 0.01; ###p< 0.001 by 

two-way ANOVA with Bonferroni’s correction (to compare between the different OLN cell lines). 
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19. The MSA-related proteins p25α and aSyn are mainly degraded via the ALP in murine 
primary oligodendroglial cultures, under physiological and pathological conditions 
 

To delineate the clearance processes responsible for the removal of aSyn and p25α, in health 

and disease conditions, we cultivated and differentiated primary oligodendrocytes derived from P0 

to P3 mouse brains in order to resemble a cellular setting closer to the oligodendrocytes of the 

central nervous system. To this end, primary oligodendrocytes were cultivated in the presence of 

PBS (as control) or 0.5 μg haSyn PFFs for 24 hrs, followed by addition of 

lysosome/macroautophagy (20 mM NH4Cl, 10 mM 3MA) or proteasome (15 nM epox) inhibitors 

for an additional 48 hrs. According to the results presented in Figure 81A-B, p25α seems to be 

mainly degraded via the ALP, since its levels were found significantly elevated upon NH4Cl (both 

in PBS and PFF-treated cultures) and/or 3MA (PFF-treatment) addition (Figure 82A-B).  

Furthermore, the endogenous rodent aSyn accumulated when either the lysosome or the 

proteasome (to a lesser extent) was inhibited (Figure 82C-D), whereas the levels of human aSyn 

were increased upon total lysosomal and macroautophagy impairment (Figure 82E). No signal for 

the endogenous aSyn could be detected in PBS-treated primary oligodendrocytes using the rodent 

aSyn-specific D73A6 antibody, as shown in Figure 81A and 82C.  

 

 

 

 

 

 

Figure 81: The MSA-related proteins p25α and aSyn are mainly degraded via the ALP in murine primary oligodendroglial 

cultures, under physiological and pathological conditions. Mouse primary oligodendroglial cultures were incubated with PBS (as 

control) or haSyn PFFs for 24 hrs followed by their treatment with lysosomal or proteasomal inhibitors for another 48 hrs. (A-B) 

Representative confocal microscopy images depicting the protein levels of p25α (red) upon total lysosomal (NH4Cl, 20 mM), 

macroautophagic (3MA, 10 mM) or proteasomal (epox, 15 nM) inhibition (for 48 hrs) in the absence (A) or presence (B) of 0.5 μg haSyn 

PFFs for a total of 72 hrs. The recruited endogenous rodent aSyn (green, D37A6 antibody) and the exogenously added haSyn PFFs (grey, 

LB509 antibody) also seem to be preferentially degraded via the ALP under pathological (B, PFFs-treated) conditions. DAPI staining is 

used as a nuclear marker. Scale bar: 25 μm.  
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Figure 82: The MSA-related proteins p25α and aSyn are mainly degraded via the ALP in murine primary oligodendroglial 

cultures, under physiological and pathological conditions. Quantification of p25α (A-B), rodent aSyn (C-D) and human aSyn (E) 

protein levels in PBS or PFF-treated primary oligodendrocytes, measured as μm2/cell. Data are expressed as the mean±SE of three 

independent experiments with duplicate samples/condition within each experiment; *p<0.05; **p< 0.01; ***p< 0.001, by one-way 

ANOVA with Tukey’s post hoc test. 

 

To elucidate further the potential beneficial role of autophagy augmentation in the removal 

of aSyn and p25α protein levels in primary oligodendrocytes, PBS- or PFF-treated oligodendroglial 

cultures were incubated with AR7 (40 μM) or rap (1 μM) for 48 hrs (Figures 83-84). Confocal 

microscopy analysis (Figure 83) and quantification of aSyn and p25α protein levels revealed that in 

all conditions tested, incubation with either AR7 or rap led to the effective clearance of p25α 

(Figure 84A-B), the endogenous rodent (Figure 84C) and the human aSyn (Figure 84D) proteins, 

thus suggesting that enhancement of macroautophagy or the CMA pathway could potentially 

mitigate aSyn pathology in MSA and MSA-like conditions. 
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Figure 83: The MSA-related proteins p25α and aSyn are mainly degraded via the ALP in murine primary oligodendroglial 

cultures, under physiological and pathological conditions.  Representative immunofluorescence images of p25α (red), rodent aSyn 

(green, D37A6 antibody) and haSyn (grey, LB509 antibody) protein levels upon treatment of mouse oligodendrocytes with AR7 (40 μΜ) 

or rap (1 μΜ) for 48 hrs, which were added to cells 24 hrs following addition of PBS, as control, (A) or 0.5 μg haSyn PFFs (B). DAPI is 

used as a nuclear marker. Scale bar: 25 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 84: The MSA-related proteins p25α and aSyn are mainly degraded via the ALP in murine primary oligodendroglial 

cultures, under physiological and pathological conditions. Quantification of p25α (A, B), rodent aSyn (C) and human aSyn (D) 

protein levels in PBS or PFF-treated primary oligodendrocytes, measured as μm2/cell. Data are expressed as the mean±SE of three 

independent experiments with duplicate samples/condition within each experiment; *p<0.05; **p< 0.01; ***p< 0.001, by one-way 

ANOVA with Tukey’s post hoc test. 
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V. DISCUSSION 

 

The pathological accumulation of abnormally folded aSyn within GSIs found mainly in 

oligodendrocytes represents the key histopathological hallmark of MSA (Trojanowski and Revesz 

2007). Neuronal cytoplasmic and nuclear aSyn inclusions and dystrophic neurites can also be 

present in MSA brains; however, these lesions appear at a lower frequency than GCIs (Papp and 

Lantos 1992). The origin of aSyn with oligodendrocytes still remains enigmatic. Even though initial 

studies suggested that mature oligodendrocytes do not normally express aSyn (Solano, Miller et al. 

2000; Ozawa, Okuizumi et al. 2001; Miller, Johnson et al. 2005), subsequent reports proposed that 

the protein may be expressed in oligodendrocytes, albeit at much lower levels than in neurons (Asi, 

Simpson et al. 2014; Djelloul, Holmqvist et al. 2015). However, the prevailing hypothesis based 

mostly on in vitro data is that neurons that physiologically express aSyn, release the protein (free or 

associated with exosomes), which is subsequently taken up by surrounding oligodendrocytes 

(Kisos, Pukass et al. 2012; Konno, Hasegawa et al. 2012; Rockenstein, Ubhi et al. 2012; Ettle, 

Reiprich et al. 2014; Pukass and Richter-Landsberg 2014; Reyes, Rey et al. 2014; Pukass, 

Goldbaum et al. 2015; Kaji, Maki et al. 2018). Furthermore, it has been suggested that p25α, 

another main component of GCIs, facilitates aSyn aggregation in vitro and relocates from the 

myelin sheath to the oligodendroglial cell soma, prior to aSyn accumulation (Lindersson, Lundvig 

et al. 2005). 

Herein, we assessed the capability of templating the misfolding of endogenous protein, to 

examine the hypothesis that the prion-like transformation of oligodendroglial aSyn can occur, as has 

been demonstrated for its neuronal counterpart (Luk, Song et al. 2009; Volpicelli-Daley, Luk et al. 

2011; Angot, Steiner et al. 2012; Masuda-Suzukake, Nonaka et al. 2013; Sacino, Thomas et al. 

2013). To this end, we first verified that exogenously added haSyn fibrillar seeds are taken up by 

immortalized oligodendroglial cells and primary oligodendrocytes and can induce the formation of 

highly insoluble and pathological (aggregated, oxidized/nitrated, and under certain circumstances 

Ser129 phosphorylated) aSyn assemblies in which the endogenous protein, however minute in 

amount at baseline, is a central component. The mechanism responsible for the tremendous increase 

in the expression of endogenous rodent aSyn following PFF addition remains unknown; we have 

found that the levels of rodent Snca mRNA are unchanged in this setting, consistent with the results 

reported by others in oligodendroglial progenitor cells (Kaji, Maki et al. 2018), suggesting that the 

stabilization of oligodendrocyte aSyn may be involved.  

An upsurge in the expression of endogenous aSyn in haSyn PFF-treated oligodendroglial 

progenitor cells in culture and the altered expression of proteins associated with neuromodulation 

and myelination were recently reported (Kaji, Maki et al. 2018). However, the authors of that study 

failed to find evidence that a similar process occurs in mature, myelin-forming oligodendrocytes. In 
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contrast, our data clearly demonstrates that the addition of haSyn PFFs to differentiated mouse 

primary oligodendrocytes induces the seeding of endogenous rodent aSyn, and the dysregulation in 

myelin, as manifested by the decreased levels and perisomal redistribution of MBP, as well as the 

colocalization of MBP within aSyn-positive aggregates. This colocalization upon of haSyn PFF 

administration is similar to what is proposed to occur during the formation of GCIs in human MSA 

(Wenning, Stefanova et al. 2008). Such a disruption of the myelin sheath is responsible for 

demyelination, which contributes to disease pathology and clinical manifestations (Matsuo, 

Akiguchi et al. 1998; Song, Lundvig et al. 2007; Wong, Halliday et al. 2014; Ettle, Kerman et al. 

2016). Remarkably, this disruption of myelin was completely prevented in KO-aSyn cultures and in 

the PFF-injected KO-aSyn striatum, indicating that the presence of endogenous oligodendroglial rat 

aSyn is a prerequisite for the manifestation of this MSA pathological hallmark. Furthermore, p25α 

and phospho-tau staining in PFF-treated primary oligodendroglial cultures demonstrated a 

disruption of the microtubule network that was dependent on the levels of endogenous aSyn. In 

agreement with our findings, Grigoletto et al. showed an age- and disease-dependent loss of the 

MBP signal in striatal striosomes accompanied by reduced p25α levels in oligodendrocytes in 

neuronal synucleinopathy mouse models (Grigoletto, Pukass et al. 2017). They concluded that 

neuronal aSyn is involved in the regulation and/or maintenance of myelin phospholipids, since aSyn 

also inhibited the maturation of oligodendrocytes and the formation of membranous sheets in vitro 

(Grigoletto, Pukass et al. 2017). 

Even more, our in vitro data pinpoint a role for p25α in the prion-like seeding process and 

aggregation of endogenous oligodendroglial aSyn, illustrating that both the stable and transient 

overexpression of p25α accelerated the seeding of endogenous aSyn and augmented the formation 

of pathological aSyn aggregates. p25α reportedly plays a critical role in myelin maturation and 

relocates early from the myelin sheath to the cytoplasm in MSA (Song, Lundvig et al. 2007). This 

relocation may impair myelin synthesis and seed aSyn aggregation in oligodendrocytes. Another 

study also showed that p25α not only relocates from peripheral processes but also from the nucleus 

to the perinuclear cytoplasm in MSA patients (Ota, Obayashi et al. 2014). The mechanism by which 

p25α enhances aSyn seeding and aggregation is unclear, and our data suggest that this does not 

seem to involve necessarily the direct incorporation of p25α into aSyn aggregates, as this occurred 

only in the case of PLP-haSyn primary oligodendrocytes. Moreover, the absence of p25α 

redistribution in PFF-treated KO-aSyn cultures suggests that the presence of endogenous 

oligodendroglial aSyn is a prerequisite for such a phenomenon to occur. Hinting at a possible 

mechanism, preliminary experiments in our laboratory using OLN-AS7 cells showed that transient 

p25α overexpression triggered the phosphorylation of aSyn at Ser129 and increased the total levels 

of aSyn (unpublished observations). Similarly, the co-expression of haSyn and p25α resulted in the 
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phosphorylation of aggregated, but not monomeric aSyn, in OLN-AS7 cells (Kragh, Lund et al. 

2009). Consistent with this idea, in the current work, p25α appeared to stabilize insoluble aSyn 

conformations. These findings may be applicable more broadly to alpha-synucleinopathies, since 

p25α is reportedly ectopically expressed in dopaminergic neurons in PD and to be a component of 

LBs purified from human post-mortem PD brains (Lindersson, Lundvig et al. 2005). 

Research over the past few years using recombinant aSyn PFFs and samples from patients 

with synucleinopathy has provided support to the hypothesis that aSyn may misfold and propagate 

in a prion-like fashion in MSA patients (Jellinger 2018). The injection of brain homogenates 

containing aSyn derived from MSA patients into mice triggers the formation of phosphorylated 

aSyn aggregates and the onset of a neurodegenerative cascade comparable to human MSA 

pathology (Bernis, Babila et al. 2015; Prusiner, Woerman et al. 2015). Moreover, recent reports 

have shown that the aSyn pathological conformations found in MSA brains are remarkably stable 

and resistant to inactivation (Woerman, Kazmi et al. 2018) and that MSA is caused by a unique 

strain of aSyn assemblies (Melki 2015; Peelaerts, Bousset et al. 2015; Prusiner, Woerman et al. 

2015). Supportive of the latter hypothesis are findings showing that pathological aSyn in GCIs and 

LBs (detected by the Syn303 and Syn7015 fibril-specific antibodies) is conformationally and 

biologically distinct and that oligodendrocytes, but not neurons, transform misfolded aSyn into a 

GCI-like strain, highlighting the fact that distinct aSyn strains are generated in different intracellular 

milieus (Peng, Gathagan et al. 2018). Our comparative analyses of the phosphorylation status of 

aSyn utilizing different pSer129-specifc antibodies in oligodendroglial cells, primary cortical 

neurons, and human post-mortem material from DLB and MSA brains, further favor the idea that 

synucleinopathies are caused by different aSyn strains leading to the detection of distinct, cell-

specific, aSyn pathological conformations in each disease (Bousset, Pieri et al. 2013; Melki 2015; 

Peelaerts, Bousset et al. 2015; Peng, Gathagan et al. 2018; Candelise, Schmitz et al. 2019; Lau, So 

et al. 2020; Shahnawaz, Mukherjee et al. 2020). 

In agreement with our in vivo findings, the uptake of haSyn PFFs or GCI-related aSyn 

derived from MSA patients by oligodendrocytes have been reported (Reyes, Rey et al. 2014; 

Radford, Rcom-H'cheo-Gauthier et al. 2015). However, other studies have failed to detect 

exogenous haSyn within oligodendrocytes or other glial cells following inoculation with haSyn 

PFFs (Paumier, Luk et al. 2015; Rey, Steiner et al. 2016). These contradictory findings may be due 

to differences in the post-injection time frames when the assessments were performed, since 

although the uptake of injected aSyn by neurons reportedly occurs within minutes, the intraneuronal 

signal of internalized proteins begins to decrease at 3 hrs post-injection, probably due to clearance 

mechanisms (Rey, Petit et al. 2013). Such a scenario may also apply to oligodendrocytes, given that 

only one in vivo study has shown the presence of exogenous aSyn within oligodendrocytes, 
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assessed at 1 hr post-injection (Reyes, Rey et al. 2014). Our in vitro data also demonstrate a 

decrease of the human protein over time, which, however, may be attributed to clearance 

mechanisms or to its dilution due to cell proliferation. Another explanation may be that the 

oligodendroglial uptake of haSyn in the PFF-inoculation models is restricted to near the site of 

injection, as we have also observed in our model (at least at 1 month post-injection). 

Impairment of protein degradation machineries and mitochondrial dysfunction has been also 

proposed as contributing factor for MSA pathogenesis (Bukhatwa, Zeng et al. 2010; Schwarz, 

Goldbaum et al. 2012; Stefanova, Kaufmann et al. 2012; Tanji, Odagiri et al. 2013; Monzio 

Compagnoni, Kleiner et al. 2018; Monzio Compagnoni, Kleiner et al. 2018). In particular, the 

detection of various aggresome-related proteins and autophagic markers such as p62 and LC3 in 

GCIs of MSA brains has exposed a crucial role of perturbed proteolysis in the formation of 

oligodendroglial proteinaceous inclusions (Mori, Nishie et al. 2005; Terni, Rey et al. 2007; Miki, 

Mori et al. 2011; Chiba, Takei et al. 2012; Makioka, Yamazaki et al. 2012; Odagiri, Tanji et al. 

2012; Schwarz, Goldbaum et al. 2012; Tanji, Odagiri et al. 2013; Miki, Tanji et al. 2018; Monzio 

Compagnoni, Kleiner et al. 2018; Kaji, Maki et al. 2020). A recent comparative study in human 

post-mortem material from MSA and PD brains concluded that the lysosomal response in relation to 

aSyn pathology differs between the two synucleinopathies (Puska, Lutz et al. 2018). By systematic 

comparisons of differently affected neuronal populations in PD, MSA, and non-diseased brains 

using morphometric immunohistochemistry (cathepsin D), double immunolabelling (cathepsin 

D/aSyn) laser confocal microscopy, and aSyn immunogold electron microscopy jt has been reported 

that lysosome-associated aSyn is observed in astroglia and rarely in oligodendroglia and in neurons 

in MSA, whereas cathepsin D immunoreactivity frequently colocalises with aSyn pre-aggregates in 

PD nigral neurons (Puska, Lutz et al. 2018).  

 However, the degradation pathways responsible for the clearance of the endogenous 

oligodendroglial aSyn and p25α in health and disease and the role of ALP manipulation in the 

context of MSA remained unexplored. The second arm of our study focused on the degradation 

pathways responsible for the removal of both oligodendroglial aSyn and p25α, and the impact of 

fibrillar aSyn on ALP, in an attempt to elucidate the mechanisms responsible for the formation of 

aSyn-positive aggregates within oligodendrocytes and to identify potential targets for therapy. 

Towards this direction, we utilized pharmacological inhibitors or enhancers of the ALP and 

UPS, or siRNAs targeting autophagy-related genes, under physiological (PBS) or pathological 

(haSyn PFFs) conditions. According to our results, aSyn (endogenous rodent, overexpressed human 

and pathology-related conformations) seem to be cleared mainly via CMA and macroautophagy; 

however to a different magnitude in the various cell lines. A role of macroautophagy in the 

clearance of aSyn within oligodendrocytes has been previously reported (Schwarz, Goldbaum et al. 
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2012); however this is the first study demonstrating a role of CMA in the removal of the 

endogenous and seeded aSyn protein levels and/or aberrant species in oligodendrocytes. This 

finding contradicts with a prior study that reported a lack of GCI-like formation in oligodendroglia 

exposed to extracellular soluble/monomeric or fibrillar aSyn concurrently with pharmacological 

blocking of the fusion of the autophagosome with the lysosome with bafilomycin A1, as well as 

following genetic knockdown of LC3B (Fellner, Buchinger et al. 2018). 

Regarding macroautophagy, it has been previously shown that the endogenously stably 

overexpressed (OLN‐t40 transfected cells) or the exogenously added soluble or pre-aggregated 

aSyn is mainly removed via macroautophagy in oligodendrocytes and that these aSyn forms do not 

inhibit the autophagic pathway and flux per se (Pukass, Goldbaum et al. 2015). Moreover, 

inhibition of the deubiquitylating enzyme Ubiquitin Carboxy-terminal Hydrolase L1 (UCHL1) in 

oligodendroglial cells was shown to upregulate macroautophagy, thus resulting in the effective 

removal of aSyn aggregates (Pukass and Richter-Landsberg 2015). Neurosin (kallikrein 6) appears 

also to be efficient in reducing the levels of aSyn in oligodendrocytes both in vitro and in vivo 

(Iwata, Maruyama et al. 2003; Spencer, Valera et al. 2015; Kiely, Miners et al. 2019). Interestingly, 

treatment of transgenic PLP-haSyn mice, a well-established mouse model for MSA, with the 

proteasome inhibitor I led to the detection of intracellular aggregates of both human and 

endogenous murine aSyn, three months after administration of the inhibitor, further supporting the 

role of the UPS in aSyn clearance (Stefanova, Kaufmann et al. 2012). Furthermore, in agreement 

with our data showing an impairment of the autophagic flux in PFF-treated OLN cell lines, prior 

studies also suggested that aggregated aSyn within oligodendrocytes is closely related to autophagy 

dysregulation (Pukass and Richter-Landsberg 2015; Miki, Tanji et al. 2018). Interestingly, even 

though with the GFP/RFP-LC3 and GFP/mcherry-SQSTM1 constructs we detect a defect in the 

autophagic flux upon PFF treatment (Figure 8), this was not followed by a statistically significant 

alteration in the macroautophagic-dependent proteolysis (inhibited by 3MA) in OLN-93 and OLN-

AS7 cells (Figure 6Iii). A possible explanation for this discrepancy may ascend from the 

observation that upon PFF treatment we detect a change from a diffuse to a more punctuate pattern, 

indicative of LC3 II induction and autophagosome formation. If the rate that these autophagosomes 

are fused with the lysosome is reduced in these cells, then the overall process is as efficient as 

baseline. In addition, the different time points utilized for the assessment of the autophagic flux (48 

hrs) and lysosomal activity (96 hrs) may also account for the observed differences. 

In a therapeutic point of view, we investigated the partitioning of CMA and macroautophagy 

in the clearance of p25α protein in oligodendrocytes, both under physiological and pathological 

conditions. The contribution of CMA to p25α protein degradation was verified by the identification 

of the KKRFK pentapeptide motif that meets the criteria for a KFERQ-like motif in p25α amino 
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acid sequence and its efficient degradation by the in vitro system of isolated rat brain lysosomes. In 

addition, p25α displayed a canonical substrate/pathway relationship, since its levels were increased 

upon LAMP2A down-regulation, and by extension CMA inhibition, and decreased following 

induction of the CMA pathway with AR7. Induction of macroautophagy also reduced p25α levels, 

both in OLN-p25α cells and in primary oligodendrocytes, but less efficiently. Previous studies 

proposed that p25α is degraded via the proteasome (Lehotzky, Tirian et al. 2004; Lehotzky, Olah et 

al. 2015); however, our analysis in the epoxomicin-treated primary oligodendrocytes did not yield a 

statistical contribution of the proteasome in p25α clearance. Due to the non-specific up-regulation 

of CMV-driven Tppp/p25α mRNA by proteasomal inhibitors [as also reported by (Biasini, Fioriti et 

al. 2004)], the role of the proteasome could not be determined in OLN-p25α cells. Strikingly, the 

expression of p25α protein (in OLN-p25α cells) seems to hinder the macroautophagic activity 

(inhibited by 3MA) upon addition of haSyn-PFFs thus favoring the CMA activity, probably as a 

counterpoise to the proteolytic dysregulation. Likewise, Ejlerskov and et al. have also demonstrated 

that p25α inhibits the fusion of autophagosomes with the lysosome and leads to the secretion of 

monomeric and aggregated aSyn via exophagy in PC12 cells (Ejlerskov, Rasmussen et al. 2013).  

Finally, the pharmacological CMA- and macroautophagy-specific enhancers AR7 and 

rapamycin respectively, mitigated the levels of the endogenous and exogenously added aSyn and all 

its pathological conformations (oxidized/nitrated and aggregated aSyn), together with p25α, both in 

oligodendroglial cell lines and primary oligodendrocytes. The beneficial effect of macroautophagy 

induction in the removal of aSyn species in oligodendrocytes has been previously reported. In 

particular, the geldanamycin analogue 17-AAG [17-(Allylamino)-17-demethoxygeldanamycin] 

attenuated the formation of aSyn aggregates in OLN-93 cells stably overexpressing the human PD-

linked A53T aSyn mutation by stimulating macroautophagy (Riedel, Goldbaum et al. 2010). This 

effect on macroautophagy induction was also observed in cultured oligodendrocytes derived from 

the brains of newborn rats (Riedel, Goldbaum et al. 2010). On the other hand, numerous studies 

have explored the use of various autophagy-enhancing agents in the context of PD pathology, 

concluding that they exert beneficial effects on neuronal cell survival and accelerate aSyn clearance 

(Sarkar, Davies et al. 2007; Crews, Spencer et al. 2010; Malagelada, Jin et al. 2010; Wu, Li et al. 

2011; Decressac, Mattsson et al. 2013; Perez-Revuelta, Hettich et al. 2014; Sarkar, Chigurupati et 

al. 2014; Pupyshev, Tikhonova et al. 2019; Pantazopoulou, Brembati et al. 2021). Moreover, the 

post-translational regulation of autophagy via the use of micro-RNAs (miRs) targeting LAMP2A 

and HSC70, has been shown to decrease aSyn aggregation in SH-SY5Y cells (Alvarez-Erviti, Seow 

et al. 2013). Similarly, it has been previously shown that CMA induction via overexpression of the 

LAMP2A receptor in neuronal cellular and animal synucleinopathy models alleviated aSyn-induced 

neurotoxic effects (Xilouri, Brekk et al. 2013).  
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Collectively, our study reveals that the administration of haSyn fibrils to cellular systems, 

i.e. immortalized oligodendroglial cells and differentiated primary oligodendrocytes, recapitulated 

critical aspects of MSA pathogenesis, thus representing an attractive model system to study the 

early events leading to GCI formation. We propose that endogenous aSyn and oligodendroglial 

phosphoprotein p25α form a dangerous dynamic duo that predisposes oligodendrocytes to 

accumulate intracellular aSyn aggregates reminiscent of the oligodendroglial inclusions in MSA. 

Moreover, we show that the endogenous oligodendroglial aSyn and p25α are degraded via the ALP 

and that conversely, the presence of pathological aSyn (haSyn-PFFs) decreases the autophagic flux 

of OLN cell lines, albeit without impairing the overall lysosomal activity. The data obtained from 

cell lines and primary cultures indicate that enhancement of CMA or macroautophagy prevents the 

accumulation/aggregation of aSyn and/or p25α in rodent MSA-like experimental models, 

suggesting that ALP manipulation may provide a rationale approach to combat aSyn and p25α 

accumulation in GCIs. Further validation in pre-clinical models of the disease may pave the way for 

the use of autophagy modulators or gene-based approaches as therapeutic approaches to attenuate 

MSA disease progression.   
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VI. FUTURE PERSPECTIVES 

 

According to our results, the presence of the endogenous oligodendroglial aSyn plays a 

crucial role in the redistribution of p25α to the cell soma and the formation of MBP+/aSyn+/p25α+ 

aggregates, upon inoculation of oligodendroglial cells with human aSyn seeds. Moreover, the 

presence of p25α seems to augment the formation of pathological aSyn species in OLN cell lines, 

suggesting a critical role of p25α in aSyn aggregation following its internalization by 

oligodendrocytes. Thus, it would be interesting to manipulate the expression of p25α both in vitro 

and in vivo and assess the effects in the formation of pathological aSyn aggregates in the context of 

MSA. To this end, we plan to use a novel adeno-associated viral vector with preferential 

oligodendrocyte tropism (AAV-Olig001) in order to overexpress or down-regulate (with shRNA) 

p25α and then study the formation of aSyn assemblies in primary oligodendroglial cell cultures or 

within the PFF-injected striatum of PLP-haSyn (mouse model for MSA) WT-aSyn and KO-aSyn 

mice. By this, we expect to detect alterations in the formation of aberrant aSyn species within 

oligodendrocytes along with the modifications of p25α expression levels. 

Moreover, we plan to investigate the transmission of aSyn between oligodendrocytes or 

from neurons to oligodendrocytes as a possible mechanism of pathological aSyn spread in the 

context of MSA progression. Exosomes have been proposed as potential mediators for aSyn transfer 

between neuronal and non-neuronal cells (mostly astrocytes and microglia); however their role in 

MSA-related aSyn propagation remains yet unexplored. To investigate the hypothesis of an 

exosomal contribution to MSA pathogenesis, we propose to isolate exosomes from PFF-treated 

OLN cell lines and apply them in healthy oligodendrocytes in order to verify the ability of 

pathological aSyn to transmit pathology via exosomes between oligodendrocytes and to trigger the 

endogenous aSyn accumulation of recipient cells. The findings of the in vitro experiments will be 

also validated in vivo by inoculating brain exosomes isolated from PLP- or WT-aSyn mouse or 

human MSA brain (or healthy control brain) unilaterally in the striatum of WT-aSyn mice and 

assessing the propagation of aSyn pathology at interconnected brain regions. Furthermore, we seek 

to challenge the hypothesis that in MSA oligodendrocytes uptake aSyn secreted from neurons and 

that the subsequent accumulation of oligodendroglial aSyn results in reduced myelin production and 

toxicity to the surrounding neurons. To this end, we will utilize a neuron-oligodendrocyte 

myelination model system, as well as triple compartment microfluidic chambers (neurons-oligo-

neurons) and assess the effects on aSyn seeding and related-toxicity. 

 Finally, experiments of stereotactic delivery of AAV-Olig001 vectors expressing LAMP2A 

or Beclin 1 (CMA- and macroautophagy-related proteins respectively) followed by haSyn PFF-

injections in the striatum of WT-aSyn mice are expected to corroborate our current results regarding 
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the role of ALP in aSyn and p25α clearance. All the above experiments aim to uncover potential 

therapeutic targets that may prevent the accumulation/aggregation of aSyn and/or p25α in 

oligodendrocytes in an attempt to halt or stop MSA progression. 
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Abstract

Multiple system atrophy (MSA) is characterized by the presence of distinctive glial cytoplasmic inclusions (GCIs) within 

oligodendrocytes that contain the neuronal protein alpha-synuclein (aSyn) and the oligodendroglia-specific phosphoprotein 

TPPP/p25α. However, the role of oligodendroglial aSyn and p25α in the formation of aSyn-rich GCIs remains unclear. To 

address this conundrum, we have applied human aSyn (haSyn) pre-formed fibrils (PFFs) to rat wild-type (WT)-, haSyn-, 

or p25α-overexpressing oligodendroglial cells and to primary differentiated oligodendrocytes derived from WT, knockout 

(KO)-aSyn, and PLP-haSyn-transgenic mice. HaSyn PFFs are readily taken up by oligodendroglial cells and can recruit 

minute amounts of endogenous aSyn into the formation of insoluble, highly aggregated, pathological assemblies. The over-

expression of haSyn or p25α accelerates the recruitment of endogenous protein and the generation of such aberrant species. 

In haSyn PFF-treated primary oligodendrocytes, the microtubule and myelin networks are disrupted, thus recapitulating a 

pathological hallmark of MSA, in a manner totally dependent upon the seeding of endogenous aSyn. Furthermore, using 

oligodendroglial and primary cortical cultures, we demonstrated that pathology-related S129 aSyn phosphorylation depends 

on aSyn and p25α protein load and may involve different aSyn “strains” present in oligodendroglial and neuronal synucle-

inopathies. Importantly, this hypothesis was further supported by data obtained from human post-mortem brain material 

derived from patients with MSA and dementia with Lewy bodies. Finally, delivery of haSyn PFFs into the mouse brain 

led to the formation of aberrant aSyn forms, including the endogenous protein, within oligodendroglia and evoked myelin 

decompaction in WT mice, but not in KO-aSyn mice. This line of research highlights the role of endogenous aSyn and p25α 

in the formation of pathological aSyn assemblies in oligodendrocytes and provides in vivo evidence of the contribution of 

oligodendroglial aSyn in the establishment of aSyn pathology in MSA.

Keywords Alpha-synuclein · Multiple system atrophy · Myelin · Oligodendrocytes · Seeding · Tubulin polymerization 

promoting protein

Introduction

Multiple system atrophy (MSA) is a fatal, adult-onset, spo-

radic neurodegenerative disorder of uncertain etiology with 

no effective treatment [14]. Neuropathologically, MSA is 

characterized by the accumulation of the neuronal presynap-

tic protein alpha-synuclein (aSyn) within oligodendrocytes, 

the myelin-producing cells of the central nervous system, 

forming glial cytoplasmic inclusions (GCIs), which repre-

sent the main histopathological hallmark of MSA [67, 73]. 

The origin of aSyn in oligodendrocytes of MSA patients 

is ambiguous, since it has been proposed that mature 
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oligodendrocytes do not normally express this protein [9]. 

Some reports have shown the expression of SNCA (the gene 

encoding aSyn) mRNA in oligodendrocytes, suggesting 

the presence of the endogenous oligodendrocytic protein 

[9, 21, 56]. However, other studies have failed to detect 

oligodendroglial SNCA mRNA expression in the brains of 

MSA patients [35, 60], or in studies where SNCA mRNA 

was detected, no differences were observed between con-

trols and MSA patients [3, 19]. Moreover, in vitro [13, 21, 

23, 24, 48, 49] and in vivo studies [55, 58] demonstrated 

that exogenous recombinant or neuronally derived aSyn can 

be taken up by oligodendroglial cell lines, suggesting the 

neuron-to-glia transfer of aSyn. Recent evidence suggests 

that the “prion-like” transmission of misfolded aSyn may 

contribute to MSA disease risk [76]. Yet, little is known 

regarding the mechanisms underlying the selective transmis-

sion of aSyn pathology in oligodendrocytes of MSA brains.

Beyond aSyn, the oligodendroglial-specific phosphopro-

tein p25α (tubulin polymerization promoting protein, TPPP) 

is a major component of GCIs and facilitates aSyn aggrega-

tion in vitro [18, 25, 28, 61]. Under physiological condi-

tions, p25α interacts with tubulin and myelin basic protein 

(MBP), thereby facilitating myelination [61]. In MSA, p25α 

is redistributed from the myelin sheath to the abnormally 

expanded oligodendroglial cell bodies, an event followed by 

a reduction of total MBP levels, myelin fragmentation, and 

accumulation of abnormal aSyn [61]. However, the role of 

p25α in the transmission and seeding of aSyn pathology has 

not been addressed.

In the present study, by utilizing pre-formed fibrils (PFFs) 

of human recombinant aSyn as seeds of pathological aSyn, 

we show that endogenous oligodendroglial aSyn, which is 

almost undetectable at baseline, is a major component of the 

misfolded aSyn assemblies formed in immortalized oligo-

dendroglial cell lines and primary oligodendroglial cultures. 

More importantly, we demonstrate that endogenous aSyn 

plays a central role in the impairment of the myelin network 

in the living mouse brain, further highlighting the contribu-

tion of endogenous aSyn to the establishment of the pathol-

ogy present in MSA brains. Finally, our study supports a 

central role for p25α in the seeding of misfolded aSyn and in 

the formation of pathological aSyn conformations, which are 

considered crucial events underlying the pathology observed 

in MSA brains.

Methods

Cell culture and treatments

The stable cell line OLN-p25α was established essentially 

as the OLN-AS7 line [51] by transfecting OLN-93 oligo-

dendroglial cells with a pcDNA3.1 zeo(−)human p25α 

vector. The parental immortalized OLN-93 cell line (con-

trol cells) was derived from primary Wistar rat brain glial 

cultures [57]. All cells were grown in Dulbecco’s modified 

Eagle’s medium (D6429; Gibco, Invitrogen, Carlsbad, CA, 

USA) supplemented with 10% fetal bovine serum (10,270; 

Gibco, Invitrogen, Carlsbad, CA, USA), 50 U/mL penicil-

lin, and 50 µg/mL streptomycin. OLN-AS7 and OLN-p25α 

cells were maintained in 50 µg/mL Zeocin (R25001; Thermo 

Fisher Scientific, Waltham, MA, USA). The pcDNA3.1 

zeo(−) plasmid expressing human p25α was generated as 

described previously [68]. Primary oligodendroglial progen-

itor cells derived from mixed glial cultures were prepared 

from P0 to P3 neonatal knockout (KO)-aSyn, wild-type 

(WT)-aSyn or PLP-human aSyn (haSyn) transgenic mice, 

as described previously [32], and cultured in SATO medium 

[5]. Cultures of rat (embryonic day 18) cortical neurons were 

prepared as described previously [78] and maintained in 

Neurobasal medium (Invitrogen, Carlsbad, CA, USA), sup-

plemented with B27 supplement (Invitrogen, Carlsbad, CA, 

USA), L-glutamine (0.5 mM), and penicillin/streptomycin 

(1%). A detailed description of the conditions utilized for 

plating the different cell types, transfections, and treatments 

are provided in Supplementary Methods (Online Resource 

16).

Preparation of haSyn PFFs

HaSyn fibrils were generated as described [6, 22], with sev-

eral modifications. Shortly, before aggregation, monomeric 

aSyn in 50 mM HEPES (pH 7.4,) 100 mM NaCl, and 0.02% 

 NaN3 was centrifuged for 1 h at 84.000×g. The superna-

tant was ultra-filtrated (0.2 µm) and adjusted to 0.27 mM. 

Aggregation was performed for 12 days at 37 °C. Fibrils 

were collected by ultracentrifugation, washed twice with 

phosphate-buffered saline (PBS), pH 7.3, at room tempera-

ture, and quantified by subtracting the amount of monomeric 

aSyn protein in the supernatant from the total protein used 

for aggregation. PFFs were resuspended in PBS (pH 7.3) at 

a final concentration of 4.5 mg/mL and a working stock solu-

tion was prepared at 1 mg/mL. The cells were incubated with 

0.5–3 μg non-sonicated haSyn PFFs (as described above) 

or PBS as a control for the indicated time points and were 

either processed for confocal microscopy or lysed and col-

lected for western blot analysis as described below.

Subcellular fractionation and western 
immunoblotting

OLN cells incubated with haSyn PFFs for various time 

points were washed twice in ice-cold PBS and sequen-

tially fractionated using buffers with increasing extraction 

strength, as described in Supplementary Methods (Online 

Resource 16). Primary oligodendroglial cells were lysed 
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using RIPA buffer (150 mM NaCl, 25 mM Tris pH 7.6, 

0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40), left on 

ice for ~ 30 min, and centrifuged at 10,000×g for 15 min 

at 4 °C. Western blot analysis of protein extracts was per-

formed as described previously [70] and the antibodies used 

are shown in Supplementary Table 2 (Online Resource 11). 

The intensity of each immunoreactive band was estimated by 

densitometric quantification using ImageJ software.

Immunocytochemistry and confocal microscopy

OLN cell lines and primary mouse oligodendrocyte cul-

tures cultured on poly-D-lysine-coated glass coverslips 

were treated with haSyn PFFs at the indicated time points. 

The cells were fixed with 4% paraformaldehyde for 40 min, 

blocked in 10% normal goat serum containing 0.4% Triton 

X-100 for 1 h at room temperature, and incubated with pri-

mary antibodies overnight at 4 °C. The primary and fluores-

cent secondary antibodies used are shown in Supplementary 

Table 2 (Online Resource 11). Images were obtained using a 

Leica TCS SP5 confocal microscope combined with a dual 

(tandem) scanner. All confocal images were obtained under 

equivalent conditions of laser power, pinhole size, gain, and 

offset settings between the groups. For the transient transfec-

tions, quantifications were performed with the Imaris soft-

ware suite (v7.7.2, Bitplane AG, Zurich, Switzerland), using 

a static set of parameters to isolate either  GFP+ or p25α+ cell 

profiles, and then masking the channel containing the human 

aSyn (LB509 antibody), oxidized/nitrated aSyn (SYN-303 

antibody) or the rodent aSyn (D37A6 antibody) signal using 

said profiles. The masking of the  GFP+ or p25α+ signal was 

based on fluorescent intensity. ImageJ (v2.0.0) software was 

used to quantify relative protein levels expressed as mean 

fluorescence intensity or % area coverage, normalized to 

the total number of cells/field (the number of DAPI-stained 

nuclei).

Transmission electron microscopy (EM)

Negative staining

Specimens were prepared by adsorbing 5-μLdrops of fibrils 

(pre- and post-sonication) onto 200 mesh formvar-carbon 

film-bearing grids (Electron Microscopy Sciences, Hatfield, 

PA, USA), rinsing with water, and staining with a 2% w/w 

aqueous uranyl acetate solution for 2 min.

Preparation of cultured cells for EM and immuno‑EM

For conventional EM, the cells were fixed for 1 h at 37 °C in 

2.5% glutaraldehyde made up in 0.1 M phosphate buffer (pH 

7.4) and processed for EM and immuno-EM as described in 

Supplementary Methods (Online Resource 16).

EM for myelin integrity

At 1 month post-injection, haSyn PFF-treated WT and 

KO-aSyn mice (n = 4/genotype) were perfused transcar-

dially with 0.1 M PBS (pH 7.2) at 37 °C and then with 

4% paraformaldehyde/1% glutaraldehyde. The brain was 

removed and the ipsilateral striatum was processed for EM 

analysis as described in Supplementary Methods (Online 

Resource 16). In all EM procedures, the grids were exam-

ined in a Philips 420 transmission electron microscope at 

an acceleration voltage of 60 kV and photographed with 

a Megaview G2 CCD camera (Olympus SIS, Münster, 

Germany) and iTEM image capture software. In order to 

assess myelin integrity in the PFF-injected mice striatum, 

we quantified the g ratio (ratio of inner axonal diameter to 

total outer diameter) and the % of axons with decompacted 

myelin [43]. For these quantifications, at least 100 ran-

domly selected myelin sheaths that were cross-sectioned 

completely without artifacts and could be classified with-

out doubt were counted. Semi-automated analysis of ran-

domly selected myelin sheaths was carried out using a 

plug-in for ImageJ software as previously described [7].

RNA extraction, cDNA synthesis and real‑time PCR

Total RNA was extracted from OLN-93 cells treated with 

haSyn PFFs for 2, 12, and 48 h (or PBS) using  TRIzol® 

(Ambion, Thermo Fisher Scientific, Waltham, MA, USA). 

Following digestion with 1 U/μg DNase I (Promega, Madi-

son, WI, USA), 1 μg total RNA was used for first-strand 

cDNA synthesis with the Moloney murine leukemia virus 

reverse transcription system (Promega, Madison, WI, 

USA) and utilized for real-time PCR, according to the 

manufacturer’s instructions, as described in Supplemen-

tary Methods (Online Resource 16).

Autopsy case material

Human brain tissue was obtained through the University of 

Florida Neuromedicine Human Brain Tissue Bank accord-

ing to protocols approved by the Institutional Review 

Board. Post-mortem pathological diagnoses were made 

according to standard neuropathological criteria [33, 66]. 

Cerebellar samples containing GCIs from three MSA cases 

were studied including the two major pathological sub-

types: striatonigral degeneration and olivopontocerebellar 

atrophy (Online Resource 10). The cingulate cortex and 

midbrain containing cortical and brainstem Lewy Bodies 

(LBs), respectively, from three dementia with Lewy bodies 

(DLB) cases with concurrent Alzheimer’s disease pathol-

ogy were also utilized.
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Immunohistochemistry and semi‑quantitative 
scoring

Immunostaining of the sections was performed using stand-

ard methods [11]. The sections were rehydrated and subse-

quent antigen retrieval was performed in a steam bath for 

30 min in a 0.2% Tween-20 solution for all antibodies uti-

lized. Non-specific antibody binding was minimized with a 

2% fetal bovine serum/0.1 M Tris blocking solution; primary 

antibodies were diluted in the blocking solution and applied 

to tissue sections at 4 °C overnight. Biotinylated secondary 

antibodies (Vector Laboratories, Burlingame, CA, USA) 

were diluted in the blocking solution and applied to the sec-

tions for 1 h at room temperature. An avidin–biotin complex 

system (VECTASTAIN ABC Elite Kit; Vector Laborato-

ries, Burlingame, CA, USA) was used to enhance detection 

of the immunocomplexes, which were visualized using the 

chromogen 3,3′-diaminobenzidine (DAB Kit; KPL, Gaith-

ersburg, MD, USA). For comparison, all MSA and DLB 

sections were exposed to DAB for the same amount of time 

for a given antibody. Tissue sections were counterstained 

with hematoxylin. All slides were digitally scanned using 

an Aperio ScanScope CS instrument (40× magnification; 

Aperio Technologies Inc., Vista, CA, USA), and images of 

representative areas of pathology were captured using Ima-

geScope software (40× magnification; Aperio Technologies, 

Inc., Vista, CA, USA). Inclusion pathology was observed 

and assessed qualitatively and confirmed independently by 

a second observer.

Animals

Eight-week-old male WT C57BL6/C3H (WT-aSyn), 

C57BL6/JOlaHsd aSyn null (KO-aSyn) (purchased from 

Harlan Laboratories), or C57BL6 PLP-haSyn transgenic 

(kindly provided by Dr. Nadia Stefanova, Innsbruck Uni-

versity) mice were housed (6–8 animals/cage) with free 

access to food and water under a 12-h light/dark cycle. All 

experimental procedures were approved by the Ethics Com-

mittee for the Use of Laboratory Animals in the Biomedical 

Research Foundation of Athens.

Surgical procedures

All surgical procedures were performed under general isoflu-

rane (B506; Abbott, Chicago, USA) anesthesia. Eight-week-

old male WT or KO aSyn mice were placed in a stereotaxic 

frame (Kopf Instruments, Tujunga, CA, USA) and the right 

dorsal striatum was targeted using the following coordinates 

from the bregma: + 0.5 mm anteroposterior, − 1.6 mm medi-

olateral, and − 3.4 mm dorsoventral according to the Mouse 

Brain Atlas [80]. A total of 2 μL haSyn PFF solution (final 

concentration, 2 μg/μL) or PBS was injected unilaterally 

at a constant flow rate of 0.1 μL/15 s using a pulled glass 

capillary (diameter, 60–80 mm) attached to a Hamilton 

syringe with a 22-gauge needle. Following delivery of haSyn 

PFFs or PBS, the capillary was held in place for 5 min and 

removed slowly from the brain.

Immunohistochemistry and confocal microscopy

At 1 month post-injection, the animals were anesthetized 

with isoflurane followed by intracardial perfusion with ice-

cold PBS and then ice-cold 4% paraformaldehyde solution 

(n = 4–5 animals/condition/genotype). The brains were 

removed and post-fixed for 24 h in the same preparation of 

paraformaldehyde and transferred to 15% sucrose for 24 h 

and finally in 30% sucrose until sectioning. The brains were 

sectioned through the coronal plane at 30 μm increments, 

and every section throughout the striatum and ventral mid-

brain was collected. Immunohistochemical staining was 

carried out in free-floating sections as described previously 

[79] using the primary and secondary antibodies described 

in the Immunocytochemistry and Confocal Microscopy 

section.

Statistical analysis

The data are shown as the mean ± standard error (SE) of 3 

or 5 independent experiments with triplicate samples/con-

dition within each experiment. The mean values ± stand-

ard deviation (SD) of each experiment are also provided 

in Supplementary Table 3 (Online Resource 12). Image 

Fig. 1  Pre-formed haSyn fibrils are taken up by oligodendroglial 

cell lines and evoke the formation of Triton-insoluble aSyn species. 

Representative immunoblots of Triton-, SDS-, and urea-soluble pro-

tein fractions derived from OLN-93, OLN-AS7, and OLN-p25α cells 

treated with 0.5 μg of haSyn PFFs for various times (24–96 h). a A 

small fraction of human and total aSyn (detected with 4B12 and C20 

antibodies, respectively) is present in the Triton-soluble fraction of 

OLN-93 and OLN-AS7 (left panel) or OLN-p25α cell lysates (right 

panel). b, c Monomeric and high molecular weight (HMW) aSyn 

species (human and total) are mainly detected in the SDS- and urea-

soluble fractions, following the addition of haSyn PFFs, thus repre-

senting rather insoluble aSyn species in OLN-93 and OLN-AS7 (left 

panel) or p25α cell lysates (right panel). Equal loading was verified 

by the detection of β-actin levels. Asterisk represents non-specific 

bands obtained with the human-specific 4B12 antibody (also detected 

in the PBS-treated OLN-93 or OLN-p25α cells where no human aSyn 

was present). d, e Quantification of monomeric and HMW species of 

human (upper panels) and total (lower panels) aSyn levels detected in 

the urea-soluble fraction of OLN-93 and OLN-AS7 cells (d) or OLN-

93 and OLN-p25α cells (e) treated with 0.5  μg PFFs for 24-96  h. 

Data are expressed as the mean ± SE of five independent experiments 

with triplicate samples/condition within each experiment; *p < 0.05; 

**p < 0.01; ***p < 0.001, by two-way ANOVA with Bonferroni’s cor-

rection, comparing between OLN-93 and OLN-AS7 or OLN-p25α 

cells treated with haSyn PFFs at all time points

◂
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acquisition and analysis were performed by two independ-

ent examiners blinded to the true identity of the samples. 

Statistical analysis was carried out with GraphPad Prism 

5 using one-way analysis of variance (ANOVA) with 

Tukey’s post hoc test or two-way ANOVA with Bonfer-

roni’s correction. Differences were considered significant 

for p < 0.05.
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Results

Internalization of haSyn PFFs by oligodendroglial 
cell lines leads to the formation of Triton‑insoluble 
aSyn species

In order to assess the uptake and seeding capacity of haSyn 

PFFs in oligodendroglial cells, we initially utilized the 

immortalized rat OLN-93 cell line, which expresses very 

low to non-detectable levels of endogenous aSyn and p25α, 

and the stable cell lines OLN-AS7 and OLN-p25α, which 

overexpress human WT-aSyn and p25α, respectively (Online 

Resource 1a). Stable or transient overexpression of haSyn 

and p25α in OLN cells was not accompanied by changes 

in cell viability (Online Resource 1b). EM used to moni-

tor fibril morphology and to confirm the presence of fibrils 

(Online Resource 1c). Treatment of OLN-93 cells with 0.2 

and 0.5 μg haSyn PFFs for 48 h, led to the dose-dependent 

accumulation of SDS- and urea-soluble high molecular 

weight (HMW) aSyn species (Online Resource 1d). We used 

0.5 μg haSyn PFFs in subsequent experiments, and we inves-

tigated the solubility and aggregation of internalized PFFs in 

the OLN cell lines over time (24–96 h). The Triton-soluble 

fraction of all cell lines contained only monomeric aSyn 

(detected with antibodies against human and human + rodent 

aSyn) that showed the highest levels at 24 h post-addition, 

which was followed by a time-dependent decrease to base-

line levels (PBS-treated cells), evident mostly in the con-

trol OLN-93 cells (Fig. 1a and Online Resource 2a, b). This 

could be attributed either to the effective clearance of the 

formed aSyn species or to the dilution of exogenous aSyn 

due to cell proliferation. Notably, monomeric aSyn levels 

detected in the Triton-soluble fraction of OLN-AS7 cells 

remained high over time, possibly due to the stable overex-

pression of the human protein in these cells, whereas in the 

OLN-p25α cells both exogenously added human and total 

aSyn remained at higher levels than in the OLN-93 cells. 

HMW-aSyn species were detected mostly in the SDS- and 

urea- soluble fractions (Fig. 1b, c), thus representing rather 

insoluble aSyn species. Similar to the Triton-soluble frac-

tion, in the SDS-soluble fraction, the peak levels of mono-

meric and HMW aSyn were observed at 24 h in all cell 

lines, followed by a gradual decrease over time (48–96 h); 

however, they remained at higher levels than in the PBS-

treated cells (Fig. 1b and Online Resource 2c–f). Interest-

ingly, in the urea-soluble fraction of OLN-p25α cells, aSyn 

monomeric and oligomeric forms (both human and total) 

were relatively resistant to degradation, since their levels 

remained high compared to control OLN-93 cells, in which 

their levels decreased over time (Fig. 1c–e). This could be 

indicative of a role for p25α in promoting aSyn aggregate 

formation within oligodendrocytes or in inhibiting the clear-

ance of aSyn aggregates.

Addition of haSyn PFFs to OLN cell lines 
recruits endogenous rat oligodendroglial aSyn 
into the formation of highly insoluble aSyn 
conformations

In order to investigate the ability of haSyn PFFs to act as a 

template for endogenous oligodendroglial aSyn to form insol-

uble protein species, we utilized the rodent-specific D37A6 

antibody in western blot and confocal microscopy analyses. 

Fig. 2  Addition of haSyn PFFs in OLN cell lines leads to the recruit-

ment of endogenous rat oligodendroglial aSyn into highly insoluble 

aSyn assemblies. a Representative immunofluorescence images using 

antibodies against human aSyn (green, LB509 antibody) and endog-

enous rat aSyn (red, D37A6 antibody) and DAPI staining in OLN cell 

lines treated with 0.5 μg of haSyn PFFs for 48 h and 10 days. Scale 

bar: 25 μm. b (Upper panels) ultrastructural transmission EM analy-

sis of PBS-treated (upper left) and haSyn PFFs-treated (upper right) 

OLN-93 cells showing the presence of filaments (box highlight) 

in the cell soma near the nucleus of PFF-treated cells (N). (bottom 

left panel) A higher magnification image of the filaments of PFF-

treated cultures is shown. (Box highlight, bottom right panel) double 

immuno-EM analysis with nanogold particles of different diameters, 

demonstrating the presence of both human (green asterisk, LB-509, 

10 nm) and rodent (red asterisk, D37A6, 15 nm) aSyn in the formed 

filamentous inclusions in the cell soma of OLN-93 cells. A high-

power image of independent PFF-treated cultures is shown in the 

upper dashed box. Scale bars: 500 nm (upper), 200 nm (bottom) and 

100 nm (highlight box). c Quantification of aSyn levels (human and 

endogenous rat) measured as % area surface/cell in OLN cell lines 

following treatment with 0.5 μg PFFs for 48 h or 10 days. Data are 

expressed as the mean ± SE of three independent experiments with 

triplicate samples/condition within each experiment. *p < 0.05 by 

two-way ANOVA with Bonferroni’s correction. d Representative 

immunoblots demonstrating the presence of endogenous rat aSyn 

(D37A6 antibody) in the urea-soluble fraction of OLN-93 and OLN-

AS7 cells (upper panel) or OLN-p25α cells (bottom panel) following 

treatment with 0.5  μg haSyn PFFs for 24–96  h. Equal loading was 

verified by the detection of β-actin levels. e Quantification of mono-

meric (left) and HMW species (right) of endogenous rat aSyn levels 

detected in the urea-soluble fraction of OLN-93 and OLN-AS7 cells 

(upper row) or OLN-93 and OLN-p25α cells (bottom row) treated 

with 0.5 μg PFFs for 24–96 h. Data are expressed as the mean ± SE of 

five independent experiments with triplicate samples/condition within 

each experiment. *p < 0.05; **p < 0.01; ***p < 0.001, by two-way 

ANOVA with Bonferroni’s correction. f (Left panel) representative 

immunoblots of urea-soluble protein fraction derived from OLN-93, 

OLN-AS7 and OLN-p25α cells treated with 0.5 μg of haSyn PFFs for 

2–10 days. Asterisk represents non-specific bands obtained with the 

rodent-specific D37A6 antibody. (right) Quantification of monomeric 

(upper row) and HMW species (bottom row) of rat endogenous aSyn 

detected in the urea-soluble fraction of all OLN cell lines treated with 

0.5 μg PFFs for 2–10 days. Data are expressed as the mean ± SE of 

three independent experiments with triplicate samples/condition 

within each experiment; *p < 0.05; **p < 0.01; ***p < 0.001, by 

two-way ANOVA with Bonferroni’s correction, comparing between 

OLN-93 and OLN-AS7 or OLN-p25α cells treated with haSyn PFFs. 

g Quantitative real-time PCR reveals unaltered Snca levels upon 

treatment of OLN-93 cells with 0.5 μg haSyn PFFs for 2–48 h. Data 

are expressed as Snca mRNA levels relative to the mRNA levels of 

β-actin normalized to control-treated cultures (PBS)

◂



 Acta Neuropathologica

1 3



Acta Neuropathologica 

1 3

Fig. 3  Overexpression of human aSyn or p25α accelerates the recruit-

ment of endogenous rat oligodendroglial aSyn following the addi-

tion of haSyn PFFs to OLN cell lines. a–c Confocal microscopy with 

exogenous human-specific and endogenous rat-specific anti-aSyn 

antibodies reveals the enhanced expression of endogenous rat aSyn at 

12 h in control OLN-93 cells and at 2 h in OLN-AS7 and OLN-p25α 

cells. (left panels) Representative immunofluorescence images with 

antibodies against human aSyn (green, LB509 antibody) and rodent 

aSyn (red) and DAPI staining. Scale bar: 25 μm. (right panels) Quan-

tification of aSyn protein levels (human or endogenous rat aSyn) in 

OLN-93, OLN-AS7 and OLN-p25α cells measured as % area surface/

cell following treatment with 0.5  μg haSyn PFFs for various times 

(2–12 h). Data are expressed as the mean ± SE of three independent 

experiments with triplicate samples/condition within each experi-

ment; *p < 0.05; **p < 0.01; ***p < 0.001, by one-way ANOVA with 

Tukey’s post hoc test. d A drawing depicting the key time points 

when the uptake of exogenous haSyn PFFs and the recruitment of 

endogenous rat aSyn occur in control cells (OLN-93) and cells over-

expressing human aSyn (OLN-AS7) or p25α (OLN-p25α)

◂

This antibody does not give any immunofluorescence signal 

in PBS-treated OLN cells (Fig. 2a and Online Resource 3); 

the addition of 0.5 μg haSyn PFFs was accompanied by the 

detection of an elevated endogenous aSyn signal, which co-

localized with the exogenously added human aSyn that per-

sisted over time (48 h–10 days) and depended, in terms of its 

intensity, on the exogenously added human material (Online 

Resource 4). The uptake of haSyn PFFs was further verified 

by staining the lectins of the plasma membrane using wheat 

germ agglutinin (Online Resource 1e and 13) and ultrastruc-

tural EM analysis, which revealed the presence of filaments 

in the cell soma of OLN-93 cells treated with haSyn fibrils, 

which were absent in PBS-treated cells (Fig. 2b, upper panels). 

Double immuno-EM analysis with nanogold particles of dif-

ferent diameters, showed the presence of human and rat aSyn 

in the formed intracellular filamentous inclusions (Fig. 2b, 

bottom panels). Measurement of human or rat endogenous 

aSyn levels, expressed as % of surface area normalized to the 

total number of cells/field, revealed no significant differences 

among the different OLN cells, at 48 h and 10 days post-addi-

tion of 0.5 μg haSyn PFFs (Fig. 2c). However, and in agree-

ment with the immunoblot data (Fig. 1c–e), OLN-p25α cells 

retained significantly more proteinase K-resistant human and 

rodent aSyn species compared to OLN-93 and OLN-AS7 cells 

(Online Resource 5).

Similarly, in the urea-soluble fraction of OLN-p25α cells 

from 24 h to 10 days post-addition of haSyn PFFs, higher 

levels of monomeric and HMW forms of endogenous rodent 

aSyn were found compared to OLN-93 and OLN-AS7 cells 

(Fig. 2d–f). No rat-specific signal was detected in the Triton- 

or the SDS-soluble fractions at 24 h–10 days post-addition of 

haSyn PFFs (data not shown). The elevated levels of endog-

enous aSyn detected following treatment of OLN cells with 

haSyn PFFs were not attributed to increased transcription 

of the rat Snca gene, encoding endogenous oligodendroglial 

aSyn, as revealed by quantitative real-time-PCR analysis 

(Fig. 2g).

The specificity of the D37A6 aSyn antibody to recognize 

only the rodent protein was validated further by confocal 

microscopy and western immunoblotting, utilizing human 

SH-SY5Y dopaminergic cells inducibly overexpressing the 

WT-aSyn upon the removal of doxycycline (dox) [69] and 

extracts from WT-, KO-, and hA53T-aSyn transgenic mice 

(Online Resource 6 a, b). Importantly, treatment of OLN-93 

cells with the proteasomal inhibitor epoxomicin (epox) or the 

general lysosomal inhibitor  NH4Cl alone or in combination 

(epox + NH4Cl) for 48 h revealed an increased aSyn signal 

upon lysosomal inhibition, as detected with the D37A6 anti-

body in the absence of haSyn PFFs, further supporting the 

presence of miniscule amounts of endogenous aSyn in oli-

godendrocytes that are increased upon inhibition of protein 

degradation (Online Resource 6c, d).

Overexpression of human aSyn or p25α 
accelerates the recruitment of the endogenous 
rat oligodendroglial aSyn and the formation 
of intracellular oxidized/nitrated aSyn species 
following the addition of haSyn PFFs

To decipher the impact of human aSyn or p25α overex-

pression on the seeding of aSyn pathology in OLN cells, 

we performed time-course analysis from 30 min until 24 h 

post-treatment. Confocal microscopy analysis with antibod-

ies against human and rodent aSyn (LB509 and D37A6 anti-

bodies, respectively) revealed that haSyn PFFs were taken 

up effectively by all OLN cell lines within 1 h, whereas the 

recruitment of the endogenous rat aSyn represented a later 

event (Fig. 3). Interestingly, in control OLN-93 cells, the 

seeding process was initiated at 12 h post-treatment with the 

haSyn PFFs (Fig. 3a), whereas in OLN-AS7 and OLN-p25α 

cells, the endogenous rat aSyn signal was detected earlier, at 

2 h post-addition (Fig. 3b, c). Importantly, the recruitment of 

endogenous rat aSyn evokes a dramatic change in the pattern 

of haSyn immunostaining and an increase in haSyn immu-

noreactivity, measured as % area surface/cell, at the onset 

of seeding (Fig. 3). This observation suggests a possible 

role for the seeded rat aSyn in the rapid formation of aSyn 

aggregates positive for both human + rodent aSyn or in the 

stabilization of haSyn aggregates, rendering them resistant 

to degradation.

We next investigated whether excess intracellular aSyn 

protein load (OLN-AS7 cells) or the presence of p25α 

(OLN-p25α cells) affects the onset of the appearance of aSyn 

pathology in oligodendrocytes by assessing the formation of 

oxidized/nitrated aSyn species over time (30 min–10 days) 

with confocal microscopy. Indeed, in OLN-AS7 and OLN-

p25α cells, the appearance of oxidized/nitrated aSyn 

(detected with the Syn303 aSyn antibody) was observed 
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Fig. 4  Overexpression of human aSyn or p25α facilitates the forma-

tion of pathological (oxidized/nitrated) aSyn assemblies following the 

addition of haSyn PFFs. a–c In OLN-AS7 and OLN-p25α cells, the 

recruitment of endogenous rat aSyn and the formation of pathological 

aSyn species are detected at 8 h, whereas they occur in control OLN-

93 cells at 20  h post-addition of PFFs. Representative immunofluo-

rescence images of OLN-93, OLN-AS7 and OLN-p25α cells treated 

with 0.5  μg haSyn PFFs for various times (8–48  h and 10  days) 

using antibodies against oxidized/nitrated aSyn (green, Syn303 anti-

body) and endogenous rat aSyn (red) and DAPI staining. Scale bar: 

25 μm. d Quantification of aSyn protein levels (oxidized/nitrated or 

endogenous rat aSyn) in OLN-93 (upper row), OLN-AS7 (middle 

row) and OLN-p25α (bottom row) cells measured as  % area surface/

cell following treatment with 0.5  μg haSyn PFFs for various times 

(6-48 h). Data are expressed as the mean ± SE of three independent 

experiments with triplicate samples/condition within each experi-

ment; *p < 0.05; **p < 0.01; ***p < 0.001, by one-way ANOVA with 

Tukey’s post hoc test. e A schema highlighting the time points when 

the increase in endogenous rat aSyn and the detection of pathologi-

cal (oxidized/nitrated) aSyn species are observed in the different OLN 

cell lines

◂

within 8 h post-addition of 0.5 μg haSyn PFFs, whereas in 

the control OLN-93 cells, these pathological species were 

observed after 20 h (Fig. 4). Notably, co-staining with the 

rodent-specific aSyn antibody revealed that endogenous 

aSyn was a major component of the seeded time-resistant 

pathological aSyn assemblies. Importantly, the Syn303 aSyn 

antibody did not recognize exogenously added haSyn PFFs 

per se, since no signal was observed at 1 h post-addition, 

when haSyn PFFs were detected inside the cells (data not 

shown), further supporting a major role for oligodendroglial 

aSyn in the seeding of aSyn pathology in OLN cells.

Transient overexpression of human p25α augments 
the formation of insoluble aberrant aSyn species, 
consisting of human and endogenous rat protein

In order to validate further the role of p25α in the seeding 

of aSyn pathology, we used another experimental approach. 

Specifically, OLN-93 and OLN-AS7 cells were transiently 

transfected (or co-transfected where indicated) with p25α 

or/and GFP (as a control) plasmids 6 h prior to the addi-

tion of 0.5 μg of haSyn PFFs. At 2 days post-transfection, 

the cells were fixed and processed for confocal microscopy 

using antibodies against human aSyn (LB509 antibody, 

Fig. 5a, left panel), oxidized/nitrated aSyn (Syn303 anti-

body, Fig. 5b, left panel), or rodent aSyn (D37A6 antibody, 

Fig. 5c, left panel). The transient overexpression of human 

p25α increased the accumulation of human (Fig. 5a) and 

endogenous rat (Fig. 5c) aSyn-positive signals and the gen-

eration of oxidized/nitrated aSyn species (Fig. 5b) in OLN-

93 and OLN-AS7 cells. Additionally, p25α overexpression 

in OLN-93 cells augmented the formation of monomeric 

and HMW aSyn species extractable in urea buffer (Fig. 5d). 

Such data further support a critical role for p25α in the 

aggregation of pathological aSyn conformations within 

oligodendrocytes.

Phosphorylation of aSyn at Ser129 depends on aSyn 
and p25α protein load and may involve different 
aSyn aggregate “strains” present in oligodendroglial 
and neuronal synucleinopathies

Given that the presence of aSyn phosphorylated at Ser129 

(pSer129 aSyn) is an indicator of pathology in synucleinopa-

thies, we assessed pSer129 aSyn levels in all OLN cell lines 

upon treatment with 0.5 or 3 μg haSyn PFFs for 48 h and 

10 days using a panel of specific pSer129 aSyn antibod-

ies. Surprisingly, we detected positive pSer129 aSyn signals 

only in PFFs-treated OLN cells overexpressing human aSyn 

or p25α (in the presence of 3 μg haSyn PFFs for 10 days) 

and not in the control OLN-93 cells, using the pSer129 

aSyn-specific antibodies 11A5 (Fig. 6a, middle row) and 

EP1536Y (Fig. 6a, bottom row). Conversely, no positive 

signal was detected in any PFF-OLN-treated cell line using 

the pSer129 aSyn antibody LS4-2G12 (Fig. 6a, upper row), 

which could be attributed to the low affinity of this antibody. 

Interestingly, no positive pSer129 aSyn signal was detected 

in the Triton- or SDS-soluble fraction of all PFF-treated 

OLN cells (Fig. 6b), whereas pSer129 immunoreactivity 

was observed only in the urea-soluble fraction of OLN-AS7 

cells and to a greater extent in OLN-p25α cells (Fig. 6c). 

Most importantly, endogenous rat aSyn co-localized with 

the 11A5 pSer129 aSyn antibody, suggesting that the seeded 

oligodendroglial aSyn is phosphorylated, upon the addition 

of haSyn PFFs (Fig. 6d).

Strikingly, in PFF-treated primary rat cortical cultures we 

detected a pSer129 aSyn signal with all antibodies utilized, 

including the LS4-2G12 antibody that did not give a signal 

in the OLN seeding model (Fig. 6e), suggesting that this 

antibody may recognize distinct pSer129 aSyn assemblies 

generated specifically in neurons and not in oligodendro-

cytes. Importantly, this hypothesis was further buttressed 

by data obtained from human post-mortem brain material 

derived from patients with neuronal synucleinopathy (DLB) 

and oligodendroglial synucleinopathy (MSA). As shown in 

Fig. 6f, and in agreement with our results from PFF-treated 

primary cortical cultures, all pSer129 antibodies recognized 

pSer129 aSyn in LBs in the substantia nigra pars compacta 

(left columns) and cortex (middle columns) of DLB brains 

to a similar extent. In contrast, and congruent with the data 

obtained from PFF-treated oligodendroglial cells, LS4-2G12 

reactivity for MSA cerebellar GCIs was much weaker than 

the 11A5 and EP1536Y signals. Finally, the conformation-

specific aSyn antibody MJFR-14 recognized better the 

aberrant aSyn species present in GCIs, compared to LBs 

(Fig. 6f, bottom row), supporting the notion that aSyn gen-

erated within oligodendrocytes (MSA) is incorporated into 
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Fig. 5  Transient overexpression of human p25α in OLN-93 and 

OLN-AS7 cells augments the formation of aberrant aSyn species 

comprised of human and endogenous rat aSyn following the addi-

tion of haSyn PFFs. a–c (Left panel) representative immunofluores-

cence images of OLN-93 and OLN-AS7 cells transfected with GFP 

or human p25α plasmids in the presence of haSyn PFFs (48 h) using 

antibodies against: a haSyn (gray), b oxidized/nitrated aSyn (gray) 

and c rodent aSyn (red). In a, b, antibodies against GFP (green) and 

p25α (red) were used to visualize the transfected cells. Scale bar: 

10  μm. (Right panel) Quantification of human, oxidized/nitrated, or 

endogenous rat aSyn protein levels in OLN-93 and OLN-AS7 cells 

measured as mean fluorescent intensity in selected GFP (green) or 

p25α (red) transfected cells, using the image analysis tool Imaris 

(middle panels). Data are expressed as the mean ± SE of at least three 

independent experiments with triplicate samples/condition within 

each experiment; *p < 0.05, by Student’s unpaired t test. d p25α 

overexpression enhances the accumulation of monomeric and HMW 

aSyn species following the addition of haSyn PFFs. Representative 

immunoblots of urea-soluble aSyn species of control OLN-93 cells 

transfected with GFP or p25α plasmids and treated with 0.5 μg haSyn 

PFFs for 48 h using antibodies against haSyn (4B12 antibody) or total 

(human + rodent) aSyn (C20 antibody). Equal loading was verified by 

the detection of β-actin levels

◂

higher order pathological conformations, compared to those 

generated in neurons (DLB) [8]. In our cellular systems, the 

MJFR-14 antibody recognized aggregated aSyn in oligoden-

drocytes (Online Resource 7) and neurons (Fig. 6e, bottom 

row) to a similar extent, a finding that could be explained 

by the fact that this antibody also recognizes exogenously 

added haSyn PFFs.

Endogenous aSyn is a major component 
of the seeded pathological aSyn aggregates 
following the addition of haSyn PFFs

To delineate further the contribution of endogenous oligo-

dendroglial aSyn and p25α in the spread of aSyn pathol-

ogy, we treated OLN cells with 3 μg PFFs and analyzed 

aSyn levels at 48 h or 10 days (Fig. 7). With this higher 

amount of PFFs, over time, the equilibrium of intracellular 

aSyn protein load in OLN cells shifted toward the seeded 

endogenous rat protein and notably, this phenomenon 

was more robust in the presence of human aSyn or p25α 

(Fig. 7a, b). Similarly, oxidized/nitrated aSyn conforma-

tions were elevated in OLN-AS7 and OLN-p25α cells over 

time (Fig. 7c, d). Finally, using the conformation-specific 

aSyn antibody MJFR-14, which recognizes aggregated 

conformations exclusively [27], we detected the induction 

of MJFR-14-positive structures that colocalized from the 

earliest time point of 1 h with structures recognized with a 

pan-aSyn (human + rodent) antibody (D10); the MJFR-14 

antibody showed no reactivity against overexpressed aSyn 

in the OLN-AS7 cell line (Online Resource 7). In order to 

quantitatively estimate the contribution of aSyn and p25α 

load to the formation and stability of inclusions, we utilized 

an indirect immunostaining strategy with antibodies against 

either total aSyn (D10 antibody) or human aSyn (211 anti-

body) and aggregated aSyn (MJFR-14 antibody), since both 

the rodent-specific (D37A6) and MJFR-14 antibodies are 

generated in rabbits (Fig. 7e). Total aSyn (human and endog-

enous rat) and aggregate-aSyn fluorescence signals exhib-

ited a nearly complete co-localization (Fig. 7e and Online 

Resource 7b), whereas staining with the 211 human-specific 

and MJFR-14 aggregate-specific aSyn antibodies (Fig. 7e 

and Online Resource 7c) revealed partial co-localization, 

suggesting indirectly that endogenous rat aSyn is a major 

component of the formed aggregates. Consistent with this 

idea, MJFR-14-positive immunostaining increased follow-

ing the addition of PFFs over a period of 10 days, matching 

the pattern of endogenous rat aSyn, whereas human aSyn-

positive structures remained stable or decreased over time, 

with OLN-p25α cells again exhibiting higher levels of total 

and aggregated aSyn (Fig. 7e). Interestingly, the percent-

age of cells positive for the various aSyn conformations 

was similar among all OLN cell lines, with the exception 

of pSer129 aSyn (EP1536Y antibody) (Fig. 7f), suggesting 

that the observed differences shown in Fig. 7e are possibly 

attributed to the formation of larger aggregates in aSyn- and 

p25α-expressing cells, compared to OLN-93 cells. Finally, 

proof-of-concept experiments utilizing sonicated fibrils 

yielded similar results regarding the seeding of endogenous 

aSyn and the formation of pathological assemblies (Online 

Resource 8).

Endogenous mouse oligodendroglial aSyn 
is incorporated into pathological aSyn assemblies 
in primary oligodendrocytes following the addition 
of haSyn PFFs

To investigate the intracellular processes governing the 

templating of aSyn pathology in a more physiological cel-

lular setting with properties resembling more closely those 

of the oligodendrocytes in the central nervous system, we 

established a protocol to isolate and cultivate mature oligo-

dendrocytes derived from P0 to P3 mouse brains. In order 

to decipher whether the presence of aSyn, which is small in 

amount, is a prerequisite for the seeding of exogenous added 

haSyn, we used primary oligodendrocytes prepared from 

WT- or KO-aSyn mice. In parallel experiments, we utilized 

primary cultures from PLP-haSyn mice, a well-established 

MSA mouse model in which haSyn is overexpressed only 

in oligodendrocytes, under the PLP promoter [20]. To dif-

ferentiate the oligodendroglial progenitor cells into mature, 

myelin-producing  (MBP+) oligodendrocytes, the cells were 

grown in SATO medium. The enrichment of the cultures 

with oligodendrocytes was verified utilizing markers for 

astrocytes (GFAP) and microglia (AIF1/IbaI), as well as 

markers for the oligodendroglial lineage such as Olig2, O4, 

and MBP (Fig. 8a, b). As observed in the OLN cell lines, 
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Fig. 6  Comparative analysis of pSer129-aSyn phosphorylation in 

haSyn PFF-treated cultured cells and human post-mortem synucle-

inopathy brains. a OLN-93, OLN-AS7 and OLN-p25α cells were 

treated with 3  μg haSyn PFFs for 10  days and the phosphorylation 

of aSyn at Ser129 was examined using various pSer129 aSyn-specific 

antibodies by confocal microscopy. Representative immunofluores-

cence images with antibodies against total (human + rodent) aSyn 

(green, PA5-16738 or 3H2897 antibody) and pSer129 aSyn (red, 

LS4-2G12, 11A5, or EP1536Y antibody) and DAPI staining. Scale 

bar: 25 μm. b, c Phosphorylated aSyn at Ser129 (EP1536Y antibody) 

is detected by immunoblotting only in the urea-soluble fractions of 

OLN-AS7 and OLN-p25α cells following prolonged incubation 

with 3  μg PFFs. Representative immunoblots of Triton- and SDS-

soluble protein fractions (b) or urea-soluble protein fractions (c) 

derived from OLN-93, OLN-AS7 and OLN-p25α cells treated with 

0.5 μg or 3 μg of haSyn PFFs for 10 days. d Endogenous rat aSyn is 

phosphorylated at Ser129 following prolonged incubation with 3 μg 

PFFs only in OLN-AS7 and OLN-p25α cells. Representative immu-

nofluorescence images with antibodies against endogenous rat aSyn 

(green, D37A6 antibody), pSer129 aSyn (red, 11A5 antibody) and 

DAPI staining. Scale bar: 25 μm. e Primary rat cortical neurons were 

treated with 3 μg haSyn PFFs for 10 days and phosphorylated aSyn, 

and aggregated aSyn were detected by confocal microscopy. Repre-

sentative immunofluorescence images with antibodies against total 

(human + rodent) aSyn (green, PA5-16738, D10, or 3H2897 anti-

body), pSer129 aSyn (red, LS4-2G12, 11A5, or EP1536Y antibody), 

aggregated aSyn (red, MJFR-14 antibody) and DAPI staining. Scale 

bar: 25  μm. f (Upper panel) representative DAB-immunostained 

images using antibodies against phosphorylated (LS4-2G12, 11A5 

and EP1536Y antibodies), aggregated aSyn (MJFR-14 antibody) and 

unmodified aSyn (94-3A10) in human post-mortem brain sections 

derived from the substantia nigra pars compacta and the cingulate 

cortex of DLB patients and from the cerebellum of MSA patients. 

Three confirmed cases of DLB and MSA were utilized for the analy-

sis with similar results, whereby differential reactivity for GCIs vs. 

LBs was apparent for certain antibodies including LS4-2G12 and 

MJFR-14. (bottom panel) Immunohistochemical grading of aSyn 

pathology in different MSA and DLB cases. Glial cytoplasmic inclu-

sions in MSA, cortical LBs in DLB cingulate and brainstem LBs in 

DLB midbrain were graded using a qualitative assessment of stain-

ing intensity and inclusion density by two independent observers. The 

findings are summarized as (±) rare, (+) mild, (++) moderate, (+++) 

strong and (++++) severe

◂

the addition of haSyn PFFs (0.5 μg, 48 h) evoked a dramatic 

increase in the levels of endogenous mouse oligodendroglial 

aSyn only in the WT-aSyn and PLP-haSyn primary cultures 

(Fig. 8c). No fluorescence signal for the rodent-specific 

D37A6 aSyn antibody was detected in the KO-aSyn cultures 

or at baseline in the WT-aSyn and PLP-haSyn cultures in 

the absence of haSyn PFF treatment (Fig. 8c, f). The magni-

tude of the increase was dependent on the endogenous aSyn 

load, since the rodent-specific aSyn signal was more intense 

and more compact in the PLP-haSyn oligodendrocytes than 

in WT-aSyn oligodendrocytes (Fig. 8c). The formed aSyn 

species were aggregated, as verified by the strong immuno-

reactivity of the conformation-specific MJFR-14 antibody, 

which co-localized completely with the D10 antibody, 

recognizing the human + rodent protein (Fig. 8d). Inter-

estingly, the expression pattern of aSyn in the haSyn-PLP 

cultures changed dramatically from diffuse (in PBS-treated 

cultures) to strongly punctated (in PFF-treated cultures), 

as detected by the LB509 and D10 antibodies (Fig. 8c, d). 

Finally, the rodent-specific positive puncta colocalized to a 

great extent with the oxidized/nitrated aSyn antibody in the 

WT-aSyn and haSyn-PLP cultures, but not in the KO-aSyn 

cultures (Fig. 8e, f), further indicating that the endogenous 

protein contributes to the formation of such pathological 

conformations.

Endogenous oligodendroglial aSyn protein 
load is closely linked to the re‑distribution 
of microtubule‑associated proteins 
upon the addition of haSyn PFFs

Given the close link between aSyn levels and the redistribu-

tion p25α in disease pathogenesis, we assessed the expres-

sion pattern of p25α in PFF-treated primary mouse oligo-

dendrocytes. As shown in Fig. 9a, d, there was no apparent 

change in the pattern of p25α expression in PFF-treated KO-

aSyn cultures (upper rows), in contrast to WT-aSyn cultures, 

in which p25α was redistributed from the oligodendroglial 

processes to the cell body, although no obvious co-localiza-

tion with haSyn-positive aggregates was observed (middle 

rows). Remarkably, p25α in the PFF-treated PLP-haSyn oli-

godendrocytes, beyond its cell body redistribution, accumu-

lated clearly in haSyn-positive cytoplasmic aggregates (bot-

tom rows). This change was related to haSyn PFFs, given 

that p25α protein levels were similar between the untreated 

oligodendroglial cultures (Fig. 9a, d, e).

Since p25α is a tubulin polymerization-promoting pro-

tein that is involved in the organization of the microtubule 

network [65], its re-localization in the presence of haSyn 

PFFs might also be linked to the altered localization of other 

microtubule-associated proteins, such as tau, which has 

also been found to be present in GCIs [64]. To investigate 

whether the distribution pattern of tau was affected upon the 

addition of haSyn PFFs, we studied tau phosphorylated at 

residue Ser404 (pSer404-tau), which is one of the first sites 

to be hyperphosphorylated leading to the detachment of tau 

from microtubules, a phenomenon that is closely related to 

disease pathogenesis in tauopathies [1, 16, 36, 63]. Our data 

showed that pSer404-tau was redistributed from the pro-

cesses to the cell soma upon the addition of haSyn PFFs in 

a manner dependent on the endogenous aSyn load, since this 

effect was more evident and robust in PLP-haSyn cultures, 

whereas the pSer404-tau immunostaining pattern remained 

unchanged only in the case of KO-aSyn primary oligoden-

drocytes (Fig. 9b, upper panel and d). However, pSer404-tau 

largely failed to be incorporated into haSyn aggregates, even 

in PLP-haSyn cultures, revealing a different behavior com-

pared to p25α; this may have occured because this specific 

phosphorylated form, in contrast to p25α, is unable to bind 

to microtubules.
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Fig. 7  Prolonged incubation of OLN cell lines with high concentra-

tions of haSyn PFFs uncovers the significant contribution of endog-

enous rat oligodendroglial aSyn to the formation of aberrant aSyn 

conformations. a, b Over time, the equilibrium of aSyn protein load 

shifts toward seeded endogenous rodent aSyn in all cell lines. OLN-

93, OLN-AS7 and OLN-p25α cells were incubated with 3 µg human 

aSyn PFFs for 48  h or 10  days, and the recruitment of endogenous 

rat aSyn was examined by confocal microscopy. a Representative 

immunofluorescence images with antibodies against human aSyn 

(green) and endogenous rat aSyn (red) and DAPI staining. Scale bar: 

25 µm. b Quantification of human and endogenous rat aSyn protein 

levels measured as  % area surface/cell in OLN cell lines following 

the addition of 3 μg PFFs for 48 h or 10 days. Data are expressed as 

the mean ± SE of at least three independent experiments with tripli-

cate samples/condition within each experiment; *p < 0.05; **p < 0.01, 

***p < 0.001, by two-way ANOVA with Bonferroni’s correction. c 

The addition of a high concentration of haSyn PFFs (3 μg) leads to 

the formation of time-resistant pathological (oxidized/nitrated) aSyn 

species, in which endogenous rat aSyn is the major constituent, as 

shown using antibodies against oxidized/nitrated aSyn (green) and 

endogenous rat aSyn (red) and DAPI staining. Scale bar: 25  μm. d 

Quantification of oxidized/nitrated aSyn protein levels measured as 

% area surface/cell in OLN cell lines following the addition of 3 μg 

PFFs for 48 h or 10 days. Data are expressed as the mean ± SE of at 

least three independent experiments with triplicate samples/condi-

tion within each experiment; ***p < 0.001, by two-way ANOVA with 

Bonferroni’s correction. e (upper panel) Incubation of OLN cells with 

3 μg PFFs for 48 h or 10 days expedites the formation of aggregated 

conformations of aSyn. Representative immunofluorescence images 

with antibodies against human aSyn (green, 211 antibody, upper 

panel), total aSyn (human + rodent, green, D10, bottom panel) and 

aggregated aSyn (red) and DAPI staining in OLN-93 cells. Scale bar: 

7.5  μm. (bottom panels) Quantification of aggregated (left), human 

(middle) and total (human + rodent) aSyn levels in all OLN cell lines 

treated with 3 μg haSyn PFFs for 48 h or 10 days, expressed as  % 

area surface/cell verifies the aggregated nature of the generated aSyn 

assemblies and highlights the contribution of recruited endogenous 

rat aSyn to the formation of such structures. Data are expressed as 

the mean ± SE of at least three independent experiments with tripli-

cate samples/condition within each experiment; *p < 0.05; **p < 0.01; 

***p < 0.001 by two-way ANOVA with Bonferroni’s correction. f 

Quantification of the percentage of positively stained OLN-93, OLN-

AS7 or OLN-p25α cells treated with 3 μg PFFs for 48 h or 10 days 

with antibodies against endogenous rat (D37A60), human (LB-

509), aggregated (MJFR-14) or pathological aSyn species (oxidized/

nitrated aSyn [Syn303] or pSer129-aSyn [EP1536Y]). All data are 

expressed as the mean ± SD of at least three independent experiments 

with triplicate samples/condition within each experiment

◂

Finally, we assessed the impact of exogenously added 

haSyn PFFs on myelination, which is impaired in MSA 

brains [10, 12, 61]. The addition of haSyn PFFs to primary 

oligodendrocyte precursor cells reportedly leads to the dis-

ruption of MBP expression [21]. However, the role of endog-

enous aSyn in the levels and distribution of MBP remains 

unknown. In order to investigate whether alterations in the 

levels of endogenous oligodendroglial aSyn may be linked to 

alterations in myelin integrity, we assessed haSyn and MBP 

by confocal microscopy. Our data showed that the pres-

ence of endogenous mouse aSyn (in WT-aSyn cultures) or 

overexpressed human aSyn (in PLP-haSyn cultures) led to 

a dramatic alteration of MBP immunoreactivity following 

the addition of haSyn PFFs; in particular, MBP staining was 

drastically decreased and redistributed from the processes to 

the cell soma, largely colocalizing with aggregated haSyn 

(Fig. 9c, d). On the contrary, KO-aSyn mouse oligodendro-

cytes did not display any significant changes in MBP levels 

or distribution (Fig. 9c, upper panel), thus indicating a cru-

cial role for seeded oligodendroglial aSyn aggregation in the 

alterations of MBP.

Delivery of haSyn PFFs into the mouse striatum 
is accompanied by the recruitment of endogenous 
oligodendroglial protein in  MBP+ pathological 
aggregates and the impairment of myelin integrity

In order to evaluate the seeding capacity of haSyn within oli-

godendrocytes in vivo, we performed unilateral stereotactic 

injections of haSyn PFFs (4 μg/brain) (or PBS as a control) 

into the mouse striatum, to imitate the situation occurring 

in MSA brains. As shown in Fig. 10a (bottom panels), the 

delivery of haSyn PFFs into the mouse striatum seeded the 

recruitment of endogenous mouse aSyn to form MBP-pos-

itive inclusions, which were positive for human and rodent 

aSyn, detected at 1 month post-injection (Fig. 10a, IPSI, 

indicated by the asterisks). The uptake of haSyn PFFs by 

oligodendrocytes was verified further by co-staining with 

the p25α antibody (Fig. 10b and Online Resource 15), whose 

specificity for oligodendrocytes in the mouse striatum was 

confirmed by its complete co-localization with O4 and Olig2 

antibodies (Fig. 10c).

Consistent with the results in the primary oligodendro-

glial cultures, the MBP-positive signal changed dramati-

cally upon the addition of haSyn PFFs, and  MBP+ puncta 

colocalized with the human (LB-509), rodent (D37A6), total 

(SYN1) and aggregated aSyn antibodies (Fig. 10a, d and 

Online Resource 14). Importantly, such alterations were not 

observed when a similar amount of haSyn PFFs was injected 

into the striatum of KO-aSyn mice (Fig. 10a, upper panels). 

Staining with the Syn303 aSyn antibody, which recognizes 

oxidized/nitrated species, revealed the formation of patho-

logical aggregated aSyn assemblies in  MBP+ oligodendro-

cytes of the ipsilateral striatum within 1 month of injection 

(Fig. 10e). No Syn303 aSyn-positive signal was detected 

in haSyn PFF-injected KO-aSyn striatum (data not shown), 

and none of the aforementioned pathological alterations 

were observed in the ipsilateral striatum of WT-aSyn mice 

injected with PBS (Online Resource 9). Importantly, ultra-

structural EM analysis revealed that haSyn PFFs evoked a 

clear rearrangement of the myelin sheath in the striatum of 

WT-aSyn mice, compared to PFF-treated KO-aSyn mice, as 

depicted by the increased number of axons with a decom-

pacted myelin sheath and axons with myelin vesiculation 

(Fig. 10f, g). Such data support further the aforementioned 

results in PFF-treated primary oligodendrocytes (Fig. 9c, 
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Fig. 8  Endogenous mouse oligodendroglial aSyn is incorporated into 

pathological aSyn assemblies in primary mouse oligodendroglial 

cultures following the addition of haSyn PFFs. a, b Mouse primary 

oligodendroglial cells derived from WT-aSyn pups were grown in 

SATO medium for 7  days prior to fixation and immunofluorescent 

analysis. The enrichment of the cultures in mature myelin-producing 

oligodendrocytes was confirmed with confocal microscopy using 

antibodies against glial fibrillary acidic protein as an astrocytic 

marker (green, GFAP), allograft inflammatory factor 1 (gray, AIF1/

IbaI) as a marker for microglia and myelin basic protein (red, MBP) 

as a marker for mature oligodendrocytes (a), as well as against the 

oligodendroglial markers Olig2 (red, AB9610 antibody) and O4 

(green, MAB1326 antibody) (b). α-Tubulin (gray, 62204 antibody) 

and DAPI staining were used as cytoskeletal and nuclear markers, 

respectively. Scale bars: 25  μm (a, upper panels), 50  μm (a, bot-

tom panel) and 10 µm (b). c Confocal microscopy with human-spe-

cific (green) and rodent-specific (red) aSyn antibodies identifies the 

enhanced expression of endogenous mouse aSyn in WT-aSyn and 

PLP-haSyn oligodendroglial cultures, upon the addition of 0.5  µg 

haSyn PFFs for 48  h. No rodent-specific signal is detected in KO-

aSyn cells. d, e Both exogenously added human aSyn and endog-

enous mouse aSyn contribute to the formation of aggregated (d) and 

oxidized/nitrated (e) conformations of aSyn in WT-aSyn and PLP-

haSyn primary oligodendrocytes incubated with haSyn PFFs. Only 

exogenously added haSyn PFFs (d) and not oxidized/nitrated (e) 

conformations are detected in the KO-aSyn cultures. Representative 

immunofluorescent images using antibodies against total aSyn (green, 

D10 antibody) and aggregated aSyn (red) are shown in d and against 

oxidized/nitrated aSyn (green) and endogenous mouse aSyn (red) 

are shown in e. Scale bar: 25 μm. f Quantification of human, endog-

enous rodent and total (human and rodent) aSyn protein levels (upper 

panel) or aggregated and oxidized/nitrated aSyn protein levels (bot-

tom panel) measured as % area surface/cell in KO-aSyn, WT-aSyn or 

PLP-haSyn mouse primary oligodendroglial cultures following the 

addition of 0.5 μg PFFs for 48 h. Data are expressed as the mean ± SE 

of at least three independent experiments with triplicate samples/con-

dition within each experiment; *p < 0.05; ***p < 0.001, by one-way 

ANOVA with Tukey’s post hoc test (to compare between PBS- and 

PFF-treated cells) or by two-way ANOVA with Bonferroni’s correc-

tion (to compare between the different PFF-treated cultures)

◂

d) and in the PFF-treated ipsilateral WT-aSyn striatum 

(Fig. 10a, d).

Discussion

Two possible scenarios have been proposed to explain the 

origin of aSyn in oligodendrocytes and the mechanisms 

underlying aSyn accumulation in GCIs present in MSA 

brains: either oligodendrocytes pathologically overexpress 

aSyn in the context of MSA [3] or they take up neuronally 

derived protein from their environment [13, 21, 23, 24, 48, 

49, 55, 58]. Our results combine these two scenarios by pin-

pointing the accumulation of endogenous oligodendroglial 

aSyn as a critical factor for the generation of pathological 

GCI-like aSyn structures within oligodendrocytes in vitro, 

triggered by exogenously added human fibrillar aSyn seeds. 

We also report that the oligodendroglial phosphoprotein 

p25α plays a pivotal role in the development and progression 

of aSyn aggregation, by modulating the rate and extent of 

aSyn seeding and, to some extent, by being incorporated 

into aSyn-rich pathological assemblies. Notably, the incor-

poration of endogenous oligodendroglial aSyn in such aber-

rant inclusions and the impairment of myelin integrity were 

demonstrated in the PFF-injected mouse brain, thus further 

highlighting the contribution of the endogenous protein in 

aSyn pathology in MSA-like models.

MSA, Parkinson’s disease (PD), and DLB are collec-

tively termed synucleinopathies [39, 41, 62]. In contrast to 

PD and DLB, in which aSyn accumulates in neurons that 

physiologically express the protein, in MSA, the patho-

logical accumulation of abnormally folded aSyn is found 

mainly in oligodendrocytes [66]. Neuronal cytoplasmic and 

nuclear aSyn inclusions and dystrophic neurites can also 

be present in MSA brains; however, these lesions appear 

at a lower frequency than GCIs [40]. Initial studies sug-

gested that oligodendrocytes do not express aSyn [35, 38, 

60], whereas subsequent reports proposed that it may be 

expressed in oligodendrocytes, albeit at lower levels than 

in neurons [3, 9]. However, the prevailing hypothesis based 

mostly on in vitro data is that neurons secrete aSyn, which 

is subsequently taken up by surrounding oligodendrocytes 

[13, 21, 23, 24, 48, 49, 55, 58].

Herein, we assessed the capability of templating the 

misfolding of endogenous protein, to examine the hypoth-

esis that the prion-like transformation of oligodendroglial 

aSyn can occur, as has been demonstrated for its neuronal 

counterpart [2, 29, 30, 59, 72]. Our results show that exog-

enously added haSyn PFFs are taken up by immortalized 

oligodendroglial cells and primary oligodendrocytes and can 

induce the formation of highly insoluble and pathological 

(aggregated, oxidized/nitrated, and under certain circum-

stances Ser129 phosphorylated) aSyn species in which the 

endogenous protein, however minute in amount at baseline, 

is a central component. The mechanism responsible for the 

tremendous increase in the expression of endogenous rodent 

aSyn following PFF addition remains unknown; we have 

found that the levels of rodent Snca mRNA are unchanged 

in this setting, consistent with the results reported by oth-

ers in oligodendroglial progenitor cells [21], suggesting that 

the stabilization of oligodendrocyte aSyn may be involved. 

One possible scenario is that the catabolism of aSyn, most 

probably through the autophagy pathway as suggested by 

the accumulation of oligodendroglial aSyn upon lysosomal 

inhibition, is abrogated by the formation of aberrant aSyn 

species following the addition of haSyn PFFs.

An upsurge in the expression of endogenous aSyn 

in haSyn PFF-treated oligodendroglial progenitor cells 

in culture and the altered expression of proteins associ-

ated with neuromodulation and myelination were recently 

reported [21]. However, the authors of that study failed 

to find evidence that a similar process occurs in mature, 
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myelin-forming oligodendrocytes. Herein, we show clearly, 

in contrast to these data, that the addition of haSyn PFFs 

to mature differentiated mouse primary oligodendrocytes 

induces the seeding of endogenous rodent aSyn, and the 

dysregulation in myelin, as manifested by the decreased 

levels and perisomal redistribution of MBP, as well as the 
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Fig. 9  The re-distribution of the microtubule-associated proteins 

p25α, tau, and MBP in primary oligodendroglial cells depends on 

endogenous aSyn protein load following the addition of haSyn PFFs. 

a p25α redistributes from the oligodendroglial processes to the cell 

body only in WT-aSyn and in PLP-aSyn cultures and is trapped in 

aSyn-positive aggregates only in PLP-haSyn oligodendroglial cells 

(bottom rows), following treatment with haSyn PFFs for 48  h. No 

relocalization of p25α is observed in KO aSyn primary oligoden-

droglial cultures (upper rows). Representative immunofluorescence 

images with antibodies against human aSyn (green, LB509), endoge-

nous mouse p25α (red, p25α antibody) and DAPI staining. Scale bar: 

25  µm. b, c The cellular pattern and distribution of phosphorylated 

tau at residue Ser404 and MBP changes dramatically following the 

addition of haSyn PFFs in a manner dependent upon the endogenous 

aSyn protein load. No differences are observed in KO-aSyn cultures 

treated with haSyn PFFs, thus highlighting the contribution of the 

endogenous oligodendroglial aSyn to the dysregulation of myelin. 

Immunofluorescence images with antibodies against human aSyn 

(green) and pSer404 tau (red, AP01708PU-N antibody) are shown 

in b and against human aSyn (green) and MBP (red) are shown in 

c. DAPI is used as a nuclear marker. Scale bar: 25 μm. d Quantifica-

tion of p25α (upper row), pSer404 tau (middle row), or MBP protein 

levels (bottom row) in KO-aSyn, WT-aSyn and PLP-haSyn primary 

oligodendrocyte cultures treated with 0.5  μg haSyn PFFs for 48  h 

measured as % area surface/cell. Data are expressed as the mean ± SE 

of three independent experiments with three samples/condition within 

each experiment; *p < 0.05; **p < 0.01; ***p < 0.001, by one-way 

ANOVA with Tukey’s post hoc test (to compare between PBS- and 

PFF-treated cells) or by two-way ANOVA with Bonferroni’s correc-

tion (to compare between the different PFF-treated cultures). e No 

differences are detected in p25α protein levels expressed in KO-aSyn, 

WT-aSyn, or PLP-haSyn primary oligodendrocytes. (upper panel) 

Representative immunoblots of p25α, MBP and haSyn (4B12 anti-

body) protein levels are shown. Equal loading was verified by the 

detection of β-actin levels. (bottom panel) Quantification of p25α 

protein levels expressed in all primary oligodendroglial cultures. Data 

are expressed as the mean ± SE of three independent experiments 

with triplicate samples/condition within each experiment

◂

colocalization of MBP within aSyn-positive aggregates. 

This colocalization upon of haSyn PFF administration is 

similar to what is proposed to occur during the formation of 

GCIs in human MSA [74]. Such a disruption of the myelin 

sheath is responsible for demyelination, which contributes 

to disease pathology and clinical manifestations [12, 31, 61, 

77]. Remarkably, this disruption of myelin was completely 

prevented in KO-aSyn cultures and in the PFF-injected KO-

aSyn striatum, indicating that the presence of endogenous 

oligodendroglial rat aSyn is necessary for the manifestation 

of this pathological hallmark of MSA. Furthermore, p25α 

and phospho-tau staining in PFF-treated cultures demon-

strated a disruption of the microtubule network that was 

dependent on the levels of endogenous aSyn. In agreement 

with our findings, Grigoletto et al. showed an age- and dis-

ease-dependent loss of the MBP signal in striatal striosomes 

accompanied by reduced p25α levels in oligodendrocytes 

in neuronal synucleinopathy mouse models [15]. They con-

cluded that neuronal aSyn is involved in the regulation and/

or maintenance of myelin phospholipids, since aSyn also 

inhibited the maturation of oligodendrocytes and the forma-

tion of membranous sheets in vitro [15].

Toward the same direction, our in vitro data suggest a 

role for p25α in the prion-like seeding process and aggre-

gation of endogenous oligodendroglial aSyn, illustrating 

that both the stable and transient overexpression of p25α 

accelerated the seeding of endogenous aSyn and augmented 

the formation of pathological aSyn aggregates. p25α report-

edly plays a critical role in myelin maturation and relocates 

early from the myelin sheath to the cytoplasm in MSA [61]. 

This relocation may impair myelin synthesis and seed aSyn 

aggregation in oligodendrocytes. A recent study also showed 

that p25α not only relocates from peripheral processes but 

also from the nucleus to the perinuclear cytoplasm in MSA 

patients [37]. The mechanism by which p25α enhances aSyn 

seeding and aggregation is unclear, and our data suggest it 

does not seem to involve necessarily the direct incorpora-

tion of p25α into aSyn aggregates, as this occurs only in the 

case of PLP-haSyn primary oligodendrocytes. Moreover, the 

absence of p25α redistribution in PFF-treated KO-aSyn cul-

tures suggests that the presence of endogenous oligodendro-

glial aSyn is a prerequisite for such a phenomenon to occur. 

Hinting at a possible mechanism, preliminary experiments 

in our laboratory using OLN-AS7 cells showed that transient 

p25α overexpression triggered the phosphorylation aSyn at 

Ser129 and increased the total levels of aSyn (unpublished 

observations). Similarly, the co-expression of haSyn and 

p25α results in the phosphorylation of aggregated, but not 

monomeric aSyn, in OLN-AS7 cells [26]. Consistent with 

this idea, in the current work, p25α appeared to stabilize 

insoluble aSyn conformations. These findings may be appli-

cable more broadly to alpha-synucleinopathies, since p25α 

is reportedly ectopically expressed in dopaminergic neurons 

in PD and to be a component of LBs purified from human 

post-mortem PD brains [28].

Research over the past few years using recombinant 

aSyn PFFs and samples from patients with synucleinopa-

thy has provided support to the hypothesis that aSyn may 

misfold and propagate in a prion-like fashion in MSA 

patients [17]. The injection of brain homogenates con-

taining aSyn derived from MSA patients into mice trig-

gers the formation of phosphorylated aSyn aggregates and 

the onset of a neurodegenerative cascade comparable to 

human MSA pathology [4, 47]. Moreover, recent reports 

have shown that the aSyn pathological conformations 

found in MSA brains are remarkably stable and resistant to 

inactivation [75] and that MSA is caused by a unique strain 

of aSyn assemblies [34, 44, 47]. Supportive of the latter 

hypothesis are findings showing that pathological aSyn in 

GCIs and LBs (detected by the Syn303 and Syn7015 fibril-

specific antibodies) is conformationally and biologically 

distinct and that oligodendrocytes, but not neurons, trans-

form misfolded aSyn into a GCI-like strain, highlighting 
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the fact that distinct aSyn strains are generated in different 

intracellular milieus [45]. Our comparative analyses of the 

phosphorylation status of aSyn utilizing different pSer129-

specific antibodies in oligodendroglial cells, primary corti-

cal neurons, and human post-mortem material from DLB 

and MSA brains, further favor the idea that synucleinopa-

thies are caused by different aSyn strains leading to the 

detection of distinct aSyn pathological conformations in 

each disease, which depend on the intracellular context 

[34, 44, 45].
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Fig. 10  Unilateral delivery of haSyn PFFs (4 μg) into the WT-aSyn 

mouse striatum results in the recruitment of endogenous mouse oli-

godendroglial aSyn and the formation of pathological aSyn assem-

blies. a Representative immunofluorescence images showing the co-

localization (indicated by the asterisks) of exogenously added human 

aSyn PFFs (gray) with endogenous mouse aSyn (green) in  MBP+ 

cells (red) in the ipsilateral (IPSI) striatum, but not in the contralat-

eral (CONTRA) striatum, at 1  month post-injection (lower panel). 

Importantly, no endogenous mouse-specific aSyn signal was detected 

in the ipsilateral striatum of KO-aSyn mice (upper panel). Scale bar: 

10 μm. High-power merged images are shown on the right. b Human 

aSyn PFFs are taken up by striatal oligodendrocytes in vivo, as shown 

by confocal microscopy using antibodies against human aSyn (green, 

LB-509 antibody) and the oligodendroglial marker p25α (red, p25α 

antibody). Scale bar: 10  μm. c The specificity of our home-made 

p25α antibody to oligodendrocytes was further verified using the 

O4 (gray, upper panel) and Olig2 (gray, bottom panel) antibodies. 

Scale bar: 10 μm. d MBP redistributes in the PFF-injected striatum 

and co-localizes with aggregated aSyn conformations. Representa-

tive immunofluorescence images for MBP (red), human aSyn (gray, 

SYN1 antibody), aggregated aSyn (green) and DAPI staining. Scale 

bar: 10 μm. e Pathological aSyn assemblies are detected in the ipsilat-

eral striatum of WT-aSyn mice injected with haSyn PFFs at 1 month 

post-injection, as verified using antibodies against oxidized/nitrated 

aSyn (gray) and aggregated aSyn (green). Scale bar: 10 μm. f Ultra-

structural transmission EM analysis of haSyn PFF-injected KO-aSyn 

(upper panel) or WT-aSyn (bottom panel) mouse striatum at 1 month 

post-injection, revealing myelin sheath decompaction only in WT-

aSyn neuronal axons (red arrowheads) vs. normal myelinated axons 

(yellow asterisks). Purple arrowheads point to areas with vesiculated 

myelin sheaths. Scale bars: 2 μm (left panels), 1 μm (middle panels), 

and 500  nm (right panels). g Average myelin g-ratio values (upper 

row) and quantification of axons with decompacted myelin (bottom 

row) derived from haSyn PFF-injected KO-aSyn or WT-aSyn mouse 

striatum. Data are expressed as the mean ± SE of n = 4 mice per 

group. **p < 0.01; ***p < 0.001 by Student’s unpaired t test

◂

Along these lines, it is important that we assessed aSyn 

pathology exclusively within the context of oligodendro-

glial cell lines, primary mature oligodendrocytes, and even 

in vivo within defined oligodendroglial cells in situ. Of 

course the present study has limitations that merit consid-

eration, given that we have utilized uniquely synthetic haSyn 

PFFs to induce aSyn aggregation, an approach used widely 

in the field [46, 71, 72]. Another caveat is that we employed 

human aSyn PFFs, which reportedly induce less severe and 

widespread pSer129 aSyn pathology following injections 

in the rat olfactory bulb compared to mouse PFFs [52, 54]; 

if this is applicable in our in vivo PFF model remains to 

be addressed. Whether aSyn aggregation and seeding are 

primary or secondary events in the human MSA disease 

process and the exact role of p25α in the cascade of events 

in the context of the human disease are issues that have not 

yet been elucidated.

In agreement with our in vivo findings, the uptake of 

haSyn PFFs or GCI-related aSyn derived from MSA patients 

by oligodendrocytes have been reported [50, 55]. However, 

other studies have failed to detect exogenous haSyn within 

oligodendrocytes or other glial cells following inoculation 

with haSyn PFFs [42, 54]. These contradictory findings may 

be due to differences in the post-injection time frames when 

the assessments were performed, since although the uptake 

of injected aSyn by neurons reportedly occurs within min-

utes, the intraneuronal signal of internalized proteins begins 

to decrease at 3 h post-injection, probably due to clearance 

mechanisms [53]. Such a scenario may also apply to oligo-

dendrocytes, given that only one in vivo study has shown 

the presence of exogenous aSyn within oligodendrocytes, 

assessed at 1 h post-injection [55]. Our in vitro data also 

demonstrate a decrease of the human protein over time, 

which, however, may be attributed to clearance mechanisms 

or to its dilution due to cell proliferation. Another explana-

tion may be that the oligodendroglial uptake of haSyn in 

the PFF-inoculation models is restricted to near the site of 

injection, as we have also observed in our model (at least at 

1 month post-injection).

Collectively, our study reveals that the administration of 

haSyn fibrils to cellular systems, i.e. immortalized oligo-

dendroglial cells and differentiated primary oligodendro-

cytes, recapitulated critical aspects of MSA pathogenesis, 

thus representing an attractive model system to study the 

early events leading to GCI formation. Herein, we propose 

that endogenous aSyn and oligodendroglial phosphopro-

tein p25α form a dangerous dynamic duo that predisposes 

oligodendrocytes to accumulate intracellular aSyn aggre-

gates reminiscent of the oligodendroglial inclusions in 

MSA. Finally, the identification of endogenous oligoden-

droglial aSyn as a major culprit for the development of 

pathology in vitro and in vivo suggests that manipulation 

of the expression of aSyn in oligodendrocytes may provide 

a rationale approach to combat its accumulation in GCIs 

and the progression of MSA. An alternative strategy may 

involve lowering p25α levels, as these also correlate with 

MSA-type pathology.
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Parkinson’s disease (PD), multiple system atrophy (MSA) and Dementia with Lewy

bodies (DLB) represent pathologically similar, progressive neurodegenerative disorders

characterized by the pathological aggregation of the neuronal protein α-synuclein.

PD and DLB are characterized by the abnormal accumulation and aggregation of α-

synuclein in proteinaceous inclusions within neurons named Lewy bodies (LBs) and

Lewy neurites (LNs), whereas in MSA α-synuclein inclusions are mainly detected

within oligodendrocytes named glial cytoplasmic inclusions (GCIs). The presence

of pathologically aggregated α-synuclein along with components of the protein

degradation machinery, such as ubiquitin and p62, in LBs and GCIs is considered to

underlie the pathogenic cascade that eventually leads to the severe neurodegeneration

and neuroinflammation that characterizes these diseases. Importantly, α-synuclein is

proposed to undergo pathogenic misfolding and oligomerization into higher-order

structures, revealing self-templating conformations, and to exert the ability of “prion-

like” spreading between cells. Therefore, the manner in which the protein is produced,

is modified within neural cells and is degraded, represents a major focus of current

research efforts in the field. Given that α-synuclein protein load is critical to disease

pathogenesis, the identification of means to limit intracellular protein burden and halt α-

synuclein propagation represents an obvious therapeutic approach in synucleinopathies.

However, up to date the development of effective therapeutic strategies to prevent

degeneration in synucleinopathies is limited, due to the lack of knowledge regarding

the precise mechanisms underlying the observed pathology. This review critically

summarizes the recent developed strategies to counteract α-synuclein toxicity, including

those aimed to increase protein degradation, to prevent protein aggregation and cell-

to-cell propagation, or to engage antibodies against α-synuclein and discuss open

questions and unknowns for future therapeutic approaches.

Keywords: α-synuclein, autophagy, immunotherapy, propagation, protein aggregation, proteasome,

synucleinopathies, therapeutics

INTRODUCTION

α-synuclein is a neuronal presynaptic protein, which physiologically regulates neurotransmitter
release, whereas its pathological accumulation is the key histopathological hallmark of certain
neurodegenerative disorders with similar clinical phenotypes, designated as synucleinopathies
(Spillantini and Goedert, 2000). Specifically, in Parkinson’s disease (PD) and dementia with Lewy
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bodies (DLB), α-synuclein mostly accumulates in Lewy bodies
(LBs) and Lewy neurites (LNs) in neurons (Spillantini et al., 1997,
1998), whereas in multiple system atrophy (MSA) α-synuclein
deposits mostly within the cytoplasm of oligodendrocytes
forming glial cytoplasmic inclusions (GCIs) (Wakabayashi et al.,
1998a,b; Nakamura et al., 2015). It is widely accepted that PD,
DLB and MSA pathogenesis is the result of complex molecular
events and that common pathogenic mechanisms may lead to α-
synuclein deposition in these disorders. However, the diversity
of α-synuclein pathology observed in α-synucleinopathies is
attributed to various events, such as the presence of more than
one α-synuclein strain, the intracellular milieu, the interaction
of α-synuclein with multiple molecular partners, and the
propagation of α-synuclein within different brain regions (Peng
et al., 2018b; Longhena et al., 2019). The precise genetic
and/or environmental trigger for α-synuclein misfolding still
remains unknown; however, genetic mutations, mitochondrial
dysfunction, proteolytic systems failure and neuroinflammation
have been proposed to facilitate α-synuclein spread in the
diseased brain (Polymeropoulos et al., 1997; Bose and Beal, 2016;
Rocha et al., 2018). Under physiological conditions, neuronal α-
synuclein is found either in the cytosol in a soluble and natively
unfolded monomeric or tetrameric form (Weinreb et al., 1996;
Bartels et al., 2011; Wang et al., 2011; Fauvet et al., 2012) or in
a membrane-bound or vesicle-associated state (Pirc and Ulrih,
2015; Gustafsson et al., 2018; Lautenschlager et al., 2018). On the
other hand, pathological α-synuclein in oligomeric, pre-fibrillar
and fibrillar form can spread within the diseased brain via various
cell-to-cell transmission mechanisms, which are responsible
either for its release from neurons or its uptake by neighboring
cells. The tendency of α-synuclein to form aggregates lies in the
core of its neurotoxic potential and strategies seeking to alleviate
the total protein load represent an obvious therapeutic approach.

Current therapeutic approaches for PD and related
synucleinopathies can provide only palliative treatment, aiming
to control the motor symptoms and delay disease progression.
The lack of reliable in vivo markers and appropriate animal
models to recapitulate the symptoms of these diseases challenge
therapy development; however numerous studies have suggested
various therapeutic efforts to counteract α-synuclein-related
pathology. In the current review, we summarize advances in
understanding the pivotal role of α-synuclein in the pathogenesis
of synucleinopathies and critically discuss the potential of current
therapeutic approaches favoring pathology amelioration with the
pros and cons of each strategy.

THE STRUCTURE, FUNCTION AND
AGGREGATION OF α-SYNUCLEIN

The synuclein protein was originally identified through several
and independent lines of investigation. In 1985, a neuron-specific
protein of 143 amino acids (aa) was identified in Torpedo
californica cholinergic synaptic vesicles (Maroteaux et al., 1988).
Later studies in amyloid plaques from an Alzheimer’s disease
(AD) brain discovered two unknown peptides, in addition to the
major amyloid beta fragment, which were named NAC (non-A

beta component of AD amyloid) peptide and its precursor, NACP
(Ueda et al., 1993) and identified two proteins of 140 and 134
aa, which were highly expressed in the human brain (Jakes et al.,
1994). These results revealed the existence of a new protein family
expressed predominantly in presynaptic nerve terminals. The 140
aa protein was named α-synuclein, while the 134 aa protein β-
synuclein (Jakes et al., 1994). The third and last protein of the
family, γ-synuclein, was found to be highly expressed in ovarian
and breast carcinomas (Ji et al., 1997; Bruening et al., 2000).

Structurally, α-synuclein encoded by the SNCA gene, lacks a
single stable 3D structure in aqueous solutions, transmembrane
domain or lipid anchor, concluding that it may behave as a
peripheral membrane protein (Weinreb et al., 1996). α-synuclein
is composed of three distinct domains namely N-terminal lipid-
binding domain, amyloid-binding central region (NAC) and
C-terminal binding domain (Figure 1). The N-terminal domain
is a positively charged lysine-rich region characterized by the
presence of a series of seven imperfect amphipathic 11 aa repeats
containing a highly conserved KTKEGV hexameric motif, which
enable the protein to acquire alpha-helical structure, thus
reducing the tendency to form ß-structure and modulating the
interactions with membranes (Chandra et al., 2003; Ulmer et al.,
2005; Sode et al., 2006). The central NAC region is composed of
nonpolar side-chains and assembles cross b-structures, which are
involved in fibril formation and aggregation. Based on that, it has
been proven that the deletion of specific residues (74–84) within
the core region can abolish α-synuclein aggregation (Giasson
et al., 2001; Rodriguez et al., 2015). Lastly, the C-terminal domain
is a highly acidic tail reported to interact with metals, small
molecules, proteins and other α-synuclein domains (Kim et al.,
2002; Ly and Julian, 2008).

Even though α-synuclein is considered a natively unfolded,
intrinsically disordered amyloid protein, it can adopt an a-helical
conformation in the presence of membranes enriched with
acidic phospholipid headgroups and high curvature (Davidson
et al., 1998; Pirc and Ulrih, 2015) and form fibrillar assembles
by converting soluble monomers into β-sheet-like secondary
structures. The existence of the protein above a crucial
concentration, along with its thermodynamically unstable innate
behavior, favors the aggregation and accumulation process, which
is closely related to its neurotoxic potential (Ferreon and Deniz,
2007; Afitska et al., 2019). Up to date the native state of α-
synuclein remains controversial. Although some studies have
reported that α-synuclein purified from human cells is a helically
folded dynamic tetramer (Bartels et al., 2011; Wang et al., 2011;
Gould et al., 2014) that resists aggregation (Bartels et al., 2011),
other studies suggested that α-synuclein exists predominantly
as an unfolded monomer (Fauvet et al., 2012). Interestingly, it
was suggested that the PD-linked mutations A53T and E46K
shift native tetramers to monomers and this underlies the
disease initiation (Dettmer et al., 2015). Nonetheless, it is widely
accepted that α-synuclein in the cellular milieu exists in various
conformations and oligomeric states in a dynamic equilibrium,
which can be affected by factors that alter the aggregation process
(Cremades et al., 2012). Which particular species of α-synuclein
are toxic has been debated, since some consider the amyloid-like
insoluble fibrils as the mediators of α-synuclein-induced toxicity
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FIGURE 1 | Structure of α-synuclein. The N-terminal domain of α-synuclein is characterized by the presence of repeated lipid-binding sequences and contains the

mutation sites linked with familial PD. The central NAC domain is mainly hydrophobic and favors the aggregation process of the protein. The C-terminal acidic tail

carries the majority of α-synuclein phosphorylation sites.

(Conway et al., 1998), whereas others suggest that oligomers or
protofibrils are the toxic ones (Danzer et al., 2007; Karpinar et al.,
2009; Winner et al., 2011).

Slight alterations in the physicochemical features of
α-synuclein via post-translational modifications (PTMs),
truncations and solution condition modifications could favor
the aggregation process (Uversky et al., 2001). Interestingly,
the majority of PTMs occur in the acidic tail of the protein
(Figure 1) and the serine (Ser) and tyrosine phosphorylation
are the most extensively studied ones. Experiments utilizing
ESI-MS (electrospray ionization mass spectrometry) technology
revealed several modifications of α-synuclein in PD brains,
such as N- or C-terminal truncations and phosphorylation
at Ser129 (Kellie et al., 2014). In healthy brain, only a small
proportion of α-synuclein is phosphorylated (Gonzalez et al.,
2019), whereas under pathological conditions phosphorylated
α-synuclein -mostly at Ser129- is increased in the majority of
pathological inclusions, including LBs in PD and DLB, GCIs
in MSA and LB-type inclusions of AD (Fujiwara et al., 2002;
Saito et al., 2003; Nishie et al., 2004; Waxman et al., 2009). Even
though initially phosphorylation of α-synuclein was considered
to act prophylactically to protein aggregation, it is now widely
accepted that it precedes fibril formation (Shahpasandzadeh
et al., 2014; Tenreiro et al., 2014; Oueslati, 2016). Another
common phosphorylation site is at Ser87, which is also found
to be increased in synucleinopathies (Paleologou et al., 2010).

Tyrosine phosphorylation of α-synuclein (Y39) seems to have
both prophylactic and harmful effects (Mahul-Mellier et al.,
2014; Brahmachari et al., 2016) and phosphorylation at Y125 and
Y133 has been suggested to be protective against α-synuclein
toxicity (Kleinknecht et al., 2016; El Turk et al., 2018). Beyond
phosphorylation, other posttranslational modifications have
been shown to affect the aggregation process of α-synuclein,
such as nitration, oxidation, acetylation and SUMOylation,
but possibly with a protective manner (Krumova et al., 2011;
Dikiy and Eliezer, 2014; Vinueza-Gavilanes et al., 2020).
Regarding truncation, it is known that truncated forms of α-
synuclein account for 10–30% of total protein in patient-derived
LB inclusions. In comparison with the full-length protein,
C-truncated α-synuclein forms fibrils more rapidly, with distinct
coil structures than the linear fibrils formed by the full-length
protein. Additionally, α-synuclein can be oxidized through
interaction with dopamine, generating dopamine-modified
α-synuclein adducts, leading to a decrease in fibril formation and
a subsequent increase in protofibril accumulation (Conway et al.,
2001), which may enhance toxicity (Norris et al., 2003). Up to
date, the physiological or pathological significance of α-synuclein
cleavage remains unclear.

The physiological role of α-synuclein is still poorly understood
and only its contribution to certain cellular functions is known
so far. The presence of α-synuclein in the presynaptic terminals
denotes a potential role of the protein in synaptic function
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and vesicle trafficking (Jensen et al., 1998). The ability of α-
synuclein to promote, as well as to sense, membrane curvature
immediately suggested a possible relationship of the protein with
the synaptic vesicle cycle. Overexpression of human α-synuclein
was found to induce loss of synaptic vesicles and expansion
of the plasma membrane through inhibition of both slow and
fast vesicle endocytosis (Busch et al., 2014; Xu et al., 2016)
and to promote dilation of the fusion pore, thereby accelerating
the discharge of cargo (Logan et al., 2017). Importantly, α-
synuclein interacts with the soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) complex, while
the loss or overexpression of the protein causes reduction or
redistribution of the complex, respectively (Burre et al., 2010,
2014; Garcia-Reitbock et al., 2010) α-synuclein was also reported
to promote vesicle clustering through its interaction with vesicle
associated membrane protein 2 (VAMP2)/ synaptobrevin-2 and
phospholipids (Diao et al., 2013).

Through its predominant role in vesicle trafficking α-
synuclein can affect neurotransmitter release and particularly
dopamine neurotransmission (Butler et al., 2017), via
regulation of dopamine biosynthesis and trafficking of
dopamine transporter (DAT), as well as, via modulation of
DAT-mediated dopamine efflux (Butler et al., 2017). More
specifically, α-synuclein was found to down-regulate indirectly
the activity of tyrosine hydroxylase (TH) via inhibition of PP2A
phosphatase, thus modulating dopamine production (Peng et al.,
2005). However, the main effect of α-synuclein involves the
regulation of DAT, where overexpressed α-synuclein enhances
its interaction with DAT, altering the ionic conductance of the
transporter and influencing the action potential-independent
dopamine release, thus resulting in overall decrease of dopamine
uptake (Swant et al., 2011; Butler et al., 2015). α-Synuclein
also develops physical and functional interactions with other
monoamine transporters (MATs), such as NET and SERT. In
both cases, α-synuclein has been shown to negatively modulate
the cell-surface expression and uptake activity of the transporters
in a NAC-domain dependent manner (Wersinger et al., 2006a,b;
Jeannotte and Sidhu, 2007). This finding indicates that α-
synuclein may exert a homeostatic role, thus supporting that
normal MAT expression may depend upon a certain baseline
level of α-synuclein–MAT interaction. However, the mechanism
by which α-synuclein expression alters MAT distribution
should be further investigated. An opposite reported effect of
α-synuclein on the dopaminergic pathway is the suppression of
apoptosis of dopaminergic neurons (Jin et al., 2011). Supportive
of a protective role of α-synuclein at the synapse are also findings
showing a cooperative function of the protein with the synaptic
vesicle protein cysteine-string protein-alpha (CSPalpha) and
SNARE proteins, resulting in protection of nerve terminals
against injury (Chandra et al., 2005).

Furthermore, α-synuclein can also act as a molecular
chaperone, due to its high homology and interaction with the
14-3-3 proteins and their ligands, such as molecules of the Ras
signaling pathway (Xu et al., 2013), thus possibly contributing to
neuronal differentiation (Fu et al., 2000). Moreover, α-synuclein
is part of a chaperone complex containing the Hsc70/Hsp70
chaperones, participating in the efficient neurotransmitter release

(Witt, 2013). The chaperone activity of α-synuclein operates via
its N-terminal interaction with the substrate protein, whereas
the C-terminal region is responsible for the solubilization of the
chaperone complex (Park et al., 2002).

α-SYNUCLEIN AS THE PRIMARY
CULPRIT FOR SYNUCLEINOPATHIES

Substantial genetic, neuropathological and biochemical evidence
implicates α-synuclein in the pathogenesis of PD and related
synucleinopathies. Copy number variations, such as duplication
or triplications of the SNCA gene encoding for α-synuclein, as
well as point mutations and single nucleotide polymorphisms
(SNPs) cause PD and DLB or increase the risk of developing
the disease (Singleton et al., 2003; Chartier-Harlin et al., 2004;
Zarranz et al., 2004; Nalls et al., 2014; Orme et al., 2018). Up to
date six missense mutations in the SNCA gene are associated with
autosomal dominant PD (Figure 1): Ala53Thr (A53T), Ala30Pro
(A30P), Glu46Lys (E46K), His50Gln (H50Q), Gly51Asp (G51D),
and Ala53Glu4 (A53E) (Polymeropoulos et al., 1997; Kruger
et al., 1998; Zarranz et al., 2004; Kiely et al., 2013; Proukakis
et al., 2013; Pasanen et al., 2014). The PD-linked mutations
identified so far are located in the N-terminus of α-synuclein
further underscoring the contribution of this region to protein
aggregation. Most of them are described to cause early onset PD
with rapid disease progression and additional clinical features,
such as hallucinations, dementia, pyramidal tract impairment,
and autonomic failure. Both mutant A53T and A30P α-synuclein
mutations are disordered in dilute solution (like the wild-type
protein). However, at higher concentrations, LB-like fibrils and
discrete spherical assemblies are formed most rapidly by the
A53T mutant (Conway et al., 1998). The A53T mutation has a
moderate effect in a small region around the site of mutation,
resulting in a local structural tendency for oligomerization
(Conway et al., 2000; Bussell and Eliezer, 2001). On the other
hand, the A30P mutation is associated with reduced formation of
LB inclusions and it seems to promote formation of oligomers,
rather than fibrils (Conway et al., 2000; Lazaro et al., 2014).
The E46K mutation, through its conformational changes in
the monomeric protein enhances the contacts between N- and
C-terminus of the protein and promotes fibrillization with an
increased tendency to inclusion formation (Fredenburg et al.,
2007; Rospigliosi et al., 2009; Lazaro et al., 2014). The H50Q
point mutation was discovered at the same year with the G51D
and was linked with a late-onset phenotype of PD. H50Q was
directly associated with increased α-synuclein aggregation and
toxicity (Khalaf et al., 2014). Some of the families harboring these
rare mutations have clinical manifestations or neuropathological
features of both PD and MSA (Fanciulli and Wenning, 2015;
Kiely et al., 2015). In particular, the A53T, A53E and G51D
mutations, as well as the SNCA gene triplications are associated
with a more aggressive MSA-like clinical and pathological
phenotype (Kiely et al., 2015).

The genetic link between mutations and copy number
variations of the SNCA locus andMSA is still controversial, given
that common variation in the SNCA gene was first identified
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as a risk factor for MSA in 2009 (Scholz et al., 2009), but
this association was not confirmed in subsequent genome-wide
association studies (GWAS) (Chen et al., 2015; Sailer et al.,
2016). It is interesting to note that the G51D and A53E α-
synucleinmutations seem to play an essential role in the inclusion
formation in both neuronal and oligodendroglial cells (Pasanen
et al., 2014; Whittaker et al., 2017). During the last decade,
GWAS of risk in idiopathic PD revealed that SNCA is the major
contributor (Satake et al., 2009). However, variability in LRRK2
(leucine-rich repeat kinase 2), GAK (cyclin G-associated kinase)
and MAPT (microtubule-associated protein tau) has been also
implicated, with variants in SNCA andMAPT found to represent
also risk factors for MSA (Scholz et al., 2009; Simon-Sanchez
et al., 2009; Vilarino-Guell et al., 2011). Overall, it is apparent that
all point mutations of α-synuclein alter its secondary structure,
indicating that a single mutation in the SNCA gene is adequate
for the development of a PD-like phenotype.

α-synuclein is the main component of the proteinaceous
inclusions that represent the main histopathological hallmark of
synucleinopathies, designated as LBs and LNs in PD and DLB
(Spillantini et al., 1997, 1998) and GCIs in MSA (Wakabayashi
et al., 1998a,b). Moreover, in vitro and in vivo overexpression of
wild-type or mutant α-synuclein in neurons results in protein
aggregation and toxicity, thus leading to phenotypes resembling
PD (Giasson et al., 2002; Kirik et al., 2002; Lo Bianco et al.,
2002; Vekrellis et al., 2009). Similarly, overexpression of human
wild-type α-synuclein in oligodendroglial cell lines (Stefanova
et al., 2005; Kragh et al., 2009) or in vivo (Kahle et al., 2002;
Shults et al., 2005; Yazawa et al., 2005; Stemberger et al., 2010)
results in the formation of fibrillar α-synuclein forms, which
may cause toxicity in oligodendrocytes and/or in neurons (in
the animal models) or increase cell susceptibility to oxidative
stress, thus recapitulating many features of MSA. Such data
clearly demonstrate that the total protein load and aggregation
of α-synuclein is a critical determinant of its neurotoxic
potential, giving rise to the “α-synuclein burden hypothesis”
which pinpoints a critical role of the protein in idiopathic
PD pathogenesis, either through enhanced transcription or
through impaired degradation (Vekrellis and Stefanis, 2012).
There are conflicting results regarding the mRNA levels of α-
synuclein in PD and MSA brains, probably due to the difficulty
to maintain a proper RNA integrity in tissues undergone
extensive neurodegeneration. Even though the factors controlling
SNCA transcription in vivo remain largely unknown, a number
of regulatory transcriptional elements have been identified in
neuronal cells, such as the GATA-1 and -2 transcription factors
that enhance SNCA transcription through binding in the Intron
1 region of SNCA gene (Scherzer et al., 2008). Subsequent
studies surmised that a signal transduction pathway involving
the MAPK 3 and PI3K pathways could be important for
controlling SNCA transcription (Clough and Stefanis, 2007)
and that the transcription factor ZSCAN21 (Zipro1) could play
a significant role (Clough et al., 2009; Brenner et al., 2015;
Dermentzaki et al., 2016; Lassot et al., 2018). Recently, the
CCAAT/enhancer binding protein (C/EBP) δ was identified as
a novel repressor of α-synuclein transcription, following its
binding to the SNCA genomic region in both mice and humans

(Valente et al., 2020). Post-transcriptional regulation through
microRNAs (Junn et al., 2009; Doxakis, 2010; Surgucheva et al.,
2013; Choi D.C.et al., 2018; Kim et al., 2018) or lncRNAs (Lin
D.et al., 2018; Elkouris et al., 2019; Zou et al., 2020) has also been
reported to alter SNCAmRNA levels.

The pathological effects of misfolded α-synuclein involve,
amongst others, dysregulation of mitochondrial activity
and endoplasmic reticulum (ER)-Golgi trafficking, plasma
membrane integrity, synaptic vesicle trafficking and function of
the ubiquitin-proteasome (UPS) and the autophagy-lysosome
pathway (ALP) (Vekrellis et al., 2011). Overexpression of
α-synuclein causes mitochondrial fragmentation (Kamp et al.,
2010), event that is associated with an increase in mitochondrial
fission rather than a fusion deficiency (Nakamura et al., 2011).
Recently, it was reported that α-synuclein is normally localized at
mitochondrial-associated membranes, while under pathological
conditions α-synuclein dislocates from its sites and affects
mitochondrial morphology (Guardia-Laguarta et al., 2014).
Another study showed that under pathological conditions and
in contrast with the native monomeric α-synuclein, aggregated
forms of the protein preferentially bind to mitochondria, leading
to mitochondrial dysfunction and cellular respiration limitation
(Wang et al., 2019). Moreover, aggregated α-synuclein alters
the membrane fusion and fission processes of mitochondria,
resulting in fragmentation of the organelle and mitophagy
inhibition (Chen and Chan, 2009). This mitochondrial damage
is followed by a series of events, such as reactive oxygen species
(ROS) production, electron leakage and caspase activation
leading eventually to neuronal death (Ganjam et al., 2019). It
has also been proposed that ROS production leads to a LRKK2-
mediated impairment of endosomal and lysosomal function,
resulting in pSer129 α-synuclein accumulation (Di Maio et al.,
2018). Since pSer129 α-synuclein is considered an inhibitor
of mitochondrial protein import, its aggregation is directly
linked to mitochondrial senescence and ROS production, thus
creating a positive feedback loop (Di Maio et al., 2018). Along
with the mitochondrial dysfunction, α-synuclein aggregation
also affects the activity of the ER, inducing protein-folding
abnormalities, impaired ER-Golgi transport and calcium leakage,
which ultimately lead to further aggregation of the protein
(Volles and Lansbury, 2002; Thayanidhi et al., 2010; Colla et al.,
2012; Colla, 2019). However, one of the main mechanisms
through which α-synuclein causes neurotoxicity is the abnormal
interaction of various protein assemblies with membranes,
causing membrane disruption, lipid bilayer thinning and vesicle
trafficking dysregulation (Hellstrand et al., 2013; Wang and
Hay, 2015; Fusco et al., 2017). In the healthy brain, monomeric
α-synuclein plays an important role in synaptic function;
however, in pathological conditions, α-synuclein aggregation
impairs the SNARE complex assembly, through its abnormal
interaction with essential proteins for the synaptic vesicle cycle
function (Dalfo et al., 2004; Gitler et al., 2008; Choi et al., 2013).
It has been also shown that fibrillar α-synuclein may induce
synaptic vesicle endocytosis and blockage of vesicle recycling,
further contributing to the development of synaptopathy,
which characterizes PD and related synucleinopathies (Nemani
et al., 2010; Busch et al., 2014; Xu et al., 2016). Formation of
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aberrant α-synuclein species has been widely shown to impair the
function of the UPS and the ALP pathway, as discussed below.
Similar effects are observed in MSA where the pathological
accumulation of α-synuclein in oligodendrocytes causes severe
disruption of most cellular functions, with the myelination
process being a major target of the protein’s aberrant effects. The
demyelination, along with the reduction of trophic factors, leads
to a secondary neuronal cell loss (Shults et al., 2005; Ubhi et al.,
2010; Stefanova and Wenning, 2016).

Emerging evidence also suggest that activation of the
inflammatory process due to the presence of abnormal α-
synuclein species plays a central role in the development
of synucleinopathies. Postmortem brain examination, brain
imaging and animal studies converged that both the innate
and adaptive immune systems are activated in PD contributing
to disease progression (Tansey and Romero-Ramos, 2019).
Activated microglia, which are considered the most efficient
scavengers of extracellular α-synuclein aggregates (Lee et al.,
2008b), increase the production of pro-inflammatory cytokines
and induce an oxidative stress response (Klegeris et al., 2008;
Su et al., 2008; Couch et al., 2011) even in the absence
of neuronal loss (Sanchez-Guajardo et al., 2010; Barkholt
et al., 2012; Watson et al., 2012). Increased pro-inflammatory
mediators such as tumor necrosis factor alpha (TNF-α),
interleukin-1-β (IL-1β), interleukin-6 (IL-6) have been shown
in the cerebral spinal fluid (CSF) and in the striatum of
human PD brains (Mogi et al., 1994a,b; Vawter et al., 1996;
Nagatsu et al., 2000), supporting a chronic pro-inflammatory
milieu in the brain of PD patients. Apart from α-synuclein
mediated activation of microglia in the CNS, a more complex
relationship between gut microbial-induced inflammation and
α-synuclein expression and aggregation has been proposed to
occur in the periphery (Chen S.G.et al., 2016; Choi J.G.et al.,
2018). Clinical, epidemiological and animal studies suggest a
complex cross-talk between intestinal inflammation and PD
pathology initiation and progression (Houser and Tansey, 2017;
Chen et al., 2019). Similarly, α-synuclein-evoked microglial
activation is commonly detectable in the brains of MSA patients
(Ishizawa et al., 2004) and MSA experimental models (Stefanova
et al., 2007; Vieira et al., 2015; Monzio Compagnoni and Di
Fonzo, 2019). Even though the activation of the inflammatory
cascade in synucleinopathies may not represent a primary
event but a secondary in response to other phenomena,
it definitely contributes to the neuronal degeneration that
characterizes these diseases.

α-SYNUCLEIN AND
PROTEIN-DEGRADATION PATHWAYS: A
COMPLICATED RELATIONSHIP

Unraveling the pathway involved in the degradation of
α-synuclein is crucial in understanding the pathogenetic
mechanisms underlying its aberrant accumulation in
synucleinopathies. Both the UPS and the ALP have been
proposed to clear α-synuclein (Figure 2); however to a different
extent and in a cell-, conformation- and tissue- specific manner

(Bennett et al., 1999; Webb et al., 2003; Vogiatzi et al., 2008).
Initial studies in purified systems and in neuronal cells, have
demonstrated that α-synuclein can undergo both ubiquitin-
dependent (Rott et al., 2011; Haj-Yahya et al., 2013) and
ubiquitin-independent (Tofaris et al., 2001; Liu et al., 2003)
degradation via the 26S/20S proteasome. Additional studies
performed in PC12, HEK293 and primary mesencephalic cells
failed to detect significant α-synuclein accumulation following
pharmacological proteasomal inhibition (Rideout et al., 2001;
Rideout and Stefanis, 2002; Vogiatzi et al., 2008). Others have
found that only a small proportion of soluble-cell-derived
intermediate α-synuclein oligomers, not including monomeric
α-synuclein, are targeted to the 26S proteasome for degradation
(Emmanouilidou et al., 2010b). In an elegant in vivo study it
was shown that the UPS is the main degradation pathway for
α-synuclein under normal conditions, while with increased
α-synuclein burden the ALP is recruited (Ebrahimi-Fakhari
et al., 2011). We and others have shown that only the wild-type
α-synuclein and not the PD-linked A53T and A30P forms,
the phosphorylated or the dopamine-modified α-synuclein,
is degraded via the selective process of chaperone-mediated
autophagy (CMA) (Cuervo et al., 2004; Martinez-Vicente et al.,
2008; Vogiatzi et al., 2008; Mak et al., 2010). CMA can degrade
only monomeric or dimeric forms of the protein, whereas
macroautophagy is the only process that can clear oligomeric
α-synuclein (Xilouri et al., 2013b). Not only mutations but
also post-translational modifications such as phosphorylation,
sumoylation and ubiquitination may also alter the partitioning
of α-synuclein to proteasomal or lysosomal degradation
(Xilouri et al., 2016b).

The UPS and the ALP not only degrade α-synuclein but can
also be a direct target of the protein’s aberrant effects (Xilouri
et al., 2016b; Zondler et al., 2017). Initial studies indicated
that overexpression of the A30P and A53T mutants make cells
more vulnerable to proteasomal inhibition-mediated cell death
compared to cells overexpressing the wild-type protein (Tanaka
et al., 2001). Additional evidence suggested that overexpression
of mutant α-synuclein variants inhibits the activity of the 20S/26S
proteasome leading to UPS failure thus, contributing to α-
synuclein aggregation (Stefanis et al., 2001), although another
study showed that overexpression of wild-type or mutant (A30P,
A53T) α-synuclein in PC12 cells or in transgenic mice did not
significantly affect proteasomal function (Martin-Clemente et al.,
2004). More recently, it was shown that the function of the 20S
proteasomewas not affected upon administration of recombinant
α-synuclein oligomers and fibrils or upon transient expression of
wild-type or mutant α-synuclein (Zondler et al., 2017).

Studies in human post-mortem material also indicate that
proteasome function is impaired in the substantia nigra of PD
patients (Bentea et al., 2017), further cementing a role of a proper
UPS function in PD pathogenesis. Beyond the UPS, increased
α-synuclein has been reported to impair macroautophagy both
in vitro and in vivo (Winslow et al., 2010), possibly through
its interaction with Rab1a, which causes the mislocalization of
Atg9, an autophagosome formation-related protein (Winslow
et al., 2010). Similarly, Atg9 mislocalization and impaired
autophagosome formation has been observed in cells expressing
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FIGURE 2 | α-synuclein degradation pathways and reported therapeutic approaches to enhance protein clearance. A schematic representation of the main

proteolytic pathways implicated in α-synuclein clearance and the proposed targets for potential therapeutic interventions (highlighted in dark grey and green). Wild

type and mutant α-synuclein can undergo both ubiquitin-dependent (A) and ubiquitin-independent (B) degradation via the 20S/26S proteasome. Monomeric

wild-type α-synuclein is degraded via CMA, following its binding to the CMA-specific receptor, LAMP2A (C). Molecular upregulation of LAMP2A expression or

chemical enhancement of CMA through retinoic acid receptor alpha (RARα) antagonists has been proven successful in alleviating α-synuclein-associated toxicity.

Macroautophagy has been also proposed to degrade mutant and aggregated forms of α-synuclein (D). Boosting macroautophagy via mTOR-dependent (rapamycin)

or mTOR-independent pharmacological and nutritional modulators (Metformin, Nilotinib, AICAR, Trehalose, Resveratrol, Pomegranate, C1) enhance autophagosome

formation, lysosome biogenesis, and lysosome function thus promoting α-synuclein clearance (E). Molecular modulation of macroautophagy via Atg7, Beclin1 or

TFEB overexpression is also reported to exert beneficial effects on α-synuclein-related toxicity (E). Lastly, restoration of proper enzymatic activity of GCase has been

shown to improve lysosomal function and lessen α-synuclein levels (F).

the PD-linked mutant form of the retromer protein VPS35
(Zavodszky et al., 2014). There is also evidence suggesting that
the PD-linked α-synuclein mutations could have a different
impact on macroautophagy machinery. In particular, the E46K
α-synuclein mutation impairs autophagy at an early stage of
autophagosome formation via dysregulation of the JNK1/Bcl2,
an mTOR-independent pathway (Yan et al., 2014). Also, the
A30P mutant α-synuclein inhibits autophagosome formation via
activation of the autophagy transcriptional repressor ZKSCAN3
in a JNK-dependent manner (Lei et al., 2019). Furthermore,
the A53T mutation has been shown to dysregulate mitophagy
(Choubey et al., 2011), resulting in massive mitochondrial

removal accompanied by bioenergetics deficits and neuronal
degeneration. However, another study in A53T α-synuclein
transgenic mice showed that α-synuclein accumulation leads
to activation of the p38 MAPK pathway, which in turn
directly phosphorylates Parkin thus inhibiting Parkin-mediated
mitophagy (Chen et al., 2018). Several independent studies
have proposed that autophagy is controlled by the GTP-ase–
p38 MAPK signaling (Obergasteiger et al., 2018), a pathway
that may be disturbed in PD. Additionally, mutations in
the GBA1 gene, which encodes for the lysosomal enzyme β-
glucocerebrosidase (GCase) and cause Gaucher’s disease (GD),
are among the most common known genetic risk factors for
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PD and DLB (Mata et al., 2008; Clark et al., 2009). Various
studies in cell culture and animal models and in human post-
mortem material suggest an inverse relationship between α-
synuclein accumulation and GCase protein levels and activity
where reduced GCase activity coincides with increased levels of
α-synuclein (Mazzulli et al., 2011; Osellame et al., 2013; Sardi
et al., 2013; Murphy et al., 2014; Du et al., 2015; Liu et al., 2015;
Rocha et al., 2015; Chen M.et al., 2016).

The first connection between CMA and PD was established
in 2004, where monomeric and dimeric wild-type α-synuclein
species were shown to be CMA substrates, whereas the A30P
and A53T PD-linked mutant α-synuclein forms bound more
tightly to LAMP2A, CMA’s specific receptor, but were not up
taken and degraded within lysosomes, thus becoming toxic by
inhibiting the CMA-mediated degradation of other cytosolic
substrate proteins (Cuervo et al., 2004). Subsequently, it was
shown that post-translational modifications of wild-type α-
synuclein, such as oxidation and nitration of the protein, alter its
binding and uptake into lysosomes, while phosphorylation and
dopamine-modification almost completely prevents its CMA-
dependent degradation (Martinez-Vicente et al., 2008; Xilouri
et al., 2009). Reciprocally, CMA inhibition is reported to lead to
the formation of detergent-insoluble or high molecular weight
oligomeric α-synuclein conformations in vitro (Vogiatzi et al.,
2008; Xilouri et al., 2009), or to increased intracellular α-
synuclein accumulation in nigral neurons in vivo (Xilouri et al.,
2016b). Furthermore, the protein levels of the two key CMA
markers LAMP2A and HSC70, were reported to be decreased in
the human substantia nigra and amygdala of PD brains compared
to controls (Alvarez-Erviti et al., 2010), while, more recently,
decreased protein levels of LAMP2A correlated with increased
α-synuclein accumulation were found in PD brain regions
harboring α-synuclein pathology (anterior cingulate cortex) and
not in other regions that are spared (occipital cortex) (Murphy
et al., 2014). Importantly, these decreases correlated directly to
CMA activity, since the protein levels of the other two LAMP2
isoforms (2B and 2C) that do not participate in CMA, were
found unaltered between PD and control brains (Murphy et al.,
2015). Macroautophagy alterations have also been found in nigral
neurons of PD brains (Anglade et al., 1997).

Beyond PD, evidence from human postmortem material
from MSA brains suggests the possibility of macroautophagic
alterations linked to α-synuclein accumulation in GCIs. More
particularly, the detection of SQSTM1/p62 and, in some
cases, of LC3 (but not of more mature lysosomal markers)
and of the autophagic adaptor protein NBR1 within GCIs
together with α-synuclein suggests a possible initial induction
of macroautophagy and a subsequent defect in macroautophagy
maturation in MSA brains (Chiba et al., 2012; Odagiri et al.,
2012; Schwarz et al., 2012; Tanji et al., 2013). In addition,
the FBXO27 gene, which encodes a protein associated with
ubiquitination and protein degradation, was identified in a
recent GWAS as a potential risk factor for MSA (Sailer et al.,
2016). These neuropathological studies have also suggested the
possibility of impaired proteasomal function as a driving force
for GCI formation. Studies in oligodendroglial cells showed that,
upon pharmacological proteasomal inhibition, p62 and LC3

accumulate in forming aggregates, in an apparent compensatory
response of macroautophagy activation (Schwarz et al., 2012).
In addition, dysfunctional macroautophagy evoked through
mitochondrial impairment or macroautophagy inhibition
resulted in the accumulation of α-synuclein in oligodendroglial
cells (Pukass et al., 2015), whereas more recently it was reported
that macroautophagy block through genetic or pharmacological
inhibition of autophagy was inefficient to increase intracellular
accumulation of α-synuclein in oligodendrocytes exposed
to monomeric or fibrillar α-synuclein (Fellner et al., 2018).
Nonetheless, additional work is needed to elucidate the precise
role of UPS and ALP dysfunction in the accumulation of
α-synuclein-rich GCIs in MSA brains.

CELL-TO-CELL PROPAGATION OF
α-SYNUCLEIN PATHOLOGY IN
SYNUCLEINOPATHIES: THE STRAIN
HYPOTHESIS

According to Braak staging, Lewy pathology manifested by
positive α-synuclein inclusions spreads throughout the brain
as PD progresses, primarily affecting the brainstem and
olfactory system, thereafter gradually invading the neocortex
(Braak et al., 2003). Amongst numerous studies that have
tested this hypothesis (Braak et al., 2006; Lebouvier et al.,
2010; Pouclet et al., 2012; Grathwohl et al., 2013; Paillusson
et al., 2013; Holmqvist et al., 2014), recently it was shown
that α-synuclein pre-formed fibrils (PFFs) injected into the
duodenal and pyloric muscularis layer evoked a spread of
pathologic Ser129 phosphorylated α-synuclein in various brain
regions. Interestingly, truncal vagotomy prevented the gut-to-
brain transmission of α-synuclein pathology, supporting the
Braak hypothesis of a prion-like templating mechanism (Kim
et al., 2019). Similarly, a cohort study of vagotomized patients
supported that the vagus nerve is involved in the development
of PD (Svensson et al., 2015). Recently, α-synuclein inclusions
were detected in stomach and heart of a bacterial artificial
chromosome (BAC) transgenic rat model injected into the gut
wall of the pylorus and duodenum with α-synuclein PFFs. Their
findings suggest a secondary anterograde (Dorsal Motor nucleus
of the Vagus [DMV]-to-stomach) spreading of α-synuclein
pathology, followed by a primary retrograde (duodenum-to-
DMV) spreading (Van Den Berge et al., 2019).

However, there are studies presenting controversial results,
suggesting that α-synuclein transmission from a peripheral
injection site reaches the dorsal nucleus of vagus nerve, but
does not further spread in the CNS (Manfredsson et al., 2018;
Uemura et al., 2018). The hypothesis of α-synuclein prion-like
propagation has gained attention in the recent years, since it has
been shown that transplantation of healthy fetal mesencephalic
neurons in PD patients led to the formation of LB-like inclusions,
indicating the direct transfer of pathogenic α-synuclein from host
brain to grafted neurons (Kordower et al., 2008; Li et al., 2008).
Similar studies have verified that neurons inside the grafts were
positive for LB-like α-synuclein aggregates (Li et al., 2008, 2010;
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Kordower et al., 2011; Kurowska et al., 2011). Moreover,
inoculation of brain extracts from PD and DLB patients into the
striatum and substantia nigra of mice (Masuda-Suzukake et al.,
2013) and non-human primates induced α-synuclein aggregation
and neurodegeneration (Recasens et al., 2014).

The first clinical evidence to support α-synuclein spread
throughout the nervous system was the detection of the protein
in human CSF, indicating that α-synuclein can be released into
the extracellular space (El-Agnaf et al., 2003). Subsequent studies
verified the secretion of α-synuclein from neuronal cells, in part
via vesicle- and exosomal-related trafficking (Lee et al., 2005;
Emmanouilidou et al., 2010a; Jang et al., 2010; Danzer et al.,
2012). On the other hand, conventional endocytosis (Sung et al.,
2001; Lee et al., 2008a; Desplats et al., 2009; Hansen et al., 2011;
Angot et al., 2012), exosomal transport (Emmanouilidou et al.,
2010a; Delenclos et al., 2017), receptor-mediated internalization
(Shrivastava et al., 2015; Mao et al., 2016; Ihse et al., 2017),
passive diffusion (Ahn et al., 2006), or even direct penetration of
the plasma membrane (Kayed et al., 2004; Jao et al., 2008; Lee
et al., 2008a; Tsigelny et al., 2012) have been proposed as the
main pathways for α-synuclein uptake (Figure 3). Amongst the
receptors that have been proposed to mediate the uptake of the
protein by neurons is the FcγRIIB inhibitory Fc receptor, which
has been shown to be responsible for fibrillar α-synuclein cell-
to-cell transmission mediated by the FcgRIIB-SHP-1/2 signaling
(Choi Y.R.et al., 2018) and the LAG3 receptor reported to
interact with fibrillar but not monomeric α-synuclein (Mao et al.,
2016). Moreover, heparan sulfate proteoglycans (HSPGs) seem
to regulate α-synuclein uptake via macropinocytosis in neurons,
whereas GM1 ganglioside is responsible for α-synuclein entry in
microglial cells (Park et al., 2009; Holmes et al., 2013). Fibrillar
α-synuclein has been shown to interact in vitro with HSPGs
via specific sequence motifs and thus be effectively endocytosed
(Zhang et al., 2020). Recent data revealed that N-linked glycans
on the cell surface of neurons interact with acetylated α-synuclein
and mediate its internalization and subsequent pathological
aggregation (Birol et al., 2019).

It has also been reported that neurons can take up
naked α-synuclein following it’s binding to specific membrane
proteins, which are then partially localized within the lysosomal
compartment (Lee et al., 2008a; Karpowicz et al., 2017).
Disruption of the lysosomal function has been shown to play
an important role in the transmission of α-synuclein pathology
and the subsequent neurodegeneration (Xilouri et al., 2016a;
Jiang et al., 2017; Klein and Mazzulli, 2018; Minakaki et al.,
2018). Importantly, in cases of compromised cell proteolytic
machineries, vesicle-associated α-synuclein release seems to be
enhanced (Jang et al., 2010; Alvarez-Erviti et al., 2011; Danzer
et al., 2012; Lee et al., 2013; Fussi et al., 2018). However, cell-to-
cell spread of α-synuclein pathology does not necessarily require
cell contacts, since tunneling nanotubes may also represent a
possible transmissionmechanism (Abounit et al., 2016; Figure 3).
Exogenous α-synuclein, once taken up by neuronal or glial cells
is directed to their cytosol where it recruits the aggregation of the
endogenous α-synuclein into the formation of aberrant species,
via an up-to-date unknown mechanism (Volpicelli-Daley et al.,
2014; Rey et al., 2016; Karampetsou et al., 2017; Karpowicz et al.,

2017; Kaji et al., 2018; Luna et al., 2018; Mavroeidi et al., 2019).
Many in vitro and in vivo studies have proposed that exogenously
added human α-synuclein PFFs are used as a template and
recruit the endogenous soluble monomeric α-synuclein into
the formation of insoluble LB-like inclusions (Luk et al., 2009,
2012a; Volpicelli-Daley et al., 2011;Masuda-Suzukake et al., 2013;
Sacino et al., 2013a, 2014a,b; Wu et al., 2019). Similar results were
obtained in vivo when PD brain- or symptomatic α-synuclein
transgenicmice-derived homogenates were delivered in the living
brains of mice and monkeys (Mougenot et al., 2012; Recasens
et al., 2014; Schweighauser et al., 2015).

Two seeding processes have been demonstrated to govern
the aggregation of the endogenous α-synuclein: homotypic (or
self-seeding) and heterotypic seeding. The term “homotypic
seeding” is referred to the sequence-specific templating of α-
synuclein that requires the presence of the hydrophobic NAC
region (El-Agnaf et al., 1998; Giasson et al., 2001). On the
other hand, heterotypic seeding is a process that involves other
proteins (such as tau, huntingtin and Aβ) in the initiation of
α-synuclein recruitment and fibrillization (Charles et al., 2000;
Masliah et al., 2001; Giasson et al., 2003; Pletnikova et al.,
2005; Badiola et al., 2011; Tomas-Zapico et al., 2012). Many
studies utilizing the α-synuclein PFF-brain inoculation as a PD
model, suggest the “connectomic” transmission of pathological α-
synuclein from the injection site to various interconnected brain
regions (Luk et al., 2012a; Masuda-Suzukake et al., 2013, 2014;
Paumier et al., 2015; Peelaerts et al., 2015; Ulusoy et al., 2015;
Rey et al., 2016) and that this α-synuclein spread based on the
anatomical connections between brain areas (Luk et al., 2012b;
Rey et al., 2013, 2016; Peelaerts et al., 2015), party occurs via
gap junction channels composed of connexins, formed between
adjacent cells (Diaz et al., 2019; Reyes et al., 2019). Finally, a
recent study pinpoints 14-3-3 proteins as potential regulators of
α-synuclein transmission, proposing that they normally prevent
α-synuclein oligomerization and resultant toxicity, whereas 14-3-
3 protein dysfunction mediates α-synuclein oligomerization and
seeding, that govern PD pathology (Wang et al., 2018). Numerous
in vitro and in vivo studies utilizing α-synuclein PFFs as seeds,
have proposed an induction in the endogenous neuronal α-
synuclein aggregation, thus favoring the prion-like hypothesis of
α-synuclein spread (Luk et al., 2009, 2012a; Volpicelli-Daley et al.,
2011; Masuda-Suzukake et al., 2013; Sacino et al., 2014b; Paumier
et al., 2015; Peelaerts et al., 2015; Abdelmotilib et al., 2017).
Interestingly, not only PFFs but also isolated exosomes from the
CSF of PD and DLB patients, containing pathological species of
α-synuclein, were able to transfer the disease pathology when
applied in human H4 neuroglioma cells (Stuendl et al., 2016).

Beyond PD, the self-propagation of α-synuclein resulting
in the formation of insoluble aggregates within the cytoplasm
of oligodendrocytes termed MSA also as a prion-like disease.
Prusiner et al. originally reported that TgM83+/− mice
expressing human A53T α-synuclein when inoculated withMSA,
but not PD, brain homogenates developed neurodegeneration,
suggesting that a distinct strain of α-synuclein displays prion
characteristics during the development of MSA (Watts et al.,
2013; Prusiner et al., 2015). Accordingly, treatment of HEK293T
cells stably expressing fluorescently-tagged α-synuclein with
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FIGURE 3 | Proposed mechanisms of α-synuclein cell-to-cell propagation and application of candidate therapeutic strategies. A schematic representation of

α-synuclein transfer from neurons to neurons (purple) or to oligodendrocytes (blue) via various mechanisms: (A) Neuronal receptors (i.e., LAG3) interact with

extracellular α-synuclein and mediate its internalization via endocytosis. Antibodies against these receptors effectively inhibit α-synuclein propagation. (B)

Neuronally-derived, free or exosomal-bound α-synuclein enters neighboring neurons or oligodendrocytes. (C) α-synuclein is taken-up by cells via passive diffusion or

direct penetration of their plasma membrane. (D) Clathrin- or dynamin- mediated endocytosis is responsible for α-synuclein internalization in neurons and

oligodendrocytes. Inhibitors targeting these endocytic pathways have been effectively used. (E) Heparan Sulfate ProteoGlycans (HSPGs) regulate α-synuclein uptake

via macropinocytosis in neurons and oligodendrocytes. Disruption of HSPGs by chemical molecules (heparin or chloral hydrate) inhibits α-synuclein uptake by cells.

(F) Tunneling nanotubes (thin membranous bridges) have been also proposed as a possible cell-to-cell transmission mechanism of α-synuclein. (G) siRNAs (small

interfere RNAs) designed against α-synuclein mRNA are used for the reduction of α-synuclein production as an effective therapeutic strategy. (H) α-synuclein

entrance in neuronal or oligodendroglial cells is followed by its aggregation and the spread of α-synuclein pathology (seeding), finally leading to the formation of

aberrant protein species. Various antibodies targeting the NAC or the C-terminal region of α-synuclein and chemical molecules and compounds (i.e., NPT200–11,

NPT100-18A, NPT088 etc.) inhibiting α-synuclein aggregation have been used to prevent α-synuclein misfolding.

either healthy-control brain extracts or brain samples derived
from PD or MSA patients, revealed that only in the case of
MSA-added material, cells developed α-synuclein accumulation
(Woerman et al., 2015). The prion-like transmission of α-
synuclein pathology was further supported by intrastriatal

delivery of MSA homogenates in the brain of human-wild type
α-synuclein-expressing mice and detection of pathological α-
synuclein aggregates formed in many brain regions (Bernis et al.,
2015). Two possible scenarios have been proposed to explain the
origin of α-synuclein in oligodendrocytes and the mechanisms
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underlying α-synuclein accumulation in GCIs present in MSA
brains: either oligodendrocytes pathologically overexpress α-
synuclein in the context of MSA (Asi et al., 2014) or they take
up neuronally derived protein from their environment (Kisos
et al., 2012; Konno et al., 2012; Rockenstein et al., 2012; Ettle
et al., 2014; Pukass and Richter-Landsberg, 2014; Reyes et al.,
2014; Pukass et al., 2015; Kaji et al., 2018). We have recently
suggested that the presence of endogenous oligodendroglial α-
synuclein, however minute in amount, is a critical factor for the
generation of pathological GCI-like α-synuclein structures within
oligodendrocytes and myelin dysregulation evoked by PFF-
administration both in vitro and in vivo (Mavroeidi et al., 2019).

Furthermore, as already mentioned, neuroinflammation is
a key mediator of α-synuclein-related toxicity, since microglia
and astroglia activation, gliosis and increased secretion of pro-
inflammatory factors are often observed in synucleinopathies
(Nagatsu and Sawada, 2005; Politis et al., 2012; Tufekci et al.,
2012; Fellner and Stefanova, 2013; Kaufman et al., 2013). Many
studies focused on α-synuclein transfer between neurons and
glial cells (Lee et al., 2010; Sacino et al., 2013b; Reyes et al.,
2014). It has been proposed that α-synuclein attracts and activates
microglia; however these cells fail to clear α-synuclein, thus
leading to an excessive pro-inflammatory response via Toll-
like receptor (TLR) and finally to neurodegeneration (Stefanova
et al., 2011; Kim et al., 2013; Roodveldt et al., 2013; Tang
and Le, 2016). A recent study suggests that the differential
activation state of microglial cells plays a crucial role in neuron-
to-neuron α-synuclein spread and that IL-4-activated microglia
seems to engulf extracellular α-synuclein, thus reducing neuron-
to-neuron α-synuclein transmission (George et al., 2019). Others
have suggested that pathological α-synuclein spreads through
tunneling nanotubes in macrophages and possibly in microglial
cells as well (Onfelt et al., 2004). The neuron-to-astrocyte
and astrocyte-to-astrocyte transmission of α-synuclein has been
shown both in in vitro and ex vivo experiments, however α-
synuclein aggregates are preferably formed within neurons rather
than in astrocytes (Lee et al., 2010; Loria et al., 2017). This fact
could be attributed to the protective role of astrocytes against
α-synuclein aggregation, via enhanced proteolytic processing of
exogenously added PFFs (Loria et al., 2017).

Interestingly, it has been proposed that α-synuclein joins
into distinct polymorphisms possibly responsible for the variety
of disease phenotypes giving rise to the strain hypothesis,
underlying the pathogenesis of synucleinopathies. Based on this
scenario, the central idea is that α-synuclein fibrils behave as
strains with discrete biochemical and structural characteristics,
into distinct brain regions and cell types (Cremades et al., 2012;
Bousset et al., 2013; Kim et al., 2016; Ma et al., 2016; Pieri et al.,
2016; Lau et al., 2020). Supportive of this hypothesis are findings
showing that pathological α-synuclein in PD andMSA inclusions
is conformationally and biologically distinct and different α-
synuclein strains are generated in discrete intracellular milieus
(Peng et al., 2018a). We have also shown that the pathology-
related S129 α-synuclein phosphorylation in primary cultures
and human post-mortem brain material might involve different
α-synuclein strains present in oligodendroglial and neuronal
synucleinopathies (Mavroeidi et al., 2019).

Most importantly, it is reported that α-synuclein fibrils
amplified from the brains (Strohaker et al., 2019) or CSF
(Shahnawaz et al., 2020) of PD patients are structurally
different than those from MSA, further suggesting that distinct
conformational strains of α-synuclein may underlie the different
pathology detected in two synucleinopathies. Therefore, it
is surmised that based on the diversity of the human
strains and via the protein misfolding cyclic amplification
(PMCA) technique, we can discriminate between PD and
MSA pathology in patient-derived CSF samples with high
sensitivity (Shahnawaz et al., 2020). These strains can recruit
and seed endogenous α-synuclein, and also propagate by
imprinting their unique structural properties on its non-
pathogenic counterpart (Bousset et al., 2013; Peelaerts et al.,
2015; Mavroeidi et al., 2019). Through their neurotoxic behavior
as oligomeric or fibrillar assemblies, α-synuclein strains are
the crucial pathogens responsible for the induction of α-
synuclein - and tau-specific disease phenotypes (Guo et al.,
2013; Peelaerts et al., 2015; Candelise et al., 2019). In addition,
it has been recently reported that MSA strains show several
similarities with PD strains, but are significantly more potent
in inducing motor deficits, nigrostriatal neurodegeneration, α-
synuclein pathology, spreading, and inflammation, reflecting
the aggressive nature of this disease (Van der Perren et al.,
2020). In contrast, DLB-amplified strains displayed very modest
neuropathological features.

THERAPEUTIC APPROACHES TO HALT
α-SYNUCLEINOPATHY

Unfortunately, up-to-date no disease-modifying therapies exist
for α-synucleinopathies only symptomatic therapies to relief
motor impairment, including dopamine replacement, deep
brain stimulation and pharmacological treatment of non-motor
symptoms (Aarsland et al., 2002; Fahn et al., 2004; Ravina et al.,
2005; Burn et al., 2006; Okun, 2012). Given the critical role of α-
synuclein levels to disease pathogenesis, one obvious approach
is to curtail total protein levels, either by reducing protein
production or by enhancing protein degradation. Another
approach would be to inhibit protein aggregation and misfolding
or to alter α-synuclein post-translational modifications such as
phosphorylation, which are suggested to affect the aggregation
process and the development of toxic species. Targeting the
extracellular levels of the protein with antibodies and intervening
in the proposed mechanisms of uptake is also an attractive
approach, since this may combat α-synuclein propagation and
disease progression.

REDUCING α-SYNUCLEIN PRODUCTION

Decreasing the production and the cytoplasmic levels of
α-synuclein with the use of RNA interference (RNAi)
technology represents an attractive approach for therapy in
synucleinopathies (Figure 3). Specifically, there are in vivo
studies showing that delivery of either naked small interfering
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RNAs (siRNAs) or lentiviral-mediated RNAi for SNCA silencing
in the rodent brain, can effectively reduce α-synuclein levels
(Sapru et al., 2006; Lewis et al., 2008). Accordingly, similar
siRNA delivery in the substantia nigra of squirrel monkeys
led to a significant suppression of α-synuclein expression with
no toxic effects in the animal physiology (McCormack et al.,
2010). Another study also suggested a non-toxic but rather a
neuroprotective role of α-synuclein reduction in rats injected
with shRNAs against SNCA via adeno-associated virus (AAV)
(Zharikov et al., 2015).

In vitro and in vivo experiments using an amido-bridged
nucleic acid (AmNA)-modified antisense oligonucleotide (ASO)
resulted in decreased mRNA and protein levels of α-synuclein
and improved motor deficits in a PD mouse model (Uehara
et al., 2019). In addition, AAV-mediated delivery of an anti- α-
synuclein ribozyme (rAAV-SynRz) prevented the death of the
nigral dopaminergic neurons in the rat MPTP intoxicationmodel
(Hayashita-Kinoh et al., 2006). The rescue of dopaminergic cells
loss via gene silencing has also been studied using an AAV
harboring a short-hairpin (sh)RNA targeting human SNCA in the
rat striatum, previously injected with AAV-hSNCA for human
α-synuclein overexpression (Khodr et al., 2011). In vitro studies
from the same group revealed that the miR-30-embedded shRNA
silencing vector successfully decreased α-synuclein levels (Han
et al., 2011); yet delivery of AAV-mir30-hSNCA in the rat brain
did not produce encouraging results towards a potential PD
therapy (Khodr et al., 2014).

However, there are controversial studies that present
degenerative outcomes following a reduction of α-synuclein
levels in the substantia nigra of rats and non-human primates
(Gorbatyuk et al., 2010; Kanaan and Manfredsson, 2012;
Collier et al., 2016; Teki and Griffiths, 2016; Benskey et al.,
2018). siRNA-mediated reduction of α-synuclein has been also
shown to regulate dopamine release in SH-SY5Y cells and to
be used as a protective mechanism against MPP+-induced
neurotoxicity (Fountaine and Wade-Martins, 2007). Moreover,
exosomal-associated siRNA intravenous-delivery targeting
α-synuclein mRNA in both wild type and α-synuclein transgenic
mice, prevented protein aggregation (Cooper et al., 2014).
Additionally, α-synuclein knockdown in the brain of wild-type
mice, using siRNAs and an anti-sense oligonucleotide molecule
(ASO), did not display any harmful effects on neuronal function
(Alarcon-Aris et al., 2018). Finally, beta-2-adrenoreceptor
(beta-2AR) ligands were shown to modulate SNCA transcription
through histone 3 lysine 27 acetylation of SNCA promoter and
enhancers. Beta-2AR agonists (clenbuterol and salbutamol)
when used in various cellular and in vivo models, led to
the reduction of α-synuclein expression, whereas beta-2AR
antagonist propranolol increased SNCA transcription and
α-synuclein production (Mittal et al., 2017).

ENHANCING α-SYNUCLEIN
DEGRADATION

Given the well-recognized role of ALP in α-synuclein degradation
(Figure 2) the mammalian target of rapamycin (mTOR) has

emerged as a therapeutic target for PD. Towards this direction,
rapamycin, an inhibitor of mTOR, was shown to reduce α-
synuclein accumulation in WT, A30P and A53T α-synuclein-
overexpressing PC12 cells (Webb et al., 2003), to attenuate
dopaminergic degeneration in neurotoxin-induced (Dehay et al.,
2010; Malagelada et al., 2010; Liu et al., 2013) and α-synuclein-
overexpressing PD models (Crews et al., 2010) and to improve
motor function in A53T α-synuclein transgenic mice (Bai et al.,
2015). However, a considerable limitation of rapamycin is
that it interferes with numerous other autophagy independent
pathways, including immunosuppression (Staats et al., 2013)
and that prolonged exposure to rapamycin inhibits mTORC2
(Schreiber et al., 2015), thus leading to the stimulation of other
important cellular pathways. To overcome these unwanted side
effects, studies focused on TFEB, a down-stream target of mTOR,
and showed that TFEB overexpression promoted the clearance
of pathologic α-synuclein and restored neurodegeneration in
PD animal models (Dehay et al., 2010; Decressac et al.,
2013). Similarly, oligodendroglial-targeted TFEB overexpression
efficiently prevented α-synuclein accumulation and rescued
nigrostriatal neurodegeneration in the PLP-α-synuclein MSA
mouse model (Arotcarena et al., 2019).

Moreover, several compounds associated with the activation
of the AMP-activated protein kinase (AMPK)-dependent
autophagy, such as metformin (Dulovic et al., 2014; Patil
et al., 2014; Lu et al., 2016), or nilotinib (Hebron et al., 2013;
Karuppagounder et al., 2014; Mahul-Mellier et al., 2014), have
been reported to inhibit α-synuclein accumulation and to exert
neuroprotection in several PD models. The tyrosine-kinase
inhibitor nilotinib -a medication widely used for the treatment
of chronic myelogenous leukemia- has now been repurposed
for the treatment of PD and a Phase 1 clinical trial in 11 PD
and DLB patients showed cognitive and motor improvement
following nilotinib administration (NCT02281474). A larger
Phase 2 clinic trial including 75 PD patients is currently being
conducted with so far promising results (NCT02954978).
Comparable findings have been reported upon application of
5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) (a
drug used for the treatment of acute lymphoblastic leukemia)
in various PD models (Ng et al., 2012; Dulovic et al., 2014).
Trehalose, also leads to an AMPK-dependent and mTOR-
independent induction of autophagosome biogenesis and has
been also shown to exert beneficial effects on cell survival and
autophagy-dependent α-synuclein clearance in cellular (Sarkar
et al., 2007; Casarejos et al., 2011; Lan et al., 2012) and animal
PD models (Sarkar et al., 2014; Tanji et al., 2015; Wu et al., 2015;
He et al., 2016). Collectively, given the pleiotropic actions and
the limited specificity of these agents for the autophagic process,
it’s challenging to determine whether the observed beneficial
effects are mediated by AMPK activation or are a result of other
off-target effects, which limit their potential therapeutic utility
in synucleinopathies.

In search of non-chemical methods to modulate autophagy,
experimental evidence shows that the natural inducer of
autophagy curcumin, counteracted the accumulation of the A53T
α-synuclein through down-regulation of the mTOR/p70S6K
signaling pathway in SH-SY5Y cells (Pandey et al., 2008;
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Jiang et al., 2013) and conferred neuroprotection in rotenone-
treated dopaminergic neurons (Satish Bollimpelli and Kondapi,
2015). A curcumin analog, C1, has been recently identified
as a novel mTOR-independent activator of TFEB (Song et al.,
2016), resulting in enhanced autophagy and increased lysosome
biogenesis in the rat brain (Song et al., 2016). Likewise, the
natural compound pomegranate has been shown to enhance
TFEB activity and activate mTOR-independent autophagy and
mitophagy (Tan et al., 2019). The natural plant phenol resveratrol,
possibly following the interaction with its direct target SIRT1,
was also shown to induce an AMPK-dependent autophagy and
exert beneficial effects in several in vitro and in vivo PD models
(Wu Y. et al., 2011; Ferretta et al., 2014; Lin et al., 2014;
Guo et al., 2016; Ur Rasheed et al., 2016). A major concern
of broad macroautophagy enhancement is the multifunctional
role and status of activation in different cell types and tissues
and the fact that excessive stimulation of macroautophagy
under specific circumstances can exert detrimental effects (Yang
et al., 2007; Choi et al., 2010; Xu et al., 2014). We have
previously shown that CMA inhibition conferred by aberrant
α-synuclein overexpression in neuronal cells resulted to a
compensatory induction of macroautophagy and subsequent
death, whereas pharmacological and molecular macroautophagy
inhibition exerted a protective effect (Xilouri et al., 2009).
Furthermore, the activation of mitophagy in primary cortical
neurons overexpressing A53T α-synuclein caused mitochondrial
destruction and neuronal degeneration that could be rescued by
inhibition of macroautophagy (Choubey et al., 2011).

Another promising approach implicates the restoration
of proper GCase activity as means to facilitate α-synuclein
degradation. In vivo studies demonstrated that enhancing GCase
activity (either pharmacologically or molecularly) could prevent
or diminish formation of toxic α-synuclein species and related
toxicity (Sardi et al., 2011, 2013). Enzyme-replacement therapies
for GD showed that GCase does not cross the blood-brain barrier
(BBB), therefore, recent strategies focused on the development
of small-molecule chaperones to correct the folding of GCase,
enhance GCase activity and restore lysosomal function to
facilitate α-synuclein clearance (Schapira and Gegg, 2013; Blanz
and Saftig, 2016). Ambroxol is a drug commonly used as an
anti-mucolytic respiratory agent (Malerba and Ragnoli, 2008)
and has been shown to restore lysosomal function and reduce
oxidative stress in GBA1 mutant fibroblasts (McNeill et al.,
2014; Ambrosi et al., 2015). More recently, ambroxol treatment
was found to increase GCase levels, improve autophagy and
decrease α-synuclein levels in neural crest stem cell-derived
dopaminergic neurons from GBA1 mutation patients (Yang
et al., 2017) and α-synuclein transgenic mice (Migdalska-
Richards et al., 2016). The same group reported that oral
administration of ambroxol increased GCase activity in the non-
human primate brain indicating that ambroxol represents a
promising novel disease modifying therapy for the treatment
of PD and neuropathic GD (Migdalska-Richards et al., 2017).
A phase 2 clinical trial assessing the safety and efficacy of
ambroxol to improve motor and cognitive features of PD-
GD patients has been recently completed (NCT02914366)
(Silveira et al., 2019). Moreover, another clinical trial of PD

patients (with or without GBA1 mutations) treated with up
to 420 mg/day of ambroxol at 5 intra-dose escalations over
the course of 6 months, confirmed the safety, tolerability and
CSF penetration of this drug (NCT02941822) (Mullin et al.,
2020). Furthermore, treatment with LTI-29, another activator
of GCase activity, has been shown to reduce glucosylceramide
levels in vivo1 and the safety and tolerability of this therapeutic
candidate are being tested in a phase 1 clinical trial in GBA-
PD patients (NTR6960, EudraCT2017 004086 27). Finally, new
glucosylceramide synthase inhibitors capable of crossing the BBB
and prevent the substrate buildup in mouse models have arisen
as another strategy for intervention (Sardi et al., 2017, 2018).
Toward this direction, a phase 1 clinical trial assessing the safety
and tolerability of the glycosylsynthase inhibitor Venglustat
(GZ/SAR402671) in GBA-PD patients has successfully been
completed (NCT02906020) and this therapeutic approach is
currently into phase 2 (Judith Peterschmitt et al., 2019).

Restoration of CMA activity could also provide therapeutic
benefit in synucleinopathies, by not only promoting the clearance
of α-synuclein, but also by mitigating its detrimental effects
on lysosomal function. To this end, we have shown that
overexpression of LAMP2A, CMA’s rate-limiting step in human
neuroblastoma SH-SY5Y cells, rat primary cortical neurons
and nigral dopaminergic neurons in vivo, was capable of
alleviating α-synuclein-related toxicity (Xilouri et al., 2013a).
Similarly, LAMP2A overexpression promoted autophagic flux
and prevented α-synuclein-induced PD-like symptoms in the
Drosophila brain (Issa et al., 2018). Moreover, pharmacological
manipulation of the CMA pathway using AR7, a retinoic acid
receptor alpha (RARα) antagonist, in LRRK2R1441G mutant
mouse fibroblasts restored the impaired lysosomal function and
attenuated the progressive accumulation of both intracellular
and extracellular α-synuclein oligomers, surmising that CMA
activation could successfully prevent the accumulation of such
species (Ho et al., 2020). Based on the findings supporting
that pathogenic forms of α-synuclein lead to abnormal
LAMP2A binding and disruption of the receptor’s assembly
(Cuervo et al., 2004; Martinez-Vicente et al., 2008) modulation
of LAMP2A dynamics at the lysosomal membrane may
also represent a fruitful strategy. CMA activity is regulated
by the lysosomal mTORC2/PHLPP1/Akt axis (Arias et al.,
2015), suggesting that available drugs acting as inhibitors
of mTORC2 or Akt, or as activators of PHLPP1 that can
modulate the assembly/disassembly rate of the LAMP2A
translocation complex could become attractive targets for
selective modulation of CMA.

INHIBITING α-SYNUCLEIN
AGGREGATION

Prevention of α-synuclein aggregation and misfolding is a key
player in disease confronting (Figure 3). The selective specificity
of intrabodies/nanobodies allows them to bind to specific regions
of different α-synuclein species (monomers, oligomers, fibrils)

1https://lti-staging.squarespace.com/our-science/#lti-291
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and modulate aggregation, therefore attenuating the disease
pathology (Bhatt et al., 2013). The nanobodies VH14∗PEST and
NbSyn87∗PEST target the NAC and the C-terminal regions of α-
synuclein, respectively, and have been efficiently used against the
formation of pathological pSer129 α-synuclein species following
their delivery using viral vectors in the rat substantia nigra
(Chatterjee et al., 2018). Three small molecules, NPT200–11,
NPT100-18A and NPT088 have been reported as inhibitors
of either oligomeric or proteinase K-resistant α-synuclein
aggregates, both in vitro and in vivo (Krishnan et al., 2014;
Wrasidlo et al., 2016; Price et al., 2018). Moreover, an emerging
number of compounds tested in cellular and mouse models
of PD exerted a protective role against α-synuclein pathology.
Specifically, polyphenol (-)-epi-gallocatechin-3-gallate (EGCG) is
used in both AD and PD cases and acts as an inhibitor of α-
synuclein and amyloid beta fibril-maturation, by converting large
amyloid fibrils into smaller non-toxic aggregates (Bieschke et al.,
2010). Anle138b [3-(1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-
1H-pyrazole] is an oligomer modulator shown to prevent the
formation of pathological aggregates in vitro and in vivo of
both prion protein PrP(Sc) and α-synuclein (Wagner et al.,
2013; Levin et al., 2014). Behavioral and histological analysis
of the PLP-α-synuclein transgenic mice treated with anle138b
revealed that this aggregation inhibitor effectively attenuated
the progression of the MSA-like pathology (Fellner et al., 2016;
Heras-Garvin et al., 2019). Interestingly, this compound has
gained attention as a promising fluorescent biomarker for the
detection of aggregation-related epitopes (Deeg et al., 2015).

CLR01, another aggregation-inhibitor, prevented the
formation of β-sheet-rich fibrils and had beneficial effects on
the health and survival of a zebrafish model of α-synuclein
toxicity (Prabhudesai et al., 2012). Moreover, when PLP- or
Thy1-α-synuclein transgenic mice received treatment with
CLR01, they displayed amelioration of the α-synuclein-related
brain pathology and behavioral deficits (Richter et al., 2017;
Herrera-Vaquero et al., 2019). Furthermore, KYP-2047, a
prolyl oligopeptidase inhibitor, has also been effectively
used against α-synuclein aggregation in both cellular and
mouse models of PD (Myohanen et al., 2012), whereas
porphyrin phthalocyanine tetrasulfonate, an inhibitor of
protein aggregation through binding to vesicle-associated
α-synuclein, is suggested to modulate α-synuclein misfolding
and toxicity (Fonseca-Ornelas et al., 2014). There are also
numerous chemical compounds belonging to polyphenols,
phenothiazines, polyene macrolides, porphyrins, rifamycins,
Congo red (and its derivatives) and terpenoids, that have been
shown to decrease α-synuclein fibrillization (Masuda et al.,
2006). Baicalein (flavone), delphinidin (anthocyanidin) and
methylthioninium (monoamine oxidase inhibitor) are chemical
molecules with inhibitory properties against α-synuclein filament
formation (Zhu et al., 2004; Hung et al., 2016; Schwab et al.,
2017; Javed et al., 2018) as proposed by in vitro and in vivo
experiments. Similarly, mannitol, catechol-o-methyltransferase
inhibitors, cinnamon extract, and ring-fused pyridones have
anti-aggregatory properties and provide protection against
α-synuclein toxicity (Di Giovanni et al., 2010; Shaltiel-Karyo
et al., 2012, 2013; Horvath et al., 2013).

Synthetic peptides are also another therapeutic approach
developed for β-sheet structure disruption and inhibition of
α-synuclein accumulation (El-Agnaf et al., 2004; Kim et al.,
2009; Shaltiel-Karyo et al., 2010). Moreover, the antibiotic
rifampicin has been used as a destabilizer of α-synuclein fibrils
(Li et al., 2004) and a reduction in monomeric, oligomeric
and pathological pSer129 α-synuclein has been reported in a
rifampicin-treated transgenic MSA mouse model (Ubhi et al.,
2008). Rifampicin has been also tested in a clinical trial where
50 participants received a 12-month treatment with rifampicin
(600 mg/day), with however, negative results (Low et al., 2014).
Another anti-aggregation therapeutic strategy in the context
of MSA would be the inhibition of β-III tubulin and the
oligodendroglial-specific phosphoprotein TPPP/p25α, since both
proteins are implicated in α-synuclein accumulation (Lindersson
et al., 2005; Nakayama et al., 2012; Mavroeidi et al., 2019).
Nocodazole, a synthetic tubulin-binding agent that inhibits
tubulin polymerization, prevented α-synuclein accumulation in
primary neuronal and glial cultures, pinpointing the crucial role
of β-III tubulin/α-synuclein interaction in MSA pathogenesis
(Nakayama et al., 2012). Unfortunately, up-to-date there are no
available p25α inhibitors, although such an approach may exert
beneficial effects against MSA.

TARGETING α-SYNUCLEIN
POST-TRANSLATIONAL
MODIFICATIONS

Taking into account that post-translational modifications
of α-synuclein, such as phosphorylation, truncation or
oxidation/nitration, are tightly associated with the development
of neuropathology (Oueslati et al., 2010; Barrett and Timothy
Greenamyre, 2015), modulating these modifications is another
viable approach. Although the majority of studies link pSer129-
α-synuclein with neuropathology (Smith et al., 2005; Chau
et al., 2009; Ma et al., 2016; Grassi et al., 2018), others support
that α-synuclein phosphorylation and the subsequent inclusion
formation protects cells from toxicity (Chen and Feany, 2005;
Paleologou et al., 2008; Wu B.et al., 2011; Kuwahara et al.,
2012). Therefore, regulation of the expression and/or activity of
kinases and phosphatases responsible for phosphorylation and
de-phosphorylation of α-synuclein at Ser129 represent a main
target. Specifically, overexpression of G-protein-coupled receptor
kinase 6 (GRK6) proposed to phosphorylate α-synuclein via
AAVs in the rat substantia nigra, led to extensive degeneration
of dopaminergic neurons (Sato et al., 2011). Towards the same
direction, mutation of Ser129 to alanine inhibited the G protein-
coupled receptor kinase 2 (Gprk2)-mediated phosphorylation
of α-synuclein and attenuated α-synuclein toxicity in a PD
transgenic fly model (Chen and Feany, 2005). Moreover, in vitro
and in vivo enhancement of α-synuclein de-phosphorylation via
the phosphoprotein phosphatase-2A (PP2A) protected neurons
against α-synuclein pathology (Lee et al., 2011).

Many studies have also proposed that both C- and
N-terminal truncations of α-synuclein facilitate α-synuclein
aggregation and misfolding and exhibit pathological properties

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 September 2020 | Volume 8 | Article 559791

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Fouka et al. Therapeutic Strategies Against α-Synuclein

(Ulusoy et al., 2010; Hall et al., 2015; Wang et al., 2016;
Iyer et al., 2017; Ma et al., 2018; Terada et al., 2018). Monoclonal
antibodies against the C-terminal truncation (1H7, 5C1, and
5D12) have been tested in a PD mouse model and the results
showed reduced aggregation of α-synuclein and improved
neurotoxic and behavioral deficits upon immunotherapy (Games
et al., 2014). Other studies focused on calpain targeting by
using specific calpain inhibitors in vivo, a strategy that resulted
in amelioration of α-synuclein pathology (Diepenbroek et al.,
2014; Hassen et al., 2018). However, enhancement of calpain
activity did not result in the expected exacerbation of α-synuclein
pathology (Diepenbroek et al., 2014).

REDUCING UPTAKE AND
CELL-TO-CELL TRANSMISSION OF
α-SYNUCLEIN

As mentioned above, one proposed mechanism for α-synuclein
uptake is endocytosis and inhibiting the protein endocytosis
represents another strategy against α-synuclein propagation and
spread (Figure 3). For example, experiments in α-synuclein-
treated cells have shown that deletion of LAG3 or use of
antibodies raised against this neuronal receptor effectively
inhibits α-synuclein cell-to-cell transfer (Anderson et al., 2016;
Mao et al., 2016). Moreover, heparin or chloral hydrate can
also act as α-synuclein fibril uptake inhibitors, via disruption
of heparan sulphate proteoglycans that normally bind amyloid
proteins (Holmes et al., 2013; Karpowicz et al., 2017). Taking into
consideration the fact that prion protein (PrPC) is suggested to
be implicated in amyloid α-synuclein uptake and neurotoxicity,
genetic knockout of PrPC in primary neurons and mice
effectively reduced the uptake and aggregation of α-synuclein
(Aulic et al., 2017; Ferreira et al., 2017).

Another therapeutic approach to combat α-synuclein cell-to-
cell transmission is to target the signaling pathway downstream
of the receptor responsible for α-synuclein uptake. For example,
the inflammatory response of microglial cells to pathological α-
synuclein via TLR signaling can be ameliorated by using TLR4
signaling inhibitors, such as resatorvid (TAK242) (Ii et al., 2006;
Kawamoto et al., 2008). In another study, treatment of cells
with TAK242 or RSLA (another TLR4 inhibitor) resulted in
reduction of TNFα secretion frommicroglial cells and protection
of neuronal cells against α-synuclein neurotoxicity (Hughes
et al., 2019). However, when TAK242 was tested in a clinical
trial, it failed to reduce serum cytokine levels in patients with
severe sepsis and shock or respiratory failure (Rice et al., 2010).
Finally, CU-CPT22 (another selective inhibitor for TLR1/2) also
reduced TNFα production in primary microglia cells treated with
oligomeric α-synuclein and blocked NF-κB nuclear translocation
(Daniele et al., 2015). Although most of the existing therapeutic
approaches target PD, one of the most promising strategies
against MSA is the use of sertraline, a second-generation selective
serotonin reuptake inhibitor (SSRI). Sertraline inhibits dynamin
1 and 2 thus blocking the endocytic pathway and it has been
shown to inhibit α-synuclein uptake by oligodendrocytes and
to prevent pathological α-synuclein spread (Konno et al., 2012).

Another SSRI, paroxetine, has already been clinically tested
at doses of 30 mg for 2 weeks in 20 patients with MSA
and resulted into statistically significant motor improvement
(Friess et al., 2006).

IMMUNOTHERAPY

The role of the immune system and neuroinflammation in
the pathophysiology of PD and related synucleinopathies,
along with the specificity of antigen-antibody binding, render
immunotherapy (active and passive) one of the most promising
therapeutic approaches (Figure 4). The first study of active
immunization against α-synuclein utilized full-length α-
synuclein vaccination in the PDGF transgenic α-synuclein mice
and resulted in decreased α-synuclein accumulation in neuronal
cell bodies and synapses (Masliah et al., 2005). Active vaccination
of the PDGF and the Thy1 transgenic α-synuclein mice with
the PD01A and PD03A vaccines (also known as AFFITOPE)
reduced α-synuclein oligomers in axons and synapses, decreased
caudo-putamen nucleus degeneration and memory deficits in
both mouse models (Mandler et al., 2014). The same results,
along with reduced demyelination were observed in an MSA
transgenic mouse model (Mandler et al., 2015). Recently, the
AFFITOPE was tested and successfully passed into the Phase
1 clinical trial in MSA patients, whereas the clinical trial for
PD patients is ongoing2. More recently, it was shown that a
novel vaccination modality combining an antigen-presenting
cell-targeting glucan particle (GP) vaccine delivery system with
encapsulated antigen (α-synuclein) plus rapamycin induced both
strong anti-α-synuclein antibody titers and neuroprotective T
regulatory (Tregs) responses in synucleinopathy models, being
more effective than the humoral or cellular immunization alone
(Rockenstein et al., 2018). In the same concept, prophylactic
vaccinations with full-length recombinant α-synuclein in rats,
which subsequent receive AAV-α-synuclein, prevented the
accumulation of α-synuclein through the induction of Tregs and
microglia activation (Christiansen et al., 2016).

Passive immunization with monoclonal antibodies targeting
mostly the C- and N-terminal region of α-synuclein have been
also used as means to sequester the extracellular protein, thus
inhibiting the propagation of the disease (Masliah et al., 2011;
Games et al., 2014; Tran et al., 2014; Shahaduzzaman et al.,
2015). The first passive immunotherapy using the PRX002 or 9E4
antibody was tested in 2011, in the PDGF-α-synuclein transgenic
mice, and resulted in reduced α-synuclein accumulation in axons
and synapses, enhanced lysosomal degradation and improved
behavioral and motor defects (Masliah et al., 2011). The
promising preclinical results of two antibodies, the PRX002 and
the BIIB054 (Weihofen et al., 2019), led to their testing in
clinical trials where both of them were found safe and effective
in preventing α-synuclein spread. Specifically, PRX002 (PRX002,
initially developed by Perrigo, Allegan, MI, United States; patent
number US7910333; NCT02157714 and NCT02095171) is a
humanized IgG1 monoclonal antibody that resulted in 96.5%

2http://sympath-project.eu/wp-content/uploads/PR_AFF009_V1.pdf
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FIGURE 4 | Immunotherapy approaches against α-synuclein. (A) Thermodynamically unstable monomers of α-synuclein misfold and aggregate into pathological

species. The release of oligomeric and fibrillar α-synuclein into the extracellular space triggers α-synuclein propagation into non-affected cells, microglial activation

and neuroinflammation. (B) Active or passive immunization mainly aims to lower the extracellular α-synuclein by microglial-mediated degradation and to prevent

pathology propagation via antibody binding on receptors facilitating α-synuclein endocytosis. (C) The effective targeting of intracellular α-synuclein is achieved by

antibody fragments paired with signaling peptides for endocytosis, or viral vector-derived antibody constructs, which are expressed within the cells. (D) The

engineered intrabodies bind to α-synuclein toxic species and lead them to degradation through proteasomal or autophagic pathways. (E ) Antibodies against

immune system activation is another immunotherapy approach, which aims to reduce pro-inflammatory cytokine release, enhance anti-inflammatory microglial

activity and, by that, prevent α-synuclein pathology progression.

decrease of free serum α-synuclein in phase 1a clinical trial
(Schenk et al., 2017) and 97% decrease following a single
intravenous infusion of the highest dose (60 mg/kg) in phase
1b and these findings prompted the design of an ongoing phase
2 clinical trial (NCT03100149) (Jankovic et al., 2018). BIIB054
(licensed by Biogen) is a fully human-derived monoclonal
antibody specifically raised against aggregated and fibrillar α-
synuclein that displayed beneficial effects regarding α-synuclein
aggregation in the PFF-inoculated PD mouse model (Weihofen
et al., 2019). The results from phase 1 clinical trial in PD and
healthy patients revealed that BIIB054 is safe and tolerable and
have allowed the initiation of phase 2 trial (NCT03318523)
(Brys et al., 2019). Finally, other monoclonal antibodies raised
against misfolded α-synuclein (Syn211 and Syn303) have been
efficiently used in vivo and inhibited α-synuclein uptake and
pathology transmission (Tran et al., 2014). Other C-terminal
targeting α-synuclein antibodies, such as 1H7, 5C1, A1-A6 and
ab274 antibodies, were efficiently shown to decrease protein

aggregation and exert neuroprotective effects (Bae et al., 2012;
Games et al., 2014; Sahin et al., 2017).

The first reported N-terminal targeting antibody, AB1,
prevented dopaminergic neuron loss and microgliosis in an
AAV-α-synuclein rat model of PD (Shahaduzzaman et al.,
2015). Subsequently, the aggregate-selective BIIB054 human α-
synuclein antibody was reported to attenuate the spreading of α-
synuclein pathology, to rescue motor impairments and to reduce
the loss of dopamine transporter density in the nigrostriatal
terminals in three different PFF-inoculated mouse models
(Weihofen et al., 2019). BIIB054 was originally licensed by Biogen
in 2010 and it was first tested in healthy volunteers in 2015.
Since then, BIIB054 successfully passed through Phase 1 clinical
testing for safety and tolerability and a Phase 2 clinical trial in
311 PD patients is ongoing3 (Brys et al., 2019). The aggregated
forms of α-synuclein are also the target of the monoclonal

3https://www.alzforum.org/therapeutics/biib054
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antibodies Syn211 and Syn303, with promising reported results
in cellular and animal α-synuclein PFF-models (Tran et al., 2014).
Antibody targeting of the NAC region is another approach.
As such, administration of the NAC32 antibody decreased
formation of aberrant species and mitigated α-synuclein-related
toxicity by 75% in an A53T mutant α-synuclein neuronal cell
line. Importantly, the NAC32 established the prime basis of
intrabodies manufacture, and open up new opportunities for
intracellular α-synuclein targeting (Lynch et al., 2008). Direct
targeting of oligomers is another way to inhibit further the
aggregation process and promote the clearance of pathological α-
synuclein assemblies. In vitro [D5 antibody, (Emadi et al., 2007)]
and in vivo [Syn-10H antibody, (Emadi et al., 2009)] studies
using such oligomer-specific antibodies reported promising anti-
aggregation effects. In addition, the D5 antibody paired with
the LDL receptor-binding domain of apolipoprotein B resulted
in increased penetration of the construct intrabody through
the endosomal sorting complex required for transport (ESCRT)
and resulted in enhanced α-synuclein oligomer degradation
in vivo (Spencer et al., 2014). Based on this, the combined
administration of a CD5-D5 single-chain antibody prevented
astrogliosis, microgliosis and α-synuclein aggregation in a mouse
model of MSA (Valera et al., 2017).

Likewise, in the PLP-α-synuclein MSA mouse model,
administration of the Rec47 antibody led to enhanced α-
synuclein clearance, reduced intracellular seeding of the
protein and limited microglial activation (Kallab et al.,
2018). Furthermore, the oligomer-specific mAb47 antibody
successfully prevented α-synuclein assembly formation in
murine co-cultures of astrocytes, oligodendrocytes and neurons
and, interestingly, protected astroglia from an oligomeric
α-synuclein-mediated mitochondrial dysfunction (Gustafsson
et al., 2017). Moreover, MEDI1341, a high affinity α-synuclein
antibody that crosses the BBB and binds monomeric and
aggregated α-synuclein, prevented cell-to-cell transmission
of α-synuclein in PFF-treated neuronal cells and is currently
tested in a Phase 1 clinical trial for α-synucleinopathies
(ClinicalTrials.gov identifier NCT03272165) (Schofield et al.,
2019). A phase 1 clinical study with the monoclonal antibody
ABBV-0805 (or BAN0805) that selectively targets oligomeric
and protofibrilar forms of α-synuclein has initiated, however
no results have been published yet. A variety of antibodies
against oligomeric and fibrillar forms of α-synuclein were
recently reported. Syn-O1, Syn-O2 and Syn-O4 target
oligomers and Syn-F1 and Syn-F2 recognize the fibrillar
assemblies. Syn-O1, Syn-O4 and Syn–F1 antibodies limited
α-synuclein aggregation with higher efficacy than the other
constructs when tested in the PDGF α-synuclein mouse model
(El-Agnaf et al., 2017).

Finally, many current immunotherapeutic approaches aim to
modulate the immune system imbalance evoked by misfolded
α-synuclein accumulation by promoting anti-inflammatory and
neuroprotective conditions (Reynolds et al., 2010). Therapies,
including administration of the granulocyte macrophage-colony
stimulating factor (GM-CSF) and the vasoactive intestinal
peptide (VIP), avert the inflammatory role of effector T cells
(Teff) by inducing T regulatory cells (Tregs), which are severely

diminished in PD patients (Saunders et al., 2012). The GM-
CSF stimulating factor, sargramostim, is already in clinical trial
phase 1 for PD providing promising results in motor defects
improvement (Gendelman et al., 2017). Unfortunately, VIP is
rapidly metabolized; hence a VIPR2 agonist, LBT3627, has been
designed and used in α-synuclein overexpression rats andMPTP-
intoxicated mice with beneficial results (Olson et al., 2015, 2016;
Mosley et al., 2019). Therefore, its promising outcome in animal
models renders VIP agonist as a therapeutic candidate for clinical
testing in the future.

TARGETING THE GUT

α-synuclein spread via the gut-brain axis has gained attention
in the last years as a potential therapeutic target against α-
synucleinopathies (Holmqvist et al., 2014; Lee et al., 2018;
Manfredsson et al., 2018). Many studies have focused on
gut microbiota as a regulator of α-synuclein misfolding and
transmission towards the brain via the vagus nerve (Sampson
et al., 2016; Bhattacharyya et al., 2019; Chiang and Lin, 2019)
and results have revealed differences in gut microbiota between
PD patients and healthy controls suggesting a role of the
gut microbiome in PD pathogenesis (Scheperjans et al., 2015;
Unger et al., 2016; Lin A.et al., 2018). To this end, the
generation of a germfree α-synuclein PD mouse model resulted
in decreased α-synuclein toxicity and neuroinflammation;
however when the same mice received gut microbiota from
PD patients, they exhibited motor impairment (Sampson et al.,
2016). Gastrointestinal dysfunction is connected to PD and
several approaches have been developed to alleviate α-synuclein
pathological effects, such as therapeutic strategies to stimulate
gastric motility (Moore et al., 2018), use of antibiotics and
microbiota replacement (Fasano et al., 2015; Felice et al., 2016).

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Undoubtedly, α-synuclein plays a crucial role in the initiation
and progression of the neurodegenerative cascade characterizing
PD and related synucleinopathies. Candidate attractive options
for therapy aim to reduce protein production or enhance protein
degradation, to inhibit protein aggregation and misfolding, to
alter α-synuclein post-translational modifications or to target
the extracellular levels of the protein with antibodies, thus
intervening in the protein uptake and cell-cell propagation
mechanisms. All approaches should be handled with caution,
since uncontrolled manipulation of the global α-synuclein
levels may lead to neurotoxicity, due to the prevailing role
of the protein in synaptic neurotransmission. Regarding the
degradation strategies, experimental findings surmise that
such strategies imply extensive knowledge about dosage and
timing of application, a fact that may limit their current
therapeutic applicability. Others and we have found that under
specific circumstances induction of macroautophagy can have
detrimental effects, thus the therapeutic utility of chemical
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modulators of macroautophagy or even CMA should be
examined with caution given that they may be involved in
diverse range of processes. Our experience in regards to CMA
enhancement showed that this approach represents a fruitful
strategy for synucleinopathies, at least in rodent cellular and
animal models. This therapeutic modality is currently being
tested in a non-human primate model of α-synucleinopathy and
if proven successful it may pave the way for its possible clinical
utility for the treatment of PD and related synucleinopathies.
In regards to the approaches targeting extracellular α-synuclein,
they seem to represent a compelling strategy to slow or halt
disease progression, by interfering to the cell-cell transmission
mechanisms. However, it still remains to be elucidated whether
this transmission involves only the neuronal connectome and,
most importantly, which species or strains of the protein are the
main culprits for the pathology transmission.

In addition, a growing body of evidence suggests that
an underlying cause of the heterogeneity characterizing
synucleinopathies is the presence of distinct α-synuclein strains
in patient samples. As such, PD- and MSA- derived patient
α-synuclein strains exhibit different biophysical/biochemical
properties and evoke different responses in cultured cells and
animal models. Furthermore, the cellular milieu seems to
affect the pathogenetic properties of the engendered strains,
suggesting that other co-factors may alter disease initiation and
progression. Hence, the aforementioned therapeutic strategies
targeting the degradation, modification, secretion and seeding
of the distinct strains may result in different outcomes in
neurons and oligodendrocytes, raising the possibility of the
application of a precision medicine in synucleinopathies in

the near future. By utilizing advanced structural biology
techniques and cryo-electron microscopy we may attain a
better understanding of the clinical heterogeneity amongst
α-synucleinopathies, thus offering the opportunity for the
future development of strain-specific therapies to halt or delay
disease progression.

Collectively, we believe that further research is needed to
better understand the precise mechanisms underlying the α-
synuclein pathology enigma and to pinpoint the factors that
differentiate the pathology observed in synucleinopathies.
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Abstract: Accumulation of the neuronal presynaptic protein alpha-synuclein within proteinaceous

inclusions represents the key histophathological hallmark of a spectrum of neurodegenerative disor-

ders, referred to by the umbrella term a-synucleinopathies. Even though alpha-synuclein is expressed

predominantly in neurons, pathological aggregates of the protein are also found in the glial cells of the

brain. In Parkinson’s disease and dementia with Lewy bodies, alpha-synuclein accumulates mainly

in neurons forming the Lewy bodies and Lewy neurites, whereas in multiple system atrophy, the

protein aggregates mostly in the glial cytoplasmic inclusions within oligodendrocytes. In addition,

astrogliosis and microgliosis are found in the synucleinopathy brains, whereas both astrocytes and

microglia internalize alpha-synuclein and contribute to the spread of pathology. The mechanisms

underlying the pathological accumulation of alpha-synuclein in glial cells that under physiological

conditions express low to non-detectable levels of the protein are an area of intense research. Un-

doubtedly, the presence of aggregated alpha-synuclein can disrupt glial function in general and can

contribute to neurodegeneration through numerous pathways. Herein, we summarize the current

knowledge on the role of alpha-synuclein in both neurons and glia, highlighting the contribution of

the neuron-glia connectome in the disease initiation and progression, which may represent potential

therapeutic target for a-synucleinopathies.

Keywords: aggregation; astrocytes; a-Synuclein; inclusions; microglia; neurons; oligodendroglia; seeding

1. Introduction

The presynaptic neuronal protein alpha-synuclein (aSyn) under physiological condi-
tions regulates neurotransmitter release and SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) complex assembly and is considered a chameleon-
protein due to its remarkable conformational plasticity [1]. On the other hand, aggregated
aSyn is the major component of the proteinaceous inclusions found in the degenerating
neurons of Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) brains, known
as Lewy bodies (LBs) and Lewy neurites (LNs) [2]. Alpha-synuclein also has a strong
genetic link to PD pathogenesis, since missense point mutations of the SNCA gene encoding
for aSyn, SNCA gene locus duplications and triplications or gene-enhanced expression
are the main causes of familial PD [3–9]. In contrast, multiple system atrophy (MSA), a
fatal debilitating neurodegenerative disorder, is characterized by the presence of aggre-
gated aSyn within the glial cytoplasmic inclusions (GCIs) present in the cytoplasm of
oligodendrocytes [10–12]. Glial aSyn accumulation is also evident in PD and PD with
aSyn-positive deposits reported in astrocytes and oligodendrocytes [13–15]. Contrarily,
aSyn-positive inclusions in astrocytes have been also found in MSA [16], but to a lesser
extent [14] compared to neuronal and oligodendroglial inclusion pathology.

The clinical and neuropathological heterogeneity in a-synucleinopathies may ascend
from the unique properties of the different conformational aSyn strains found in neurons
or glia that might contribute to distinct clinical phenotypes [17–20]. Even though the
physiological and pathological functions of aSyn in neurons, where the protein is physio-
logically expressed, are well characterized, the mechanisms underlying the pathological
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accumulation of aSyn in the glial cells of the central nervous system (CNS) still necessitates
further investigation. Microglia and astroglia have distinct roles in maintaining brain’s
homeostasis but under stress conditions, such as increased aSyn burden, they can become
activated and contribute to disease pathology by triggering neuroinflammatory mecha-
nisms. Reactive astrocytes and microglia have been detected in human post-mortem brains
of a-synucleinopathies [13,21–25], further supporting a role of active gliosis in the initiation
and progression of the disease. Moreover, all glial cells have been reported to internalize
aSyn and a neuron-to-glia transmission is thought to underlie the propagation of aSyn
pathology in a-synucleinopathies. In the following sections, we discuss how aSyn affects
neuronal and glial function and homeostasis in health and disease.

2. Alpha-Synuclein in Neurons: A Multifaceted Protein

2.1. A Role at the Synapse

alpha-Synuclein (aSyn) is a small, intrinsically disordered protein that is mainly local-
ized at the pre-synaptic terminal [26,27], but is also present in the neuronal somato-dendritic
compartment [28], in red blood cells [29], in the gut and other peripheral tissues [30–32]. Al-
though aSyn is highly enriched in presynaptic boutons, it displays a delayed distribution in
the terminals, suggesting that it is implicated in later stages of synaptic development, rather
than playing a central role in synapse modulation [27]. Importantly, aSyn is differentially
expressed in the various neuronal cell types, being more abundant in excitatory synapses
across different brain regions and particularly in central catecholaminergic systems [33].
On the contrary, the protein displays a differential expression profile in inhibitory synapses
amongst the different brain areas, with a particular interest of aSyn presence in striatal
GABAergic medium spiny neurons (MSNs) [34,35].

The first indication regarding the role of aSyn on neural plasticity arose about 25 years
ago, when “synelfin” (synuclein, NACP) expression was found up-regulated during bird
song learning [36]. The localization of aSyn in pre-synaptic boutons is mainly attributed
to its tight association with synaptic vesicle membranes [37] and its high affinity for the
SNARE complex proteins synaptobrevin-2 (or Vesicle Associated Membrane Protein 2,
VAMP2), synapsin III and rab3A [38–40]. It has been proposed that aSyn interacts with
VAMP2 and promotes SNARE complex assembly [38], followed then by its disassembly
in order to complete the round of membrane fusion (Figure 1). The crucial role of aSyn
assembly with SNARE complex on neuronal survival was further verified by the neu-
ronal dysfunction and impaired survival of triple αβγ-synuclein knockout mice during
ageing [38,41]. Interestingly, aSyn lentiviral overexpression in primary neurons led to
enhanced SNARE complex assembly, further supporting the role of this protein in synaptic
activity [38]. The same group later showed that only multimeric membrane-bound, but
not the soluble monomeric aSyn, can promote the SNARE complex assembly [42]. It has
been also recently suggested that aSyn is involved in synaptic vesicle homeostasis at the
pre-synaptic terminal via a calcium (Ca2+)-dependent mechanism [43].
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Figure 1. The role of aSyn at the presynaptic terminal. A schematic representation depicting of aSyn physiological and

pathological effects at the synapse: (a) aSyn reduces the activity of tyrosine hydroxylase (TH), the enzyme responsible for

catalyzing the conversion of L-Tyrosine to L-DOPA, thus impairing dopamine biosynthesis, (b) Increased levels of aSyn

inhibit VMAT2, which is responsible for the uptake of monoamines (such as dopamine) into synaptic vesicles, (c) aSyn

associates with synaptic vesicle membranes and regulates the SNARE-dependent vesicle fusion and neurotransmitter release,

(d) Soluble aSyn interacts with the dopaminergic transporter DAT and decreases its amount on the plasma membrane,

thus regulating the dopamine re-uptake from the synapse. However, aSyn aggregates trigger DAT recruitment to the

plasma membrane that leads to massive entry of dopamine, (e) aSyn aggregates interact with Na+/K+-ATPase (NKA)

preventing the effective pump out of Na+ ions, (f) aSyn is secreted from neuronal cells partly via associating with exosomes,

(g) Extracellular aSyn interacts with neuronal receptors (i.e., LAG3) for its internalization in neurons or (h) it is up-taken via

endocytosis, (i) PD-linked A30P and A53T mutant aSyn form large membrane pores through which most cations (i.e., Ca2+)

can pass non-selectively, (j) Extracellular aSyn activates the voltage-gated Ca2+ channels (VGCCs), resulting in increased

Ca2+ influx, (k) Monomeric aSyn enters neuronal cells via passive diffusion or direct penetration of their plasma membrane.

On the contrary, natively unfolded monomeric aSyn at the pre-synaptic terminal is
prone to form pathological conformations, thus exerting neurotoxic effects [44] (Figure 1).
It has been additionally suggested that aSyn is preferably bound to synapsin 1 and VAMP2
when the protein is present in its oligomeric form [45], highlighting the importance of
the conformational state of aSyn for its proper function. There are also findings sup-
porting the implication of aSyn in synaptic transmission, due to its association with the
synaptic vesicle pool, modulating the vesicle mobility, the recycling pool homeostasis and
endocytosis [46–48].

Alpha-synuclein can also function as a molecular chaperone via effective binding to
other intracellular proteins. The first indication came with the discovery that aSyn displays
structural and functional homology with other molecular chaperones, as the 14-3-3 or
small heat shock proteins [49,50]. Additional studies revealed that aSyn synergistically acts
with the presynaptic cysteine-string protein-alpha (CSPalpha) promoting the assembly of
the SNARE complex [38,51], further validating its chaperoning properties. Biochemical
and structural analysis of aSyn strengthened the current indications for its chaperone-like
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function via its C-terminal region (residues 61-140) [52–54]. However, following studies
indicated that the chaperone-binding site of aSyn lies within the non-amyloidal component
(NAC) region (residues 61-95), which is prone to aggregation and thus highly susceptible
to form fibrils [55,56].

2.2. Association with Membranes and Lipid Trafficking

Intracellular aSyn can be found either natively unfolded in a soluble state or membrane-
bound forming an alpha-helical or a beta-sheet secondary structure, depending on the
solution conditions [57–59]. It has been proposed that there is a bidirectional link between
aSyn species formation and membrane remodeling, meaning that not only aSyn structure is
affected upon lipid interaction, but also that membrane integrity depends on the presence
of different aSyn conformations [60–62]. However, there are controversial results regarding
the association of aSyn with membrane lipids and its conformational state, with some
studies reporting that membrane-bound aSyn gets protected from aggregation, thus leading
to neurotoxicity attenuation [44,63,64], whereas others suggest that interaction of aSyn with
membranes triggers its self-association and subsequent aggregation [65–67]. Importantly, it
has been shown that the PD-related aSyn mutations reduce its interaction with membranes,
thus further suggesting that aSyn binding on membranes may exert neuroprotective
effects [68–72].

A plethora of studies argue that aSyn in its soluble state exists as a monomer [73–76],
whereas others suggest that it occurs physiologically as a tetramer resisting aggrega-
tion [77–79]. In the presence of lipid membranes, aSyn adopts an alpha helical struc-
ture in the N-terminus region that stabilizes the formation of high-order aSyn multi-
mers [42,73,80,81]. Interestingly, the membrane curvature seems to affect the structure of
aSyn, which can adopt either an elongated or a broken alpha-helix conformation, when
bound to a large diameter (∼100 nm) or a small, highly curved vesicle, respectively [82–85].
It has been also proposed that aSyn has a role in lipid metabolism, since it participates
in fatty acids transportation between the cytosol and membranous compartments [86,87]
and in lipid and membrane biogenesis organizing and stabilizing the lipid bilayer of mem-
branes and vesicles [88,89]. On the other hand, disrupted aSyn expression pattern leads
to lipid dysregulation, since both the absence and the overexpression of either wild-type
(WT) or mutated aSyn gives rise to abnormal lipid metabolism [90–93]. Finally, several
studies have demonstrated that aSyn regulates membrane homeostasis via inhibition of
phospholipases activity, such as phospholipase D [94–97]; however, there are controversial
results in the literature [98].

2.3. Aggregation and Post-Translational Modifications

alpha-Synuclein is composed of three distinct domains: the N-terminal lipid-binding
domain, the NAC region and the C-terminal binding domain [84,99,100]. A central role
in the fibril formation and subsequent aggregation of aSyn is thought to be mediated
through the NAC region of the protein composed of nonpolar side-chains and assembles
cross b-structures. Based on that, it has been shown that the deletion of specific residues
(74-84) within the core region can abolish aSyn aggregation [101,102]. It has been also
demonstrated that the endogenous neuronal aSyn and the interaction of aSyn with lipids
plays a central role for aSyn recruitment and subsequent seeding of pathology, as it could
behave as a core for the formation of insoluble aggregates [35,75,103,104].

Several mutations in the Snca gene have been linked to PD pathogenesis, such as
the A53T, A30P, E46K, H50Q, G51D, A18P, pA29S and A53E mutations, all located in the
N-terminus region [3,5,7,68,105–107]. Most of them are tightly linked to enhanced aSyn
aggregation, pathology progression and clinical manifestations in PD. Specifically, A53T
and A30P aSyn mutants are natively unfolded, similarly to WT protein. However, at higher
concentrations A53T has been shown to accelerate aSyn fibrillization, a critical event in
PD pathogenesis [108–110]. On the other hand, A30P promotes aSyn oligomerization
rather than fibrillization, thus reducing aggregate formation [109,111]. The E46K mutation
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leads to conformational changes of aSyn due to C-terminal to N-terminal contacts in the
monomeric protein, resulting in enhanced aSyn accumulation [111–113]. Moreover, the
PD-linked H50Q point mutation increases aSyn aggregation propensity and toxicity [114],
whereas the G51D mutation has the opposite effects [115]. However, although G51D
mutants seem to oligomerize in a slow rate, they form more toxic fibrils, thus suggesting
distinct disease mechanisms for the various aSyn mutations [116,117]. Similarly, A53E mu-
tant seems to lead to neuronal toxicity via an aSyn aggregation-independent manner [118].
Strikingly, the G51D and A53E aSyn mutations have been proposed as potential links
between PD and MSA [106,119]. However, up-to-date, no hereditable mutations in the
coding region of SNCA gene have been identified in MSA cases [120]. Apart from point
mutations [117,121,122], various post-translational modifications are implicated in aSyn ag-
gregation, the most important of which are phosphorylation, sumoylation, ubiquitination,
nitration, N-acetylation, O-GlcNAcylation and truncation.

The phosphorylation of aSyn both at serine and tyrosine residues and particularly at
Ser129 is widely considered as an indicator of pathology. However, the effect of Ser129
phosphorylation on aSyn toxicity is still under debate, with the majority of studies sug-
gesting that it accelerates cell toxicity and neurodegeneration [123–127]. Contrarily, others
have proposed a neuroprotective role of Ser129 phosphorylation since it was reported
to drive the conversion of toxic oligomers into less harmful aggregates [128–130]. Other
mechanisms of phosphorylated Ser129 aSyn-mediated neuroprotection include inhibi-
tion of its fibrillation [131], upregulation of tyrosine hydroxylase (TH) activity [132] or
lowering of the protein’s membrane-binding affinity [133]. Although the 90% of aSyn in
LBs is found phosphorylated at Ser129, a significant amount of phosphorylated Ser129
aSyn is also detected in a soluble, rather than in an aggregated state in PD brains [134],
whereas only a small percentage of aSyn is phosphorylated at Ser129 in the brains of
healthy controls [135–137]. In addition, aSyn can be phosphorylated at Ser87, Tyr125,
Tyr133 and Tyr136 residues [138,139] and these are also implicated in either neurotoxic or
neuroprotective events [127,138,140,141]. Nonetheless, in most in vivo models where aSyn
is overexpressed (virally, transgenic or PFF-inoculations) the detection of pSer129 positive
aSyn signal is invariably linked to neurotoxicity, indicating a rather neurotoxic and not a
neuroprotective role.

Nitrated aSyn is also tightly linked to neurodegeneration, as demonstrated by experi-
ments in both cellular and animal models, as well as in patient-derived brains [142–145],
through its implication in oxidative damage and disease development [146]. Four tyro-
sine residues in aSyn sequence, Tyr39 (within the N-terminus), Tyr125, Tyr133 and Tyr
136 (within the C-terminus) can undergo nitration. Nitration at Tyr39 has been shown
to result in low binding affinity of aSyn on lipid vesicles due to its loss-of-alpha helical
conformation status [147], whereas nitration at Tyr125 seems to play a crucial role for
aSyn dimerization [148]. Moreover, the linking between two tyrosines is considered as a
potential mechanism for aSyn oligomer stabilization and its subsequent aggregation into
proteinaceous inclusions [149]. In addition, the detection of nitrated aSyn in the human
blood serum could potentially serve as a clinical biomarker for PD diagnosis [150].

Another aSyn post-translational modification crucial for its aggregation propensity
is ubiquitination, via regulation of the proteasome-dependent protein degradation [151]
and the subcellular localization of the protein [152]. Ubiquitinated aSyn has been isolated
from LBs and sarkosyl-insoluble fractions derived from synucleinopathy brains [153,154].
CHIP (C-terminal U-box domain of co-chaperone Hsp70-interacting protein), SIAH (seven
in absentia homolog) and Nedd4 (neuronal precursor cell-expressed, developmentally
down-regulated gene 4) have been identified among the E3 ubiquitin ligases implicated
in aSyn ubiquitination [155–160]. Ubiquitin modification has been demonstrated to have
differential effects on aSyn accumulation and subsequent aggregation, dependent on
the residue being modified. More precisely, ubiquitination at Lys6, Lys12 and Lys21
residues has been shown to moderately inhibit aSyn fibrillation, whereas at Lys10 and
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Lys23 residues has been reported to promote the formation of aSyn inclusions [161]. In
addition, ubiquitination at Lys32, Lys34, Lys43 and Lys96 inhibits aSyn aggregation [161].

Sumoylation is a similar process to ubiquitination, since aSyn is conjugated to SUMO
(small ubiquitin-like modifier) at lysine residues. SUMO-1 was found in aSyn-positive
inclusions of a-synucleinopathy brains or associated with lysosomes of PD animal mod-
els [162–164]. It has been also suggested that aSyn sumoylation facilitates its aggregation
since it inhibits its degradation [165], whereas other studies proposed a neuroprotective
role of aSyn sumoylation, which seems to promote aSyn solubility and thus inhibit its
aggregation [166,167]. The discrepancy between these data may be attributed to the differ-
ent lysine residues available for sumoylation being investigated in each study. Another
aSyn modification that has been up for debate is its N-terminal acetylation. Although
many studies have assigned a neurotoxic role on aSyn N-acetylation, as it has been shown
to promote aSyn β-sheet formation and fibrillation [168–170], others suggest that either
N-acetylated aSyn mediates its physiological binding on synaptic vesicles [171], or it acts
in a protective manner against aSyn aggregation [172,173].

O-GlcNAcylation is a biochemical process that involves the attachment of O-linked
N-acetylglucosamine to Ser and Thr residues of various proteins, amongst which is aSyn.
Murine and human aSyn have been shown to be O-GlcNAcyled in many threonine residues
including Thr33, Thr34, Thr54, Thr59, Thr64, Thr72, Thr75, Thr81 and Thr87 [174–178]
and this post-translational modification has repetitively been linked to reduced aSyn
aggregation and attenuation of PD-related toxicity [179–182]. Finally, aSyn truncation has
gained scientific attention, given that C-terminally truncated aSyn has been identified
in the inclusions present in PD brains [183–185]. Many studies have considered that
aSyn truncations have neurotoxic effects due to increased accumulation of misfolded
aSyn [186–194].

2.4. Channel Formation/Channel Interactions

As mentioned above, membrane-bound aSyn adopts an alpha-helical conformation,
which facilitates its oligomerization and subsequent aggregation. It has been suggested
that aSyn oligomers can form transmembrane channels and pore-like structures that have
been linked to pathological events during PD development (Figure 1) [195–197]. As a
result, vesicles or low-molecular mass molecules may penetrate the cell membrane and in
combination with altered cellular ionic homeostasis could potentially lead to cell toxicity
and neuronal degeneration [198,199]. Another mechanism for the increased membrane
permeability involves the incorporation of aSyn oligomers between the membrane phos-
pholipids, thus leading to the bilayer thinning which thereafter allows the diffusion of
small molecules [200].

A wide range of studies has demonstrated that the ion channels formed by oligomeric
aSyn dysregulate cellular ion concentrations and may represent a critical event in the
pathogenesis of a-synucleinopathies [198]. Some PD-linked aSyn mutations, such as E46K
and A53T, have been shown to be implicated in the channel formation, whereas other
aSyn mutants (i.e., A30P) have displayed low membrane affinity [197,201]. However, other
groups have shown that A30P and A53T aSyn mutations are responsible for the formation
of large membrane pores through which most cations can pass non-selectively [202]. It has
been reported that the formation of such cation-permeable pores could lead either to ion
conductivity or to increased Ca2+ influx and subsequent cell death [202–205]. Upon aSyn
cation channel opening, other channels, such as the ATP-dependent potassium channels K
(ATP), have been reported to be activated in hippocampal neurons and this could probably
diminish the aSyn-dependent neuronal excitability [205].

Binding of aSyn to the plasma membrane results in the formation of aggregates and
this aggregation leads to the redistribution of the α3 subunit of Na+/K+-ATPase. As a
result, Na+/K+-ATPase is no longer able to effectively pump out Na+ from neurons, thus
leading to an intracellular Na+ accumulation [206]. Furthermore, extracellular aSyn was
reported to activate the voltage-gated Ca2+ channel Cav2.2 in rat neurons, due to disorga-
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nization of lipid rafts in the plasma membrane, resulting in enhanced dopamine release
and increased Ca2+ influx [207]. Both events may explain the synaptic dysfunction and
neuronal vulnerability in PD. L-type Ca2+ channels are also implicated in PD develop-
ment, as administration of L-type Ca2+ channel blockers (i.e., isradipine, nimodipine) in
animal models and PD patients, reduced death risk and ameliorated disease manifesta-
tions [208–211]. Finally, aSyn oligomers can inhibit α4β2 nicotinic acetylcholine receptors
of dopaminergic neurons, thus leading to cholinergic signaling deficits [212]. In summary,
aSyn seems to regulate neuronal toxicity and survival via the formation of channels or
pores in the plasma membrane or via its interaction with other channels or receptors crucial
for the proper neuronal activity (Figure 1).

2.5. Dopamine Metabolism

Soluble aSyn has been proposed to interact with the dopamine transporter (DAT) and
decrease its amount on the plasma membrane, thus regulating the dopamine re-uptake
from the synapse and protect neuronal cells from excessive dopamine toxicity [213,214].
Contrariwise, aSyn aggregation triggers DAT recruitment to the plasma membrane that
results in massive entry of dopamine and production of reactive oxygen species (ROS)
in neurons [215]. It is obvious that aSyn-mediated modulation of DAT activity is crucial
for neuronal functioning via a balanced dopaminergic neurotransmission. Moreover, the
regulation of dopamine storage is provided by an interaction of aSyn with the vesicular
monoamine transporter 2 (VMAT2), which is responsible for the packaging of monoamine
transmitters into synaptic vesicles [216]. It has been reported that increased levels of
aSyn lead to VMAT2 inhibition and dopamine dysregulation that results in pathological
events [217]. In addition, aSyn regulates dopamine biosynthesis, via reducing the activity or
the phosphorylation status of TH, the rate-limiting enzyme in catecholamine synthesis [218–
223]. In agreement, enhanced expression or phosphorylation and subsequent aggregation
of aSyn alter TH activity and evoke an imbalance in dopamine synthesis, thus leading to
neurotoxicity [132,224–226]. In vivo evidence further support the role of aSyn in dopamine
metabolism, since the absence of aSyn caused decreased reuptake of dopamine, low levels
of TH and DAT in the mouse striatum and reduced number of dopaminergic cells in the
substantia nigra of aSyn KO mice [227–229].

2.6. Interaction with Mitochondria and ER

alpha-Synuclein displays a remarkable conformational flexibility upon macromolec-
ular interactions and can associate with mitochondrial membranes, thus altering mito-
chondrial function [230–232] (Figure 2). There are reports suggesting that aSyn is a physi-
ological regulator of mitochondrial activity [233–235], whereas others support the oppo-
site [236–238]. Such discrepancies could be attributed to the different synuclein models
utilized in each study, taking into account that brain homeostasis is a complex process and
in vivo studies recapitulate better the interplay between the various brain components,
compared to the isolated in vitro cellular setup. A bidirectional interaction between aSyn
aggregation and mitochondrial dysfunction has been implicated in PD pathogenesis. In par-
ticular, increased levels of aSyn can lead to mitochondrial dysfunction [239–244], whereas,
conversely, impairment of mitochondrial activity may accelerate aSyn pathology [245–248];
however, the precise underlying mechanisms remain to be elucidated. Both WT and mutant
aSyn have been shown to interact with mitochondrial elements, altering both mitochondria
morphology and function. Specifically, soluble pre-fibrillar aSyn oligomers seem to be
responsible for complex I dysfunction, loss of membrane potential, disrupted Ca2+ home-
ostasis, enhanced cytochrome c release and ROS production, thus leading to neuronal
demise [240,249–252].
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Figure 2. The proposed intracellular effects of various aSyn conformations in neurons. A schematic representation of the

aberrant interactions between the various aSyn species with intracellular organelles: (a) In the cytoplasm of neurons, aSyn

monomers form oligomers that can eventually become fibrils, (b) Both unfolded and aggregated aSyn impair the function

of PMR1, a Ca2+-transporting ATPase pump that regulates Ca2+ and Mn+2 levels in the Golgi apparatus (GA), resulting

in elevated cytosolic Ca2+ levels, (c) Both WT and mutant A53T aSyn disrupt the vesicular transport from Endoplasmic

Reticulum (ER) to Golgi (GA), (d) WT aSyn inhibits the transportation of methyltransferases from the cytoplasm to the

nucleus (N), thus altering DNA methylation of the SNCA gene, (e) Inside the nucleus (N), aSyn inhibits histone acetylation

via its direct binding to histones or by preventing the action of histone acetyltransferase (HAT) enzymes, thus interfering in

the process of gene transcription, (f) In the ER, aSyn aggregates activate the Ca2+-ATPase SERCA, resulting in dysregulated

Ca2+ homeostasis, (g) Both monomeric and oligomeric aSyn interact with Voltage-dependent anion channel 1 (VDAC1)

and inositol triphosphate receptors (IP3Rs), the protein components involved in mitochondrial-associated ER membrane

(MAM) and regulates the transmission of Ca2+ signals from the ER to mitochondria (M), (h) aSyn binds to TOM20, a

mitochondrial import receptor subunit and inhibits normal protein import, (i) Normally, monomeric or dimeric forms

of aSyn are degraded in the lysosome (L) via Chaperone Mediated Autophagy (CMA), following their interaction with

LAMP2A. However, under pathological conditions, impairment of CMA has been proposed to lead to aSyn accumulation

and subsequent cell toxicity, (j) Oligomeric aSyn and various misfolded proteins are cleared via macroautophagy, following

the fusion of autophagosomes with the lysosome. Pathological aSyn has been shown to inhibit autophagosome maturation

or their fusion with lysosomes, thus impairing autophagic flux, (k) Monomeric and oligomeric aSyn are degraded via the

proteasome; however, under pathological conditions, increased levels of aSyn or even soluble aSyn oligomers may inhibit

proteasomal function, leading to aSyn accumulation and the formation of insoluble aggregates.
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Experiments in various animal models of a-synucleinopathy have revealed mito-
chondrial abnormalities, DNA damage and neuronal degeneration in PD-affected brain
regions [244,253,254]. Moreover, in vitro and in vivo experiments have shown that aSyn
inhibits mitochondrial fusion and triggers mitochondrial fragmentation [231,255]. Di Maio
and colleagues have proposed that certain post-translationally modified aSyn conforma-
tions (soluble oligomers, dopamine-modified and S129E phosphorylation mimic) lead to
impaired mitochondrial function via binding to TOM20 (translocase of the outer membrane
receptor) and inhibiting mitochondrial protein import [239].

Nonetheless, there is evidence suggesting an impairment of mitochondrial function
upstream of aSyn pathology. Experiments using the pesticides rotenone and paraquat
have shown that dysregulation of mitochondrial function leads to nigrostriatal dopaminer-
gic loss and formation of LB-like inclusions, positively stained with anti-aSyn antibodies
and thioflavine S, thus resembling PD features [246,247,256–258]. Similarly, incubation
of WT aSyn-overexpressing COS-7 cells with mitochondrial inhibitors resulted in the dis-
appearance of the aSyn aggregates formed upon rotenone or oligomycin treatment [259].
A plethora of studies that utilize the mitochondrial neurotoxin MPTP to induce PD-like
pathology in animals, further suggest that mitochondria impairment is a key player in
disease development [245,248,260–264]. Genetic studies further support the hypothesis of
aSyn accumulation as a secondary event following mitochondrial malfunction. Specifically,
mutations in ATP13A2 (ATPase cation transporting 13A2), encoding for the lysosomal
type 5 P-type ATPase, were shown to result in dysregulation in mitochondrial depolar-
ization and ATP metabolism leading to mitochondrial fragmentation and subsequent cell
death [265,266].

Apart from its implication in mitochondrial failure, aSyn has been also reported to
play a biological role in the association of mitochondria with the endoplasmic reticulum
(ER) Ca2+ homeostasis. It has been demonstrated that aSyn favors the Ca2+ transfer from
ER to mitochondria, as a result of the communication the two organelles, probably due
to the fact that aSyn can act as a “bridge” via its C terminus [267]. Later studies further
supported the physiological localization of aSyn in mitochondria-associated ER membranes
(MAM), stabilizing their interaction, which was perturbed upon aSyn aggregation and its
subsequent redistribution [268,269]. Interestingly, the familial PD-linked A53T and A30P
aSyn point mutations resulted in their weakened interaction with MAM, which affected
MAM function and mitochondrial integrity [269].

The association of aSyn with mitochondria was further corroborated by findings
indicating interactions between both monomeric and oligomeric aSyn with the Ca2+ trans-
porting voltage-dependent anion channel 1 (VDAC1) [270–273]. Importantly, VDAC1
has been detected on the MAM of ER mediating the communication between the two
organelles, regulating Ca2+ homeostasis [274–276]. Moreover, VDAC levels have been
found decreased in nigral neurons of PD brains, where pathological aSyn inclusions had
been formed [277]. Additionally, VDAC has been proposed to be a component of the
mitochondrial permeability transition pore, the opening of which has been shown to be
affected by aSyn overexpression and oligomerization [230,278]. In vivo experiments on
transgenic mice overexpressing the human A53T aSyn further supported the role of perme-
ability transition pore activity modulation on the mitochondrial dysfunction during PD
pathogenesis [279].

2.7. Unfolded Protein Response, Regulation of ER/Golgi Trafficking and Ca2+ Homeostasis

The ER is a continuous membrane system mainly responsible for the production and
processing of lipids and proteins, as well as Ca2+ homeostasis. In case of impaired protein
folding (ER stress), cells activate a group of signal transduction pathways, known as the
unfolded protein response (UPR). It has been previously shown that aSyn overexpression in
PD patients leads to UPR and contributes to the molecular pathogenesis of the disease [280].
The ER chaperone glucose regulated protein 78 (GRP78/BIP) has a crucial role on ER stress
regulation due to its ability to control the activation of transmembrane ER stress sensors
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(IRE1, PERK and ATF6) [281]. Disassociation of GRP78 from IRE1 and PERK results
in stress signaling, finally leading to altered ER homeostasis [282]. aSyn associates with
GRP78/BIP under physiological or pathological conditions, thus inducing UPR and leading
to dopaminergic cell death [45,283]. Strikingly, Ser129 phosphorylated and aggregated aSyn
was found in ER microsomes of A53T transgenic mice and more importantly, administration
of the UPR inhibitor salubrinal, effectively attenuated disease manifestations in this PD-
mouse model [284,285]. It is worth mentioning that GRP78/BiP levels were found elevated
in DLB and PD brains in an aSyn burden-dependent manner [286]. In addition, the protein
levels of various ER chaperones were found elevated in a-synucleinopathy models, co-
localized with aSyn positive inclusions, suggesting that aggregated aSyn could potentially
be implicated in UPR regulation in disease progression [284,287–293].

Proteins synthesized in the ER, are packaged into vesicles and directed to Golgi
apparatus for subsequent modifications. One of the first pathological roles attributed to
aSyn is the blockade of the vesicular transport from ER to Golgi by antagonizing ER/Golgi
SNAREs [294–296]. Towards the same direction, aSyn can also disrupt the intra-Golgi
and post-Golgi secretory trafficking, via an abnormal interaction with several Rab-family
proteins of the intracellular endocytic pathway [294,296–299]. Additionally, aSyn can also
impair the ionic transport and membrane trafficking, resulting in Golgi fragmentation and
subsequent cytotoxicity [300–302].

Another significant role of aSyn on ER and Golgi function is the regulation of Ca2+

homeostasis via its binding on specific channels or pumps localized in these organelles
(Figure 2). Specifically, proximity ligation assay experiments demonstrated that soluble and
insoluble aSyn aggregates, but not monomers, interact with the ER Ca2+-ATPase SERCA,
resulting in decreased cytosolic Ca2+ that disrupts the physiological cell function and leads
to neuronal cell death [303]. Moreover, administration of the SERCA inhibitor cyclopiazonic
acid restored cytosolic Ca2+ levels and protected neurons against the aggregated aSyn-
dependent cell death [303]. In support to these results, aggregated aSyn bound on SERCA
pump was detected in LBs and GCIs of PD and MSA brains, respectively [303]. Furthermore,
PMR1, a Ca2+-transporting ATPase 1 pump regulating the levels of Ca2+ and Mn+2 ions
in the Golgi [304], has been proposed to be a mediator of aSyn-dependent cytotoxicity.
Specifically, in various PD models (yeast, flies and nematodes), PMR1 pump has been
linked to aSyn pathology via a Ca2+-dependent mechanism, where aSyn accumulation
elevated cytosolic Ca2+ levels and increased cell death. Interestingly, upon PMR1 deletion,
the disease-associated characteristics were abolished, further suggesting the relevance of
this pump to aSyn pathology [305,306].

2.8. a-Synuclein in the Nucleus

The name aSyn was given to the protein due to its localization in the nucleus and
presynaptic nerve terminals [37]. Nuclear aSyn was detected in neurons of various brain
regions of rodents and was reported to interact with histones, underlying PD pathol-
ogy [307–309], even though a single study declares that the nuclear staining of aSyn is
attributed to the non-specific signal of some antibodies that probably recognize unknown
antigens in neuronal nuclei [310]. It has been proposed that aSyn is responsible for epi-
genetic dysregulation via inhibition of histone acetylation or reduced DNA methylation,
thus favoring neuronal degeneration, whereas others suggest that nuclear aSyn regulates
cell cycle rate exhibiting cell toxicity [311–313]. Importantly, histone deacetylase (HDAC)
inhibitors attenuated aSyn toxicity and provided neuroprotection in both cell culture and
transgenic Drosophila models [311,314].

Experiments in SH-SY5Y cells revealed that nuclear translocation of aSyn is regulated
by calreticulin and Ca2+, following treatment with retinoic acid and modulates the ex-
pression of PD-linked genes such as ATP13A2 and PINK1 (PTEN-induced kinase1) [315].
Interestingly, phosphorylated aSyn at Ser129 was found accumulated in the nucleus of
HEK293E-aSyn overexpressing cells and in various brain regions of transgenic (Thy1)-
[A30P] aSyn mice [316]. Further experiments in H4 cells expressing various aSyn proteins
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verified that nuclear localization of aSyn depends on its phosphorylation at Ser129 [317].
The same group supported a role of DNA-binding and gene expression regulation for aSyn
providing an insight into the role of modified aSyn in the nucleus [317]. Furthermore, other
post-translational modifications of aSyn, such as sumoylation, seem to be responsible for
the translocation of aSyn from the cytoplasm to the nucleus [318]. Although the majority
of studies support a neurotoxic role for aSyn nuclear localization, some groups proposed
that aSyn in the nucleus displays a protective role against DNA damage, replication stress
or impaired nucleo-cytoplasmic transport [319–321]. However, the numerous in vitro and
in vivo studies demonstrating a neurotoxic role of nuclear aSyn, in contradiction to the
limited number of studies supporting a protective role originated mostly from cell lines or
yeast, favors the pathological potential of nuclear aSyn.

2.9. Alpha-Synuclein and Protein Degradation Pathways: An Intricate Interplay

A great wealth of data focuses on the complicated relationship between aSyn clearance
and protein degradation pathways (Figure 2). Both the ubiquitin-proteasome system (UPS)
and the autophagy lysosome pathway (ALP) are responsible for aSyn degradation in a man-
ner that depends on cell type, tissue and aSyn conformation state [322–324]. Specifically,
there are studies demonstrating that aSyn can be degraded by the 26S/20S proteasome
via ubiquitin-dependent [325,326] and ubiquitin-independent manner [327,328]. Studies in
PC12, HEK293 and primary mesencephalic cells suggested that pharmacological inhibition
of the proteasome does not lead to aSyn accumulation [324,329,330]; however, others have
shown that soluble aSyn oligomers, but not monomers, are partially cleared via the 26S
proteasome [331]. Importantly, it has been proposed that the UPS is responsible for aSyn
removal under normal conditions, while in pathological cases the ALP is recruited to clear
the increased aSyn burden [332].

Chaperone-mediated autophagy (CMA) is also responsible for the degradation of
monomeric or dimeric forms of the protein via the lysosome-associated membrane protein
type 2A (LAMP2A), whereas oligomeric aSyn is cleared mainly via
macroautophagy [324,333,334]. Lee and colleagues also suggested that the lysosome is
responsible for the removal of oligomeric but not fibrillar aSyn and that lysosomal failure
results in aSyn accumulation and aggregation and subsequent cell death [335]. Moreover,
initial in vivo evidence suggested that increased aSyn protein levels evoked by paraquat
treatment were preferably degraded via CMA in dopaminergic neurons, where the levels of
LAMP2A and the lysosomal heat shock cognate protein of 70 kDa (HSC70), both essential
CMA-components, were found elevated [336]. We have also shown that boosting CMA
function via LAMP2A overexpression in cell lines and primary neuronal cultures and in the
rat dopaminergic system mitigated aSyn protein levels and related toxicity [337]. Similar
neuroprotective effects were obtained upon LAMP2A overexpression in the Drosophila
brain [338]. On the contrary, we have also shown that LAMP2A silencing led to endogenous
aSyn accumulation in vitro [324] and in vivo [339] and in extensive neurodegeneration of
the rat nigrostriatal axis [339]. Decreased levels of LAMP2A and HSC70 were reported
in the human substantia nigra and amygdala of PD brains [340], whereas, in a subse-
quent study, LAMP2A was found to be selectively reduced in association with increased
aSyn levels, even in the early stages of PD, thus suggesting a potential dysregulation of
CMA-mediated protein degradation prior to substantial aSyn aggregation in PD [341].

However, a bidirectional link between aSyn accumulation and the protein degradation
machineries exists and extensive studies have been conducted to elucidate not only the
manner of aberrant aSyn degradation in a-synucleinopathies, but also the impact of various
aSyn conformations on UPS and ALP function. It has been proposed that overexpression
of A30P and A53T mutants, contrarily to WT aSyn, leads to cell death due to proteasomal
inhibition [342]. Indeed, overexpression of mutant A53T aSyn resulted in UPS failure by
inhibiting the activity of the 20S/26S proteasome, finally leading to aSyn pathological
accumulation [343]. Other groups have failed to detect alterations in the proteasomal
function of PC12 cells or transgenic mice, following overexpression of WT or mutant (A30P,



Int. J. Mol. Sci. 2021, 22, 4994 12 of 53

A53T) aSyn [344]. Moreover, later studies demonstrated that transient overexpression of
WT or mutant aSyn, followed by addition of recombinant aSyn oligomers and fibrils in an
osteosarcoma cell line, did not result in any disturbance of the proteasomal function [345].
Importantly, studies in human post-mortem PD brains also suggested impaired proteaso-
mal function in the substantia nigra [346–348], further supporting a role of UPS malfunction
in PD pathogenesis. In addition, total rates of protein degradation declines with aging,
thus contributing to the pathogenesis of age-related diseases [349]. Even though human
post-mortem studies provide valuable information in regards to etiology and/or disease
pathogenesis, the data obtained should be treated with caution, given into account the
overall decline in the function of multiple systems with aging. For a-synucleinopathies, we
believe that the use of tissue from affected and non-affected (in regards to aSyn pathology
and neuronal death) brain areas may provide useful information regarding early or late
events leading to neurodegeneration.

Increased aSyn protein burden is reported to impair macroautophagy function as well,
via its interaction with Rab1a, an event that subsequently results in the autophagosome-
formation-related protein Atg9 mislocalization [350]. Similar results were obtained from
cells expressing the PD-linked mutation of the retromer protein VPS35, which is involved
in autophagy and is implicated in PD pathogenesis [351]. The three most well studied
PD-linked aSyn mutations, E46K, A30P and A53T, have been shown to promote ALP dys-
function, via either impairing autophagosome formation or inhibiting the selective removal
of damaged mitochondria through mitophagy [352–354]. It has been previously reported
that dopamine-modified aSyn inhibits CMA and this could probably shed light into the
selective vulnerability of dopaminergic neurons in PD [355]. Further experiments in human
iPSC-derived midbrain dopaminergic neurons revealed that disrupted hydrolase traffick-
ing, due to aSyn overexpression, reduces lysosomal function [356]. Similarly, multiple
studies suggest that there is a strong relationship between decreased β-glucocerebrosidase
(GCase) activity and aSyn accumulation. In particular, heterozygote mutations in GBA1
gene encoding for β-glucocerebrosidase represent a major risk factor for PD development
with a-synucleinopathy [357–362].

2.10. Alpha-Synuclein in the Extracellular Space

The first indication that aSyn can be secreted arose from the detection of the protein
in human CSF and plasma of PD patients, indicating that aSyn can be released into the
extracellular space [363,364] and can exert various deleterious effects on neighboring cells.
Further studies supported that aSyn can be secreted from neuronal cells, either via vesicles
or exosomes [365–367]. Extracellular aSyn has been the subject of intensive research in
recent years, mainly due to its propensity to spread from neuron to neuron or other glial
cells, as discussed in the following sections.

The major hypothesis regarding the onset and spread of aSyn pathology in
a-synucleinopathies relies in the protein’s nucleation propensity that leads to the for-
mation of aberrant aSyn species, which then spread to neighboring cells and tissues via
various mechanisms. Furthermore, aSyn has been proposed to act as a “prion-like” protein
since it was demonstrated that pathogenic aSyn could transfer from diseased neurons of
a PD patient to the healthy transplanted ones, fourteen years after the surgical interven-
tion [368]. Similar results were obtained by other groups in both humans and rats [369–372].
Experiments of PD and DLB patient-derived brain extracts delivered into the brain of mice
and non-human primates further validated the transfer of pathological aSyn and the
formation of aSyn aggregates within the recipient neurons [373,374]. Moreover, when
Pre-Formed Fibrils (PFFs) were used as seeds in both in vitro and in vivo experiments, the
endogenous neuronal aSyn was recruited into the formation of highly insoluble aggre-
gates [104,375–379].
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Various mechanisms have been proposed for aSyn spread throughout the nervous
system, following its release from neurons where the protein is normally expressed. Can-
didate mechanisms include aSyn secretion via vesicles, exosomes or even naked pro-
tein [364–366,380–383] and its uptake from the cells via conventional endocytosis [384,385],
passive diffusion [386], tunneling nanotubes [387], membrane penetration [195,388,389]
or receptor-mediated internalization [206,390,391]. Once taken-up by recipient cells, the
exogenous aSyn has been shown to trigger the endogenous aSyn accumulation via an
unknown mechanism [392–395]. However, according to the prevailing hypothesis, upon
the cell-internalization of aberrant aSyn conformations (oligomers or fibrils), these serve
as a template for the recruitment of the endogenous monomeric aSyn into the formation
of insoluble aggregates [373,375–377,396–398]. The prevalently unfolded or alpha-helical
aSyn is triggered to self-assemble generating fibrils that subsequently deposit as Lewy
bodies [399–401].

Neuron-to-neuron aSyn transmission occurs following both anterograde and retro-
grade axonal transport or trans-synaptic pathways [402–404]. Several groups have pro-
posed that dysregulation of axonal transport is implicated in aSyn accumulation at the
cell body; however, it is not clear whether PD-linked aSyn mutations play a key role in
the process per se [403,405–407]. Notably, aSyn in its oligomeric form has been shown to
interfere with microtubules and kinesin motors, thus disrupting the anterograde transport
and similar results were obtained in an aSyn overexpressing mouse model for PD, as well
as in patients diagnosed with the disease [408–410]. Additionally, it has been suggested
that the variety in a-synucleinopathy phenotypes is attributed to the formation of different
aSyn “strains” that display “aggressive” characteristics [17,18,411]. As a consequence of
their disparate structures, these “strains” have discrete biochemical responses along the
different brain regions and cell types, thus explaining the various disease manifestations of
a-synucleinopathies [19,20,125,412–414].

3. Glia in the CNS: Scavengers of Extracellular aSyn

3.1. Role in Microglia Function and Dysfunction

Microglial cells are the resident phagocytes of the brain, guarding the CNS homeosta-
sis and performing essential role in health and disease. Specifically, apart from exhibiting
immunoreactivity as a response to any changes or inflammatory stimulus, they are re-
sponsible for the monitoring and pruning of neuronal synapses [415–419]. Disturbance or
loss of brain homeostasis “activates” microglial cells, a term used to describe the changes
in their shape, gene expression profile and function during their response [420–423]. A
well-regulated immune surveillance of the brain is essential for the proper CNS functioning;
however, an excessive and continuous inflammatory response could potentially lead to
cellular and tissue damage, tightly linked to the development of various neurodegenerative
diseases [424–428]. Enhanced production of pro-inflammatory cytokines, reactive oxygen
species (ROS, NO, superoxide) and glutamate has been shown to lead to dopaminergic cell
death in PD [429–431].

Indeed, in the diseased brain, microglial cells get activated in two states, M1 and M2,
depending on the cytokine signaling pathway involved. The classical pro-inflammatory
TNF/IFNγ-mediated activation leads to M1 state, whereas the M2 state is subdivided
into the M2a “alternative activation” and the M2c “acquired deactivation” states, acquired
following the involvement of anti-inflammatory cytokines IL-4 and IL-13 (for M2a) or
IL-10 and TGF-β (for M2c) [432]. It has been proposed that in PD a shift from M2 to M1
phenotype is responsible for disease progression; therefore, the scientific interest has been
focused on immunomodulatory therapies promoting the neuroprotective M2 type [433].

3.1.1. Physiological Role of aSyn in Microglia Function

Although aSyn has been primarily characterized as a pre-synaptic neuronal protein,
several studies have proposed a physiological role of aSyn in microglial function. Mi-
croglial cells from mice lacking aSyn (aSyn -/-) displayed reduced phagocytic activity and
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enhanced secretion of pro-inflammatory cytokines, thus suggesting that aSyn modulates
the activation phenotype of the brain immune cells and contributes to the clearance of
debris present in the local brain microenvironment [434,435]. On the other hand, tran-
sient overexpression of WT, A53T or A30P aSyn in BV2 microglial cells led to a distinct
pro-inflammatory cytokine profile in combination with impaired phagocytic activity [436].
Additionally, microglia isolated from BAC transgenic mice overexpressing aSyn, exhibited
dysregulation of cytokine release and phagocytosis [437]. Data obtained from iPSC-derived
macrophages from PD patients harboring the A53T aSyn mutation and aSyn triplication
mutations further support the implication of aSyn in the phagocytic capability of these
cells [438]. Expression of aSyn in microglia has been also proposed to promote cell mi-
gration via the enhanced expression of the cell-surface glycoprotein CD44 and the matrix
metalloproteinase membrane-type 1 (MMP-MT1) [439]. However, the presence of various
aSyn species in the environment of microglial cells alters their physiology and behavior
leading to neuroinflammation and neurodegeneration.

3.1.2. Microgliosis in a-Synucleinopathies

Microgliosis is the reaction of CNS microglial cells to pathogenic insults and their shift
from a resting to the active state [440]. Since the first study demonstrating microgliosis in
PD brains [25], a plethora of reports highlights an important role of activated microglia
in disease pathogenesis in both humans and animal models (reviewed in [441–445]). Mi-
croglial activation has been observed in PD brains by in vivo positron emission tomography
(PET) imaging studies [446–448], suggesting that microgliosis is an early event that per-
petuates during the disease progression. Additional studies have further supported the
hypothesis of an early activation of microglia tightly associated to aSyn pathology, in vari-
ous PD models [192,449–454]. However, other reports suggested that microglia respond
differently in the various disease stages, in a manner that depends on the affected brain
region and the protein burden of aSyn, indicating the existence of immunological diversity
among microglia in the diseased brain [449,450,455].

It has been proposed that the neuron-microglia interaction may contribute to the
neuroinflammation that characterizes PD, where neurons expressing aSyn activate mi-
croglia, which in turn secrete inflammatory factors surrounding the diseased neurons, thus
forming a vicious cycle [456] (Figure 3). Likewise, microgliosis has been also reported
in MSA, where aSyn is found aggregated mainly within oligodendrocytes [426,457–459].
This hypothesis for neuron-microglia communication in synucleinopathies is further sup-
ported by findings demonstrating an altered expression profile of various cytokines in
the brains of PD patients [460]. Moreover, microglial activation has been shown to induce
aSyn-mediated neuronal cell death, in both in vitro and in vivo PD models [461–463]. In
addition, microglial cells exposed either to cytokines or to PD-derived CSF, displayed
alterations in the intracellular aSyn protein levels, suggesting a crucial role of the brain
microenvironment for aSyn accumulation in microglia [464,465]. Activated microglia have
been also detected in various transgenic animal models overexpressing wild type of mu-
tated aSyn specifically in neurons [192,452–454,466,467]. Experimental PD animal models
including the use of the MPTP mouse model or nigral injections of recombinant aSyn fibrils
or AAVs overexpressing aSyn are characterized by neuroinflammation followed by a sig-
nificant degeneration of dopaminergic neurons [449,450,468–470]. Similarly, further results
obtained from the rAAV-driven overexpression of aSyn in the mouse substantia nigra show
extensive aSyn-mediated microgliosis primarily in the nigrostriatal axis, accompanied by
an increase in the production of pro-inflammatory cytokines [410,471,472].
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Figure 3. A complicated neuron-glial interrelationship. (a) Oligomeric aSyn enters oligodendrocytes (blue) via binding to

the gap junction protein connexin-32 (Cx32), (b) Neuronally-derived aSyn enters oligodendrocytes via clathrin-mediated

endocytosis, exosomal transportation, or via binding to Heparan Sulfate ProteoGlycans (HSPGs), (c) Inside oligodendro-

cytes, neuronal aSyn (red) initiates the seeding of the endogenous oligodendroglial aSyn (black) and together with the

oligodendroglial-specific TPPP/p25α protein, they lead to the formation of GCIs, (d) aSyn aggregates impair the proteolytic

machineries of oligodendrocytes [(proteasome and lysosome (L)], (e) Misfolded aSyn leads to mitochondrial (M) dysfunction

and subsequent cell toxicity in MSA, (f) Oligodendroglial-derived exosomes containing aSyn have been shown to transfer

to microglial cells (orange), (g) Extracellular aSyn stimulates TLRs and other receptors (i.e., FcγR, P2X7 etc) to activate

microglial transcription factors, such as NFkB, for the production of various pro-inflammatory cytokines (IL1β, TNFa) and

chemokines that induce astrocyte (green) reactivity and oligodendroglial damage, (h) Neuronally-secreted aSyn is taken up

by microglial cells via clathrin-mediated endocytosis and is then driven to the lysosome (L) for degradation. In pathological

conditions, though, it accumulates into aSyn insoluble aggregates, (i) Free or exosome-associated aSyn released by neurons

is transmitted to astrocytes via endocytosis and enters the lysosome (L) for its clearance, (j) In disease, aSyn aggregates are

formed that lead to lysosomal (L) impairment and mitochondria (M) dysfunction, (k) In astrocytes, aSyn triggers the opening

of channels (i.e., Cx43 and Panx1), leading to dysregulation in Ca2+ homeostasis and altered mitochondrial morphology, (l)

Microglia-secreted cytokines and chemokines activate astrocytes to further produce pro-inflammatory signaling molecules

and enhance neurotoxicity.

3.1.3. Activation of Microglia and Clearance of Toxic aSyn Species

Numerous in vitro and in vivo studies have demonstrated that either conditioned
medium from aSyn overexpressing cells or aSyn per se (i.e., recombinant monomeric,
oligomeric or fibrillar aSyn) robustly activate microglia. In particular, treatment of mi-
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croglial cells with non-aggregated aSyn was shown to increase phagocytosis and enhance
pro-inflammatory cytokines release, NF-kB nuclear translocation and microglial migra-
tion [439,468,473–475], whereas addition of fibrillar aSyn in BV2 cells was reported to
reduce their phagocytic activity [474]. In agreement, incubation of human microglial
cell lines or primary microglial cells with monomeric aSyn triggered the release of var-
ious pro-inflammatory factors [476–479]; however, recently, it has been suggested that
monomeric, contrarily to oligomeric aSyn, promotes an anti-inflammatory phenotype of
microglia [480]. Other groups have found that aggregated aSyn leads to increased TNFa
and ROS production, both related to cell toxicity [456,481–483].

Microglial activation may depend on the aggregation state of aSyn and microglial cells
readily take-up fibrillar aSyn and produce pro-inflammatory cytokines [484]. Furthermore,
incubation of microglial cells with conditioned media from neuronal cells or with CSF
from PD patients resulted in significant secretion of TNFa, IL1β and ROS [465,473,478].
Importantly, it has been shown that PD-related aSyn mutants are more prone to activate mi-
croglia when compared to WT protein [463,479,485]. Moreover, elevated levels of CXCL12
chemokine in both postmortem PD brain tissue and in nigral microglia of transgenic A53T
mice further support the aSyn-mediated neuroinflammation [486]. Contrariwise, aSyn-
evoked microgliosis in some instances leads to the enhanced expression and release of
neuroprotective factors, such as BDNF, probably in an attempt for neuronal repair and
survival [481]. Notably, studies in microglia of mice lacking aSyn expression have verified
the critical role of aSyn in modulating microglial activation [434,435].

aSyn has been proposed to enter microglial cells via a clathrin-mediated endocytosis
and leads to neurotoxicity in a Prostaglandin E2 receptor subtype 2 (EP2)-dependent man-
ner [470,487]. Integrin CD11b has been proposed as a mediator of aSyn-induced activation
of microglial cells [488–490], whereas other membrane receptors implicated in microglial
stimulation in the presence of aSyn are the protease activated receptor 1 (PAR-1), the
macrophage antigen 1-receptor (Mac-1), the Fcγ receptors (FcγR), the microglial purinergic
receptor P2X7 and the scavenger receptor CD36, as well as the adhesion molecule CD44 and
some plasma membrane ion channels [439,463,477,478,483,491–493]. Importantly, Toll-like-
receptors 2 and 4 (TLR2 and TLR4) are considered crucial modulators of glial responses
in a-synucleinopathies, as well as key players in aSyn phagocytosis. These properties
have put them in the spotlight as novel therapeutic modulators of neuroinflammation in
neurodegenerative diseases [494–502].

The internalization of aSyn by microglia triggers various immune response-related
cascades, including NF-kB, Nrf2, MHCII and inflammasome. Numerous studies have
reported activation of NF-kB pathway upon addition of various aSyn conformations in both
rodent and human microglial cell lines [468,469,476,478,485,503]. The nuclear translocation
of NF-kB is a result of aSyn interaction with TLR that leads to the Myd 88-mediated
activation of IkB kinases [504]. Moreover, oligomeric aSyn has been shown to trigger TLR2
signaling in microglial cells via NF-kB and p38 MAPK activation, which has been previously
linked to aSyn-related toxicity [469,505]. Another key player in both aSyn pathogenesis and
the neuroimmune system is LRRK2 (Leucine-rich repeat kinase 2), constitutively expressed
in neurons and glial cells, mutations of which have been characterized as common risk
factors for PD. Significantly, manipulation of LRRK2 expression levels in mouse microglial
cells has revealed its role in regulating aSyn degradation [506,507].

Furthermore, various studies have proposed that aggregated aSyn results in IL-1β pro-
duction by reactive microglia, which in turn involves nod-like receptor protein 3 (NLRP3)
inflammasome activation [508–510]. Interestingly, the inflammasome related caspase-1
activation is responsible for aSyn truncation and its subsequent pathological accumula-
tion [188]. Apart from the activation of microglial pro-inflammatory transcription fac-
tors, such as NFkB, pathological aSyn also affects the antioxidant transcription factor
Nrf2 [485,511]. Modifications in the expression levels of Nrf2 have confirmed its role in
aSyn clearance and neuronal survival [512–514]. Moreover, since microglial cells act as
antigen presenting cells in the brain, it has been proposed that upon aSyn internalization
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by microglia, the protein is presented to T-cells via MHCII, which then infiltrate in the CNS
and finally lead to neuronal degeneration present in PD and MSA [22,515–520].

Apart from modulating the immune responses in the CNS, microglial cells are the
brain’s phagocyting cells clearing cellular debris or any toxic insult. Amongst the various
threats, extracellular aSyn has been shown to be effectively processed by activated microglia,
in some cases via a DJ1-mediated autophagy [474,521–524]. Consistent with these results,
experiments utilizing primary cells, have demonstrated that aSyn upon its internalization
by microglia is targeted to autophagosomes, thus leading to its degradation [493]. TLR4 also
seems to play a crucial role in microglial phagocytosis, since TLR4 (-/-) murine microglial
cells exhibit impaired aSyn clearance and enhanced neurotoxicity [494,496]. Furthermore,
addition of aSyn fibrils in BV2 and primary microglial cells induces autophagy as a rescue
mechanism to restore lysosomal damage [525].

Importantly, aging is another key player in the efficient aSyn clearance, since it has
been proposed that microglia and monocytes display reduced phagocytic activity with
age [526,527]. Regarding the uptake of aSyn by microglia, it has been reported that gan-
glioside GM1 and lipid rafts, but not clathrin, caveolae and dynamin, mediate monomeric
aSyn internalization, whereas aggregated aSyn enters microglia via clathrin- and calnexin-
dependent mechanisms [487,528]. Moreover, microglial uptake of neuronally-derived
exosome-associated aSyn via macropinocytosis could potentially account for pathological
aSyn spreading [529–531]. Strikingly, apart from the immunomodulating role of microglia
in the CNS, it has been also suggested that resting microglia regulates the cell-to-cell trans-
fer of aSyn in vivo [532]. Therefore, further considering the aforementioned involvement
of exosomes in the transmission of aSyn pathology, targeting exosome-release from various
cell types of the brain could be a potential therapeutic target against disease progression.

3.2. Astrocytes in a-Synucleinopathies

Astrocytes, the star-shaped cells of the brain, are the most abundant glial cells of the
CNS, accounting for at least one third of the brain mass. They have a supportive role to
neurons, by maintaining osmotic, energetic and structural tissue homeostasis. In particular, it
is suggested that astrocytes regulate neurotransmitter removal from the extracellular space,
synaptic transmission, myelination, brain energy metabolism and pH homeostasis, ion bal-
ance, cholesterol synthesis, blood–brain barrier (BBB) permeability, cerebral blood flow and
glymphatic system function [533–543]. It has also been suggested that astrocytes modulate
neuronal synaptic activity via a Ca2+-dependent release of transmitters that have a feedback
action on neurons, a process known as “gliotransmission” [544–546]. There are two main
types of astrocytes in the brain: protoplasmic and fibrous [547]. Protoplasmic astrocytes are
highly branched and are mainly located in the gray matter, tightly associated with neuronal
cell bodies and synapses [548], whereas fibrous astrocytes have straight and long processes
and they are widely distributed in the white matter, contacting nodes of Ranvier [549].

Apart from their crucial role in brain homeostasis and health, astrocytes have been
also implicated in the cascade of events underlying neurodegenerative diseases. Specifi-
cally, astrocytes in PD brains have been reported to migrate and become reactive and have
been classified in two categories depending on their neuroprotective or neurotoxic effects:
harmful A1 astrocytes and protective A2 astrocytes [24]. Activated microglial cells induce
A1-astrocyte reactivity, leading to neuronal and oligodendroglial cell death and subsequent
synaptic impairment [24]. They have been also shown to secrete inflammatory cytokines,
partially as a response to the increased aSyn protein load, thus contributing to PD progres-
sion and neurodegeneration [550], although there are studies reporting a neuroprotective
role of astrocytes in a-synucleinopathies, modulating the levels of accumulated aSyn and
protecting neurons against oxidative stress [551,552].

3.2.1. Astrocytes in PD: Friend or Foe?

Up to date, there is little evidence regarding the expression levels [553] and the physi-
ological role of aSyn in astrocytes, such as the implication of aSyn in astrocytic fatty acid
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metabolism [90]. It is also suggested that cultured human astrocytes express low levels of
aSyn and various inflammatory cytokines or cell stress enhance aSyn production [554,555].
Yet, numerous studies have focused on the role of astrocytes in the modulation of aSyn
levels and the regulation of immune responses in neurodegeneration. Interestingly, aSyn-
positive inclusions have been detected in astrocytes in various regions of PD and DLB
brains [13–15,556–561]. According to the prevailing hypothesis, the accumulated aSyn
detected in astrocytes origins from the neighboring diseased neurons, which upon its
release is subsequently internalized by astrocytes, probably as a mechanism of clearance
and neuroprotection [562] (Figure 3). However, the responses of astrocytes in aSyn-related
pathogenesis have been characterized as a “double-edged sword”, due to the controversial
findings regarding their role in neurotoxicity or neuroprotection [563].

The neuron-to-astrocyte aSyn transmission has been extensively studied and is con-
sidered as the prime suspect for the detection of aSyn immunoreactivity within astrocytes
in a-synucleinopathies. A seminal study utilizing primary astroglial cultures treated with
conditioned media from differentiated SH-SY5Y neuronal cells showed that internaliza-
tion of neuronally-derived aSyn by astrocytes occurs via endocytosis and results in the
formation of proteinase-K resistant aSyn inclusions within astrocytes [550]. Similar re-
sults were obtained in transgenic mice overexpressing human aSyn under the neuronal
promoter PDGFβ, where aSyn-positive inclusion bodies were observed in both neurons
and astrocytes [550]. Furthermore, co-culture of primary astrocytes with SH-SY5Y cells
verified the formation of LB-like inclusions positive for aSyn staining [564]. The detection
of aSyn within the astrocytic endosomal/lysosomal compartment led to the hypothesis
that astrocytes normally internalize neuronally-derived aSyn as a neuroprotective mech-
anism; however, prolonged exposure to pathological aSyn species may lead to impaired
glial lysosomal function and, thus, astrocytic aSyn accumulation [550,565]. In agreement,
overexpression of PD-linked aSyn mutants (A30P and A53T) in actrocyte cell lines re-
sulted in impaired autophagic function, mitochondrial failure and cellular apoptosis, thus
preventing the astrocyte-mediated neuroprotection [566]. In support to a protective role
of astrocytes during PD, it has been reported that neurotrophin-immunoreactive (BDNF
and NT-3) astrocytes surrounding degenerating nigral neurons in the brains of idiopathic
PD patients may indicate a beneficial role of glial cells against neuronal failure [567]. In
addition, elevated levels of the glutathione peroxidase-GPx in astrocytes of the substantia
nigra of PD patients, further demonstrates their role against neuropathology [568,569].
Strikingly, overexpression of the Nrf2 transcription factor selectively in astrocytes in the
haSyn A53T transgenic mouse model provided protection against aSyn-related toxicity
by enhancing its degradation via the ALP [513]. In a recently published study, it was
suggested that astrocytes internalize aSyn aggregates and effectively degrade them via
proteasomal and autophagic pathways, thus protecting dopaminergic neurons against the
aberrant effects of toxic aSyn species [570].

In vitro and ex vivo studies proposed that aSyn can efficiently transmit not only from
neurons to astrocytes, but also between astrocytes and translocate to the lysosomes of the
recipient cells [571]. However, differently from neurons, astrocytes are able to efficiently de-
grade fibrillar aSyn, suggesting an active role for these cells in clearing aSyn deposits [571].
It is worth-mentioning that the transfer of aSyn from astrocytes to neurons was reported to
a lesser extent, even though another study suggested that aSyn deriving from SNCA-flag
tagged PD astrocytes was effectively transferred to the co-cultured surrounding control
neurons, which then displayed signs of degeneration [572]. Strikingly, iPSC-derived as-
trocytes from PD neurons displayed impaired CMA and macroautophagy, which could
potentially account for the observed aSyn accumulation, highlighting the implication of
astroglial-mediated proteolysis in the spread of aSyn pathology [572]. On the contrary,
when astrocytes derived from healthy controls were co-cultured with PD neurons, the
former cells absorbed the neuronal aSyn from the medium, thus indicating a potential
neuroprotective effect of astrocytes [572].



Int. J. Mol. Sci. 2021, 22, 4994 19 of 53

In another aSyn-overexpressing neuron-astrocyte co-culture, addition of aSyn fibrils
led to the formation of aSyn aggregates in both cell types, probably recapitulating the
events occurring during PD pathogenesis [573]. It has been also suggested that aSyn
enters astrocytes more efficiently than neurons via endocytosis and that aSyn transmission
from astroglial to neuronal cells leads to neurotoxicity and cell death [574]. Indeed, the
uptake of aSyn by astrocytes has been reported as an early-in-time event, since it was
detected in the cytoplasm of the cells within 30 min following aSyn application [574].
The spread of aSyn from neurons to astroglial cells has also been demonstrated in rodent
transgenic animal models overexpressing human aSyn in neuronal cells, by the detection
of aSyn-positive inclusions within the cytoplasm of these glial cells [575,576]. Furthermore,
hippocampal delivery of aSyn fibrils in the brain of M83 A53T Tg mice resulted in the
formation of pSer129-positive aSyn inclusions within both astrocytes and microglia, four
months post-injection [397],

Various mechanisms have been proposed to underlie aSyn transfer between neurons
and astrocytes. For example, it is known that astrocytes, upon oxidative stress, form
tunneling nanotubes (TNTs) in order to connect with other non-stressed cells [577]. It
has been proposed that various stressors, such as aberrant aSyn, lysosomal dysfunction
or mitochondrial failure could trigger TNT formation in astrocytes and enhance aSyn
spreading [387,578]. Another mechanism for intercellular communication is via exosomes.
Although extensive work has been done regarding the role of exosomes in neuronal aSyn
transmission and disease pathology [366,579–582], few studies have proposed a vesicular-
mediated transfer of neuroprotective molecules from astrocytes to neurons [583,584] or an
exosome-related aSyn spread from neurons to astrocytes [585,586].

Upon aSyn transmission to astrocytes, the latter produce multiple pro-inflammatory
cytokines (IL-1α, IL-1β, IL-6, IL-18) and chemokines (CC-, CXC- and CXCL-type) as a
response [550,587]. It has been suggested that the pro-inflammatory response of astrocytes
to aSyn depends on TLR4 [496,588]. Apart from cytokine release, aSyn leads to Ca2+ flux
and oxidative stress upon its entry in astroglial cells, presumably leading to neurotoxic-
ity [589–591]. Moreover, in vitro and in vivo experiments have shown that pathological
aSyn triggers microglial activation, followed by the induction of reactive A1 astrocytes,
finally leading to neurodegeneration [592]. It has been also reported that astrocytes over-
expressing hA53T aSyn displayed impaired functions, including glutamate uptake and BBB
regulation, resulting in paralysis in transgenic mice [593]. Additionally, aSyn-treated astro-
cytes have been proposed to produce reduced levels of cholesterol, whereas in parallel they
display enhanced GFAP expression, indicative of astrocyte reactivity [594]. Significantly,
treatment of astrocytes with various aSyn species (monomeric, oligomeric, fibrillar) induced
astrocyte activation and secretion of TNF-α and IL-1β, the expression of which seemed
to depend on aSyn species, leading to subsequent non-cell autonomous neuronal degen-
eration [595]. Other studies revealed that elevated expression levels of myeloperoxidase
and enhanced IFN-γ signaling could mediate the astrocytic-activation and inflammation
observed in PD brains [21,596–598].

alpha-Synuclein has been reported to trigger the opening of connexin 43 (Cx43)
hemichannels and pannexin-1 (Panx1) channels in mouse cortical astrocytes, leading to
alterations in [Ca2+]i levels, production of nitric oxide (NO), enhanced purinergic and gluta-
matergic signaling, altered mitochondrial morphology and reduced astrocyte survival [599].
Another recently published study suggests that vesicle-associated aSyn, deriving from
erythrocytes, effectively crosses the BBB and accumulates within astrocytes, impairing
glutamate uptake, probably due to interactions of oligomeric aSyn with excitatory amino
acid transporter 2 (EAAT2) [600]. Furthermore, astrocytes overexpressing mutant A35T
and A30P aSyn triggered ER stress and damaged the Golgi apparatus, finally leading to
apoptotic cell death [601]. Remarkably, co-culture of primary astrocytes overexpressing
mutant aSyn with neuronal cells, inhibited neurite outgrowth, probably due to reduced
GDNF secretion [601]. Finally, Cy3-labeled aSyn oligomers were internalized by glial cells,
primarily astrocytes, which then started to degrade the oligomers via the ALP [602].
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In addition to the well-established role of microglia in the activation of astrocytes,
astrocytes themselves have been also reported to control microglial activation and microglia-
induced neuroinflammation [603,604], thus unraveling an astrocyte-microglia intimate
crosstalk (Figure 4). For example, in response to pathological aSyn insult, astrocytes can
acquire a pro-inflammatory phenotype that can lead to neuronal death, independent of
microglia. Given that astrocytes produce pro-inflammatory cytokines and chemokines as a
response to various stimuli, it has been proposed that such astrocytes may mediate the mi-
croglial activation detected in aSyn-related brain diseases [605,606]. Various WT or mutant
aSyn conformations have been shown to trigger the up-regulation of pro-inflammatory
modulators in astrocytes, such as ICAM-1, IL-6 and TNF-α, leading to microglial acti-
vation, neuroinflammation and neurotoxic events during PD progression [496,587,607].
Specifically, transgenic mice inducibly overexpressing the PD-related A53T mutant aSyn
selectively in astrocytes exhibited reactive astrogliosis accompanied by increased inflam-
matory responses and microglial activation in brain regions with significant neuronal
loss [593]. Moreover, the detection of ICAM-1 positive reactive astrocytes surrounding
brain areas with severe neuronal loss in PD brains or in the MPTP mouse PD model,
indicates a sustained inflammatory process mainly triggered by astroglial cells, which is
responsible for the consequent degeneration of dopaminergic neurons [608]. Finally, similar
to the aSyn prion-like mode of action, the neurotoxic reactive astrocyte polarization has
been recently proposed to occur during the CNS prion disease, where microglial cells seem
to retain a neuroprotective phenotype against the inflammatory astrocytic responses [609].
All the above observations highly cement the contribution of astroglial reactivity in the
pathogenesis of PD and related neuronal a-synucleinopathies.

α

 

Figure 4. Crosstalk between astrocytes and microglia in a-synucleinopathies. Monomeric or oligomeric aSyn released by

neurons is taken-up by astrocytes (purple) and microglia (red), which are then activated and secrete various cytokines or

chemokines. (a) According to the prevailing hypothesis, the released pro-inflammatory molecules by microglia trigger the

activation of astrocytes (red arrow), leading to excessive inflammation and neurotoxicity. (b) Conversely, aSyn can directly

activate astrocytes to secrete pro-inflammatory cytokines or chemokines that recruit and activate microglia (purple arrow)

resulting in excessive neuroinflammation.
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3.2.2. Implication of astrocytes in MSA pathology

Apart from PD and DLB, astroglial activation is also present in MSA and it seems
to play a role in both disease initiation and progression. Extensive astrogliosis has been
reported in various brain regions of MSA patients, in some cases accompanied by aSyn-
positive inclusions within astrocytes [16,610–613]. In agreement, accumulation of ab-
normally phosphorylated and aggregated aSyn was present within astrocytes of MSA
patients [614]. Interestingly, aSyn-positive doughnut-shaped inclusions were detected
in radial processes of Bergmann glia (unipolar protoplasmic astrocytes in the cerebellar
cortex) of various a-synucleinopathy brains, including MSA [558]. Although astroglial
aSyn accumulation has been demonstrated in the brains of various MSA transgenic mouse
models, finally leading to astrogliosis that accompanies neurodegeneration [615–618], Song
et al. suggested that subcortical astrocytes in MSA did not display aSyn accumulation,
in contrast to PD [14]. However, up-to-date the data on the precise role of astrocytes in
MSA are scarce, reinforcing the necessity for further studies to elucidate the contribution of
astroglial activation in MSA pathogenesis.

3.3. Alpha-Synuclein in Oligodendrocytes: The Pathologic Hallmark of MSA,
A Unique Oligodendrogliopathy

Oligodendrocytes are responsible for the production of myelin [619] that surrounds
the neuronal processes, mediates the transmission of electric signals between neurons and
provides a neurotrophic support [620–623]. There are two main types of oligodendrocytes,
the myelinating and the non-myelinating ones, that concentrate in white and grey matter,
respectively [624]. Many neurodegenerative diseases occur due to either oligodendroglial
death or damage to the myelin sheathes they produce leading to subsequent neuronal
demise [622,625,626]. Oligodendrocytes have been proposed to participate in late PD and
DLB progression, rather than in disease initiation [442,627]. This secondary involvement
of oligodendrocytes in neuronal a-synucleinopathies was further supported by the de-
tection of aSyn-positive inclusions within non-myelinating oligodendrocytes of PD and
DLB brains [15,628], as well as by the presence of complement-activated oligodendrocytes
in the diseased brains [629,630]. Moreover, axonal myelination deficits in neurodegener-
ative diseases also highlight the involvement of oligodendrocytes in neuropathogenetic
events [631,632]. Additionally, oligodendroglial cell loss was reported in the striatum of
the MPTP-intoxicated mouse PD model, shortly after MPTP administration [633].

On the other hand, the oligodendroglial aSyn inclusions detected in the brains of MSA
patients (GCIs) are the main hallmark of the disease and are considered to play a crucial
role in the primary events leading to MSA [626]. The involvement of oligodendrocytes
in MSA initiation and progression is indisputable, due to the wide distribution of GCIs
along the affected brain areas of MSA patients [611,634–637]. Apart from GCIs present
within oligodendrocytes, other inclusions, such as neuronal cytoplasmic inclusions (NCIs)
have been detected in neuronal somata, axons and nucleus in various brain regions, mainly
composed of aSyn [638–640]. GCIs were first described three decades ago, as multi-shaped
oligodendroglial inclusions composed of a 10-nm-sized central core fibrils, positively
stained with antibodies against aSyn, surrounded by other aggregated proteins such as αβ-
crystallin, ubiquitin, cytoskeletal proteins, chaperones and the microtubule-related proteins
TPPP/p25α and tau [11,634,641–643]. Comparative analysis of the protein composition
of GCIs and LBs revealed that GCIs consist of 11.7% aSyn, 1.9% αβ-crystallin and 2.3%
14-3-3 proteins, whereas LBs are composed of 8.5% aSyn, 2% αβ-crystallin and 1.5% 14-3-3
proteins [644]. It has been also reported that aSyn is a key player in the accumulation of
tau and αβ-crystallin within GCIs [645], further highlighting the contribution of aSyn in
disease pathogenesis.

Another early hallmark of oligodendroglial pathology in MSA and major component
of GCIs is the oligodendroglial-specific phosphoprotein TPPP/p25α, which under physio-
logical conditions has been proposed to mediate the myelination process and colocalize
with myelin basic protein (MBP) in normal human brains [646–648]. Under pathological
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conditions, TPPP/p25α is considered to re-locate from the myelin sheaths to the abnor-
mally expanded oligodendroglial somata and to trigger aSyn aggregation in vitro [12,649].
In vitro experiments utilizing TPPP/p25α ectopic overexpression in PC12 cells revealed
that TPPP/p25α prevents the fusion of autophagosomes with lysosomes and impairs aSyn
degradation, enhancing its secretion via exophagy [650]. Moreover, concurrent overex-
pression of TPPP/p25α and aSyn in OLN-93 rat oligodendroglial cells led to pSer129
aSyn-dependent microtubule retraction from the processes to the perinuclear space, as
well as to cytotoxicity and subsequent cell death via activation of the FAS receptor and
caspase-8 [651,652]. Recently published work from our lab revealed a crucial role for
TPPP/p25α in the recruitment and seeding of oligodendroglial aSyn and in the formation
of aberrant aSyn species within oligodendrocytes [653]. Additionally, the levels of glial
cell-derived neurotrophic factor (GDNF) were found significantly decreased in the brains
of MBP-haSyn transgenic mice, a mouse model for MSA where human aSyn is specifically
overexpressed in oligodendrocytes [654]. Similar results were obtained from brain samples
of MSA patients, further supporting that oligodendroglial aSyn accumulation is implicated
in the dysregulation of neurotrophic support, oxidative stress and neuroinflammation, thus
leading to MSA pathogenesis [654].

Alpha-Synuclein Accumulation in Oligodendrocytes, Propagation and Spread
of Pathology

The origin of aSyn detected in oligodendroglial GCIs still remains enigmatic and there
are controversial studies in the literature suggesting either the internalization of neuronally-
secreted aSyn by oligodendrocytes or an enhanced expression and decreased degradation of
oligodendroglial aSyn [655–661]. The release of aSyn by neuronal cells, partially bound on
vesicles or exosomes is well-documented [365,366,380,662,663] and some studies propose
that oligodendrocytes can take-up the neuronally-derived aSyn via dynamin GTPase-,
clathrin- and dynasore-dependent mechanisms [658,664–666]. The neuron-oligodendrocyte
communication can also be mediated via exosomes [667], which are characterized as “Trojan
horses” of neurodegeneration [668] and they could serve as transporters of pathological
disease-related proteins, such as aSyn (Figure 3). Moreover, ectopic expression of the
endocytosis regulatory proteins Rab5 and Rabaptin-5 in oligodendrocytes of MSA brains
may account for the elevated levels of aSyn within oligodendrocytes, probably via enhanced
endocytotic activity [669].

In vitro and in vivo experiments revealed the ability of oligodendrocytes to take
up exogenously added recombinant or neuronally-derived aSyn and incorporate it into
intracellular GCI-like aggregates [658,660,664–666]. In a recently published study, mature
human oligodendrocytes generated from neural stem cells had the ability to internalize
neuronally-derived aSyn and form proteinaceous inclusions, thus further supporting the
existing theory for the origin of MSA-related aSyn. Significantly, it has been shown that
once neuronal aSyn is taken up by oligodendrocytes, it accumulates and gains GCI-like
characteristics rather determined by the oligodendroglial milieu [17].

Over the last years, the prion hypothesis has gained a lot of attention regarding
the spread of pathological aSyn in the context of both PD and MSA. Specifically, it has
been reported that inoculation of transgenic mice overexpressing human A53T aSyn with
MSA brain homogenates resulted in CNS dysfunction, whereas, strikingly, the PD brain-
derived material did not evoke similar effects [670–672]. Similarly, intrastriatal injections
of MSA homogenates in the brains of Tg(SNCA)1Nbm/J mice (out for mouse aSyn and
overexpressing the human protein) resulted in the detection of hyper-phosphorylated
aSyn-positive inclusions in various brain regions [673]. Finally, treatment of HEK293T
cells stably expressing fluorescently-tagged aSyn with healthy, PD or MSA brain-derived
extracts highlighted that only the MSA-added material was capable of inducing aSyn
aggregation [674].

There are other possible scenarios that have been proposed to explain aSyn seeding
and propagation in MSA brains, based on oligodendrocyte-to-oligodendrocyte communi-
cations. Specifically, it is possible that aSyn is taken up by oligodendroglial progenitor cells
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prior to their maturation, probably impairing the myelination process [675]. Finally, an-
other scenario suggests that, in MSA pathology, oligodendrocytes adopt unknown cellular
uptake mechanisms for aSyn internalization and subsequent propagation [675]; however,
the precise mechanisms underlying aSyn transfer to oligodendrocytes still remains un-
known. The gap junction protein connexin-32 (Cx32) has been also implicated in the
uptake of oligomeric aSyn by both neurons and oligodendrocytes [676] and Cx32 protein
levels were found elevated in animal PD and MSA models, thus suggesting an interaction
between Cx32 expression and aSyn cellular uptake [676]. Contrariwise, others and we have
suggested that the endogenous aSyn, expressed even at minute amounts, plays a pivotal
role in the accumulation of pathological aSyn within oligodendrocytes and the subsequent
GCI-like formation [653,677].

It is interesting to note that oligodendroglial and neuronal aSyn accumulation has been
reported to occur in different time points and in particular that aSyn aggregation requires
several months to progress within oligodendrocytes, upon synthetic haSyn-PFFs delivery
into the brain of WT mice [678]. Moreover, in vitro aSyn overexpression in oligodendro-
cytes resulted in delayed maturation of oligodendrocyte progenitor cells and impaired
myelin-gene expression and myelination deficits [679–681], whereas in another study aSyn-
positive inclusions were mainly detected in BCAS1-expressing (breast carcinoma amplified
sequence 1) immature oligodendrocytes of MSA brains [682]. The above observations
insinuate that the oligodendroglial maturation and aSyn-aggregate formation are closely
linked and may provide information regarding pathogenic events in MSA.

Regarding the hypothesis of impaired aSyn degradation in the context of MSA, both
the UPS and the ALP have been proposed to contribute to the accumulation and aggre-
gation of aSyn within oligodendrocytes. The detection of LC3-positive signal or other
autophagy-related proteins, such as ubiquitin and p62 in GCIs points a role of the ALP in
MSA pathogenesis [659,683–687]. It has also been suggested that AMBRA1, an upstream
protein regulator of autophagy and UCH-L1, a deubiquitylating enzyme, are implicated
in neurodegenerative diseases with oligodendroglia pathology [688,689]. The role of au-
tophagic dysregulation along with mitochondrial impairment in aSyn aggregation was
also studied in primary oligodendroglial cultures and in the OLN-t40 oligodendroglial cell
line [690]. Moreover, neurosin (kallikrein 6) has been proven an effective serine protease
in clearing aSyn from oligodendrocytes both in vitro and in vivo [691–693]. In addition,
treatment of Tg haSyn-PLP mice, a well-established MSA mouse model, with the pro-
teasome inhibitor I for 12 weeks, resulted in enhanced accumulation of both human and
endogenous mouse aSyn within the cytoplasm of oligodendrocytes, thus highlighting
the role of UPS in aSyn degradation [694]. Finally, several in vitro studies have proposed
that aSyn aggregation is stimulated by heparin and heparan sulfate [391,695,696], linear
polysaccharides (glycosaminoglycans) found on the cell membrane and in the extracel-
lular matrix [697,698]. Heparan sulfate has been suggested to mediate aSyn fibril uptake
by oligodendrocytes via binding to the plasma membrane [391,699], whereas other have
proposed that heparin and heparan sulfate proteoglycans (HSPGs) are responsible for aSyn
fibrillation [695,696,700–702].

Apart from aSyn toxicity per se, the overexpression of aSyn in oligodendrocytes
can lead to oligodendroglial cell death and subsequent neuronal loss via a plethora of
mechanisms. Specifically, aSyn-overexpressing oligodendrocytes are more susceptible
to oxidative stress and various cytokine actions [591,703], or display impaired adhesion
properties [704]. Furthermore, it has been reported that animal MSA models exhibit myelin
loss and impaired mitochondrial function, accompanied by severe neurodegeneration in
various brain regions [615,617,618,705,706].



Int. J. Mol. Sci. 2021, 22, 4994 24 of 53

4. Conclusions

It has been almost 25 years since the discovery that the Lewy pathology in PD and DLB
neurons is immunoreactive for aSyn and, at the same time, neuronal aSyn accumulates
in glial inclusions within MSA oligodendrocytes. Even though a plethora of studies
focuses on the role of aSyn in neuronal physiology and pathology, increasing amount
of data reinforces the contribution of non-cell autonomous neuron-glial interactions in
the initiation and progression of a-synucleinopathies. Microglia and astrocytes form
the brain’s defense system against neurotoxic insults, become activated and release pro-
inflammatory factors. However, uncontrolled activation results in chronic microgliosis
and astrogliosis that may be detrimental and lead to neurodegeneration. Even more, the
deposition of aSyn in oligodendrocytes impairs their myelinating activity and reduces
neuronal trophic support, events that eventually result in neuronal demise. Remarkably,
neurons, microglia, astrocytes and oligodendrocytes are all able to take up and clear
extracellular aSyn; however, glial cells appear to be the most potent scavengers. The
endocytosis of various aSyn species might be conformation-sensitive, cell- and receptor-
type specific, adding further complexity in disease management.

Undoubtedly, better understanding of the mechanisms mediating the interaction
between neurons and glial cells in a-synucleinopathies may provide insights into neuronal
dysfunction and death and may uncover novel disease modifying therapies.
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Abstract  

 

Accumulation of the neuronal protein alpha-synuclein (SNCA) and of the 

oligodendroglial phosphoprotein TPPP/P25A within the glial cytoplasmic inclusions 

(GCIs) represents the key histophathological hallmark of Multiple System Atrophy 

(MSA). Even though the levels/distribution of both oligodendroglial SNCA and 

TPPP/P25A proteins are critical for disease pathogenesis, the proteolytic mechanisms 

involved in their turnover in health and disease remain poorly understood. Herein, by 

pharmacological and molecular modulation of the autophagy-lysosome pathway 

(ALP) and pharmacological inhibition of the proteasome we demonstrate that the 

endogenous oligodendroglial SNCA and TPPP/P25A are degraded mainly by the ALP 

in murine primary oligodendrocytes and oligodendroglial cell lines under basal 

conditions. We also identify a KFERQ-like motif in TPPP/P25A sequence that 

enables its effective degradation via chaperone-mediated autophagy (CMA) in an in 

vitro system of rat brain lysosomes. Furthermore, in a MSA-like setting established by 

addition of human recombinant SNCA pre-formed fibrils (PFFs) as seeds of 

pathological SNCA, we thoroughly characterize the contribution of CMA and 

macroautophagy in particular, in the removal of the exogenously added and the 

seeded oligodendroglial SNCA pathological assemblies. We also show that PFF 

treatment impairs autophagic flux and that TPPP/P25A exerts an inhibitory effect on 

macroautophagy, while at the same time CMA is upregulated to remove the 

pathological SNCA species formed within oligodendrocytes. Finally, augmentation of 

CMA or macroautophagy accelerates the removal of the engendered pathological 

SNCA conformations further suggesting that autophagy targeting may represent a 

successful approach for the clearance of pathological SNCA and/or TPPP/P25A in the 

context of MSA. 
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3MA: 3-Methyladenine 

ACTB: Actin Beta 
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Introduction 

Multiple system atrophy (MSA) is an adult-onset, devastating and relentlessly 

progressive neurodegenerative disorder of uncertain etiology, mainly characterized by 

autonomic failure, parkinsonian features and ataxia (1). The neuropathological 

hallmark of the disease is the presence of glial cytoplasmic inclusions (GCIs) within 

the cytoplasm of oligodendrocytes. The main components of GCIs are the neuronal 

protein alpha-synuclein (SNCA) and the oligodendroglial-specific phosphoprotein 

TPPP/P25A (2-6). The origin of SNCA found in oligodendrocytes still remains 

enigmatic, taking into account that mature oligodendrocytes do not normally express 

the protein and there is a controversy regarding the presence of SNCA mRNA in 

human oligodendrocytes (7-10). Nonetheless, others and we have recently reported 

that the presence of both the endogenous oligodendroglial SNCA and TPPP/P25A 

(11-14) is critical for the development and spread of disease pathology.  

The identification of endogenous oligodendroglial SNCA as a major culprit for the 

development of MSA-like pathology (11) suggests that manipulation of the 

expression of SNCA and/or TPPP/P25A in oligodendrocytes, may provide a rational 

approach to combat the accumulation of SNCA in GCIs and the progression of MSA. 

In contrast to the plethora of studies investigating the degradation of neuronal SNCA 

[reviewed in (15-17)], there is a paucity of data regarding the proteolytic machineries 

responsible for the clearance of endogenous oligodendroglial SNCA, under 

physiological and pathological conditions. For TPPP/P25A degradation, two reports 

showed that proteasomal inhibition resulted in accumulation of the ectopically 

expressed protein in cell lines (18, 19), whereas no data exist regarding the role of 

autophagy in TPPP/P25A handling.  
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Furthermore, dysregulation of both the ubiquitin-proteasome system (UPS) and the 

autophagy-lysosome pathway (ALP) has been proposed to contribute to the aggregate 

formation within oligodendrocytes of MSA brains. Specifically, it has been reported 

that macroautophagy is upregulated during MSA pathogenesis and may participate in 

the removal of protein aggregates (20). The presence of autophagy-related proteins 

within GCIs of MSA, such as LC3 and SQSTM1/p62, further supports a potential role 

of the ALP in disease progression (21-25).  

Herein, by utilizing pharmacological inhibitors of both autophagic and proteasomal 

pathways, or via autophagy-related gene silencing, we provide evidence that the 

endogenous oligodendroglial SNCA and TPPP/P25A are degraded mainly by the ALP 

in rat oligodendroglial cell lines and mouse primary oligodendrocytes. Moreover, our 

data show that TPPP/P25A bears a KFERQ-like motif and is effectively cleared via 

chaperone-mediated autophagy (CMA) in an in vitro system of isolated rat brain 

lysosomes. Interestingly, by using human recombinant SNCA pre-formed fibrils 

(PFFs) as seeds of pathological SNCA, we thoroughly characterize the contribution of 

CMA and macroautophagy in particular, in the removal of the human exogenously 

added and the seeded rodent oligodendroglial SNCA pathological assemblies. Finally, 

we demonstrate that upon PFF treatment, autophagic flux is blocked and that 

TPPP/P25A exerts an inhibitory effect on macroautophagy, while at the same time 

CMA is upregulated as a compensatory mechanism to effectively remove the 

pathological SNCA species generated within oligodendrocytes. Most importantly, 

enhancement of CMA or macroautophagy accelerates the clearance of the engendered 

pathological SNCA conformations further suggesting that autophagy augmentation 

may represent a successful approach for the clearance of both SNCA and/or 

TPPP/P25A in the context of MSA. 
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Results 

Both the proteasome and the ALP contributes to the degradation of the 

endogenous rat oligodendroglial SNCA  

In order to study the degradation pathways responsible for the proteolysis of the 

endogenous rat oligodendroglial SNCA, we pharmacologically inhibited the lysosome 

(total and macroautophagy-dependent) and the proteasome, or we performed siRNA-

based gene silencing of CMA- and macroautophagy-related genes. Specifically, we 

utilized the rat oligodendroglial OLN-93 (control), OLN-AS7 (overexpressing human 

SNCA) and OLN-p25α (overexpressing human TPPP/P25A) cell lines, which express 

very low to non-detectable levels of the endogenous SNCA and we treated cells with 

20 mM NH4Cl (as total lysosomal inhibitor), 10 mM 3MA (as macroautophagy 

inhibitor) or 15 nM epoxomicin (epox, as proteasomal inhibitor) for 48 hrs. Confocal 

microscopy analysis revealed that inhibition of the proteasome or the lysosome 

increased the oligodendroglial SNCA signal in all lines (expressed as μm2 area/cell) 

as detected with the rodent-specific D37A6 antibody (Figure 1A-D), however to a 

different extent. These data complement recent reported data from our lab (11) 

supporting both the lysosomal (NH4Cl- and 3MA-dependent) and the proteasomal 

contribution to the oligodendroglial SNCA protein turnover. Moreover, immunoblot 

analysis in the control OLN-93 cells further confirmed the notion that the 

oligodendroglial SNCA is mostly degraded by the lysosome (Figure 1Ei, ii).  

In order to dissect further the partitioning of CMA and macroautophagy lysosomal 

pathways in the rodent SNCA degradation under basal conditions, we treated all OLN 

cell lines with Lamp2a- (Lsi1/Lsi2) or Atg5- (Atg5 si) specific siRNAs, targeting the 

LAMP2A receptor which acts as the rate-limiting step of the CMA pathway or the 

macroautophagy- ATG5 protein that participates in the formation of the phagophore, 
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which will ultimately become the autophagosome. The efficacy of these siRNAs on 

LAMP2A or ATG5 gene silencing was verified 72 hrs later by confocal microscopy 

that revealed an almost 3-fold decrease in the respective protein levels 

(Supplementary Figure 1A-D), measured as M.F.I./cell. The down-regulation of 

ATG5 was accompanied by the detection of decreased levels of the autophagosome 

marker LC3B, further verifying the efficient inhibition of macroautophagy 

(Supplementary Figure 1E-F). Interestingly, treatment of all OLN cells with Lsi1/Lsi2 

or Atg5 si RNAs significantly increased the protein levels of the endogenous rat 

oligodendroglial SNCA (Figure 2). It is important to mention that the D37A6 

antibody does not produce a specific immunofluorescence signal in control conditions 

(PBS- or scr si RNA-treated cells, Figure 1 and 2), whereas in immunoblot analysis, 

film overexposure enables the detection of the rodent SNCA signal at minute amounts 

even at basal conditions (Figure 1Ei, ii). In all cases, TUBA was used as a 

cytoskeletal marker, in order to verify the cytoplasmic distribution of the endogenous 

oligodendroglial SNCA protein.  

 

The overexpressed human SNCA accumulates upon pharmacological or 

molecular inhibition of the autophagy-lysosome pathway in OLN-AS7 cells 

Treatment of rat OLN-AS7 cells with NH4Cl or 3MA for 48 hrs increased human 

SNCA protein levels (detected with the human-specific SNCA antibody LB509) 

measured as M.F.I./cell, suggesting that this protein is degraded, at least partly, via 

the ALP (Figure 3 Ai, ii). Interestingly, epox treatment of OLN-AS7 cells for 24 hrs 

evoked a robust increase of human SNCA mRNA levels (Supplementary Figure 2A), 

accompanied by accumulation of human SNCA protein levels (data not shown) due to 

the epox-mediated non-specific activation of the CMV promoter (which drives the 
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expression of human SNCA in OLN-AS7 cells), as has been previously suggested by 

Biasini et al., 2004 (26). Similar effect has been reported using lactacystin or MG132 

(26), rendering difficult the investigation of the proteasomal contribution to the 

degradation of the overexpressed human protein in OLN-AS7 cells. On the contrary, 

treatment of OLN-AS7 cells with NH4Cl for 24 hrs or 48 hrs did not alter human 

SNCA mRNA levels, suggesting that the observed SNCA protein accumulation upon 

lysosomal inhibition was due to impaired degradation (Supplementary Figure 2C). 

Moreover, the effect of NH4Cl or 3MA treatment on human SNCA levels in OLN-

AS7 cells was further verified by immunoblot analysis as shown in Figure 3Di, ii. 

Furthermore, transfection of OLN-AS7 cells with Lsi1/Lsi2 or Atg5 siRNAs for 72 

hrs increased protein levels of human SNCA, as detected with confocal microscopy 

(Figure 3B-C) and immunoblot analysis (Figure 3E-F). The different human SNCA 

antibodies utilized for the immunofluorescence (LB509 ab) and the immunoblot 

(4B12 ab) may account for the differential effects on SNCA levels detected under 

similar conditions but with different methods.  

 

The overexpressed human TPPP/P25A is increased following pharmacological or 

molecular inhibition of the autophagy-lysosome pathway in OLN-p25α cells 

To decipher the role of the ALP on TPPP/P25A proteolysis, OLN-p25α cells were 

incubated with 20 mM NH4Cl or 10 mM 3MA (48 hrs) for total lysosomal or 

macroautophagy-dependent inhibition, respectively, and protein levels of TPPP/P25A 

were assessed by immunofluorescence analysis (as M.F.I./cell) and Western blotting. 

According to the data presented in Figure 4 Ai, ii, treatment of OLN-p25α cells with 

both inhibitors led to TPPP/P25A protein accumulation, suggesting that the lysosome 

(with macroautophagy contributing to a lesser extent) is responsible, at least partly, 
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for TPPP/P25A proteolysis under basal conditions. As in OLN-AS7 cells, 

epoxomicin, but not NH4Cl treatment, evoked a non-specific upregulation of human 

TPPP/p25α mRNA levels due to the enhanced CMV-driven promoter gene 

transcription (Supplementary Figure 2B, D). Lamp2a or Atg5 gene silencing revealed 

that TPPP/P25A protein is partially degraded via the CMA and macroautophagy 

pathways (Figure 4B, C, E and F), since both manipulations evoked an increase in 

TPPP/P25A protein levels with the Lsi2 siRNA sequence against rat LAMP2A 

eliciting a statistically significant accumulation of TPPP/P25A protein levels (Figure 

4Bii, Eii). It has to be noted that treatment of all OLN cells with the pharmacological 

inhibitors NH4Cl and epox for 16 or 48 hrs, had no significant impact on cell survival. 

However, only in the case of 3MA-treated OLN-AS7 and OLN-p25α cells for 48 hrs, 

a 20% decrease in cell survival was observed (Supplementary Figure 3C-H).  

 

The oligodendroglial-specific protein TPPP/P25A is a putative CMA substrate  

In order for a protein to be a CMA substrate, it has to bear a KFERQ-like CMA-

targeting motif that guides the delivery of the protein to the level of the lysosomal 

membrane, where binding with the CMA-specific receptor, LAMP2A, takes place. 

We therefore examined whether this is the case for TPPP/P25A, and found that it 

contains a pentapeptide sequence (KKRFK), consistent with a CMA targeting motif. 

According to the 3D structure of the rat Cgi-38 protein (PDB id: 1WLM) 

[homologous of the human TPPP/P25A (NM_001108461)], the KKRFK motif is 

located in a loop, flanked by two adjacent α-helices, both fully exposed to the solvent. 

The superposed structures of the human, mouse and the 3D model of the TPPP/P25A 

bearing the KKRFK motif are shown in Figure 5A. Given that the presence of the 

CMA motif does not guarantee that the protein is actually degraded via this pathway 
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(27), we incubated human recombinant TPPP/P25A with isolated rat brain lysosomes 

and assessed the in vitro degradation of the protein, in the presence or absence of 

Protease Inhibitors (PIs). Under these conditions, we found that purified recombinant 

TPPP/P25A added to the incubation medium was translocated into and efficiently 

degraded by intact brain lysosomes, since lysosomal protease inhibitors increased the 

levels of the lysosome-associated protein (Figure 5B-C). Interestingly, a competition 

assay utilizing 3x (0.6 μg) and 6x (1.2 μg) amount of human recombinant SNCA, a 

well-established CMA substrate (28) effectively inhibited the degradation of 

TPPP/P25A by intact lysosomes, in a dose-dependent manner (Figure 5B-C). These 

data, in combination with the increased protein levels of TPPP/P25A following 

LAMP2A down-regulation (Figure 4B and E), further confirm that the 

oligodendroglial TPPP/P25A is a putative CMA substrate and is degraded via this 

pathway in OLN cells.  

 

Both the exogenously added human SNCA (hSNCA PFFs) and the recruited 

endogenous rat oligodendroglial SNCA are partly degraded via the autophagy-

lysosome pathway, without impairing lysosomal function  

We subsequently assessed the proteolytic pathways responsible for SNCA and 

TPPP/P25A clearance, as well as the role of the overexpressed human SNCA and 

TPPP/P25A on the proteasomal and lysosomal function, under conditions of increased 

SNCA protein burden, thus mimicking the human MSA.  To this end, OLN cells were 

inoculated with 1 μg/ml hSNCA PFFs for 48 hrs and 16 hrs prior to cell-fixation, 

lysosomal or proteasomal inhibitors were added to the medium and then fixed cells 

were stained for immunofluorescence analysis. Epoxomicin was used only for the 

assessment of the endogenous rodent SNCA degradation, since, as already mentioned, 
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it evokes a CMV-dependent upregulation of the human SNCA and TPPP/p25α mRNA 

levels (Supplementary Figure 2). We first verified that incubation of all OLN cells 

with 1 μg/ml hSNCA PFFs for 48 hrs or 10 days does not affect cell survival 

(Supplementary Figure 3A-B). Confocal microscopy analysis revealed that in PFF-

treated OLN-93 cells, inhibition of total lysosomal (NH4Cl) or proteasomal (epox) 

function leads to a significant increase of both the exogenously added human (green, 

LB509 antibody) and the recruited endogenous rodent (red, D37A6 antibody) SNCA 

(Figure 6A, D-E), measured as μm2 area/cell. Interestingly, macroautophagy 

(inhibited by 3MA) seems to participate, albeit to a lesser extent, only in the 

degradation of hSNCA PFFs and not to the seeded rodent SNCA. However, it should 

be stressed that if the inhibitors have an effect on the exogenously added human 

SNCA, this could alter the levels of the endogenous seeded protein through an 

indirect effect and, vice-versa, alterations in the seeded material may serve to stabilize 

the human PFFs.  

Similarly, in PFF-treated OLN-AS7 cells, treatment with epox significantly increased 

the levels of the recruited endogenous SNCA, whereas total lysosomal inhibition 

resulted in the accumulation of both rodent and exogenously added fibrillar human 

SNCA (Figure 6B, D-E). Interestingly, in PFF-treated OLN-p25α cells levels of both 

rodent and human SNCA did not significantly change upon NH4Cl or 3MA addition, 

however when the proteasome was inhibited, the levels of the endogenous SNCA 

were found elevated (Figure 6C, D-E). This could indicate a role of the TPPP/P25A in 

the formation of highly insoluble aberrant SNCA species, as we have previously 

reported (11) that probably are degradation-resistant and/or impair lysosomal activity. 

Interestingly, TPPP/P25A protein levels (grey) seem to be slightly, but not 

significantly, increased upon lysosomal inhibition, which could again presumably be 
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attributed to a potential inhibitory effect on the lysosome due to the concurrent 

increased SNCA load and TPPP/P25A overexpression or to a possible degradation of 

TPPP/P25A via the proteasome.  

To further verify the contribution of the proteasome and the lysosome in the clearance 

of aberrant SNCA species engendered in the PFF-treated OLN cells, we used 

fractionated Western immunoblotting; we treated OLN-93 cells with 1 μg/ml hSNCA 

PFFs followed by addition of NH4Cl or epox as above. Cells were collected at 48 hrs 

and sequentially fractionated using buffers with increasing extraction strength. 

Immunoblot analysis of the SDS-soluble protein fraction did not reveal any 

differences in the protein levels of human or total (rodent + human) SNCA upon 

lysosomal or proteasomal inhibition (data not shown). However, addition of NH4Cl or 

epox in PFF-treated OLN-93 cells, led to the detection of increased protein levels 

(that did not reach statistical significance) of both human (4B12 antibody) and total 

(SYN1 antibody) monomeric and high molecular weight (HMW) SNCA species in 

the UREA-soluble fraction (Figure 6G-H).  

Finally, to elucidate the impact of hSNCA PFFs on the proteasomal and lysosomal 

function of all OLN cell lines and the effect, if any, of the overexpressed SNCA or 

TPPP/P25A on these proteolytic systems, we measured the CT-like proteasomal 

activity and the degradation rate of long-lived proteins (total lysosomal, 

macroautophagy- and CMA- dependent). Strikingly, the CT-like proteasomal activity 

remained unchanged in all OLN cells upon treatment with 1 μg/ml hSNCA PFFs for 

48 hrs (Supplementary Figure 4). On the other hand, long-lived protein degradation 

assay revealed a significant increase of the lysosomal activity upon inoculation of 

OLN cells with hSNCA PFFs, which however varied between the different OLN 

lines. Specifically, in PFF-treated OLN-93 cells, macroautophagy (3MA-inhibitable) 
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seems to increase in response to the treatment, whereas in PFF-treated OLN-AS7 and 

OLN-p25α cells, CMA-dependent (NH4Cl-3MA inhibitable) degradation is 

significantly enhanced (Figure 6Ii-iii). It has to be noted that with this assay we 

estimate CMA activity by subtracting NH4Cl-3MA–dependent proteolysis that also 

contains the contribution of microautophagy, which however is considered to be 

relative small. Interestingly, the increase of CMA-dependent proteolysis in OLN-p25α 

cells was accompanied by a significant decrease of macroautophagic activity, thus 

leading to overall unchanged total lysosomal activity levels, compared to OLN-93 and 

OLN-AS7 cells. It is important, though, to note that all the above differential 

responses could also be attributed to clonal variability between the three OLN cell 

lines.       

 

TPPP/P25A overexpression favors the degradation of both exogenously added 

(hSNCA PFFs) and recruited endogenous oligodendroglial SNCA via CMA and 

not via macroautophagy 

To further elucidate the contribution of macroautophagy and/or CMA in the 

degradation of rodent SNCA, human SNCA and TPPP/P25A in the context of MSA, 

we transfected all OLN cells with Lsi1/Lsi2 (targeting LAMP2A) or Atg5 (targeting 

ATG5) siRNAs followed by incubation with 1 μg/ml hSNCA PFFs for 48 hrs. 

According to the data shown in Figure 7, LAMP2A downregulation increased protein 

levels of the recruited rodent SNCA in all PFF-treated OLN cells; however, the levels 

of the human SNCA were found elevated only in PFF-treated OLN-p25α cells 

transfected with Lsi1/Lsi2 (Figure 7A-C, Di, Ei). On the other hand, Atg5 gene 

silencing led to the accumulation of the rodent and the human SNCA only in PFF-

treated OLN-93 and OLN-AS7 cells (Figure 7A-C, Dii, Eii). Moreover, protein levels 
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of TPPP/P25A were significantly increased upon LAMP2A down-regulation, whereas 

transfection of OLN-p25 cells with Atg5 si led to a slight accumulation of TPPP/P25A 

(Figure 7C, Fi, Fii). These data, when combined to those presented in Figure 6A-F 

may lead to the hypothesis that under pathological conditions (addition of hSNCA 

PFFs), CMA seems to be the main pathway responsible for the clearance of SNCA 

(rodent and human) and TPPP/P25A in OLNp25α cells, whereas both CMA and 

macroautophagy contribute to the degradation of SNCA (rodent and human) in PFF-

treated OLN-93 and OLN-AS7 cells. 

 

Addition of hSNCA PFFs in OLN cells does not impair autophagosome 

formation, but seems to interfere with the fusion of autophagosomes with the 

lysosome  

Autophagy is a dynamic process that includes the autophagosome formation, 

maturation and fusion with lysosomes. In order to measure the autophagic flux in 

PFF-treated OLN cells we utilized the GFP/RFP-LC3 and GFP/mcherry-SQSTM1 

tandem fluorescent-tagged LC3 and SQSTM1/p62, respectively, which allows the 

dynamic visualization of the formation of autophagosomes and/or autolysosomes. 

Specifically, OLN cells were transfected with GFP/RFP-LC3 or GFP/mcherry-

SQSTM1 cDNAs and 6 hrs later, 1 μg/ml hSNCA PFFs were added to the medium 

for 48 hrs. Based on the fact that the fluorescence of GFP, contrarily to the mRFP or 

mcherry, is quenched in an acidic environment, autophagy inhibition results in a 

decrease of red puncta followed by an increase of green puncta, indicative of the low 

autolysosome formation. Incubation of all OLN cells with hSNCA PFFs impaired 

autophagic flux, due to the detection of a lower number of red puncta (in both 

GFP/RFP-LC3 and GFP/mcherry-SQSTM1), as presented in Figure 8A-B. 
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Calculation of GFP:RFP (LC3 cDNA) or GFP:mcherry (SQSTM1 cDNA) ratio is 

indicative for the autophagic flux process; the ratio increases when autophagic flux is 

low and decreases when autophagic flux is enhanced. According to our results, 

autophagic flux was inhibited in all PFF-treated OLN cells, with no differences 

detected amongst the different cell lines (Figure 8C-D). 

 

Pharmacological enhancement of CMA (AR7) or macroautophagy (rapamycin) 

decreases overexpressed human SNCA (OLN-AS7 cells) and TPPP/P25A (OLN-

p25α cells) protein levels under basal conditions 

Having established the lysosomal contribution to the clearance of both SNCA and 

TPPP/P25A proteins, we investigated the potential therapeutic potential of enhancing 

macroautophagy (rapamycin, 1 μM) or CMA (AR7, 40 μM), under basal conditions 

and upon hSNCA PFF treatment (see below). We initially verified the induction of 

CMA activity upon AR7 addition (40 μM, 16 hrs) with confocal microscopy, where 

we detected increased LAMP2A-positive lysosomes to the perinuclear region of 

OLN-93 cells, an indirect indicator of increased CMA activity (29) (Supplementary 

Figure 5A-B).  Moreover, treatment with AR7 or rapamycin for 16 or 48 hrs did not 

significantly affect survival of all OLN cells (Supplementary Figure 3C-H). 

Incubation of OLN-AS7 and OLN-p25α cells with both enhancers for 48 hrs under 

basal conditions led to a significant decrease of human SNCA (human-specific LB509 

or 4B12 antibodies), and TPPP/P25A levels respectively, verified by both confocal 

microscopy imaging and analysis (Figure 9A-D) and Western immunoblotting (Figure 

9E-F). 
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Pharmacological augmentation of CMA or macroautophagy accelerates the 

clearance of aberrant SNCA conformations formed upon treatment of OLN cells 

with hSNCA PFFs 

To assess the therapeutic potential of macroautophagy or CMA enhancement on the 

clearance of pathological SNCA assemblies and/or TPPP/P25A following addition of 

hSNCA PFFs, OLN cells were incubated with 1 μg/ml hSNCA PFFs for 48 hrs or 10 

days. Following PFF-addition and 16 or 48 hrs prior to cell fixation, rapamycin (1 

μM) or AR7 (40 μM) were added to the cell medium and then cells were processed 

for confocal microscopy imaging. Immunofluorescence analysis revealed that 

addition of rap or AR7 in all PFF-treated OLN cells evoked a reduction of the 

endogenous seeded rodent and human SNCA, as well as of the overexpressed 

TPPP/P25A (in OLN-p25α cells) protein levels (in both time points studied), 

suggesting that these proteins/conformations can be efficiently cleared via 

macroautophagy and/or CMA pathways (Figure 10A-Ei, Supplementary Figure 7A-C, 

G-Hi).   

Interestingly, at 48 hrs post-PFF treatment the levels of oxidized/nitrated SNCA were 

significantly decreased upon macroautophagy induction with rapamycin only in OLN-

93 cells (Figure 10Eii and Supplementary Figure 6A-C). Likewise, CMA induction 

via AR7 also decreased oxidized/nitrated SNCA protein species only in OLN-93 cells, 

although this drop did not reach statistical significance. On the contrary, 

oxidized/nitrated SNCA protein levels were efficiently removed upon induction of 

either macroautophagy or CMA in all OLN cells at 10 days post-PFF treatment 

(Supplementary Figure 7Di, Ei, Fi, Hii). Furthermore, protein levels of aggregated 

and total SNCA were also decreased upon rap or AR7 (to a lesser extent) treatment in 

all OLN cells, only following short-term incubation with PFFs, suggesting that under 
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these conditions there is no significant effect of the overexpressed human SNCA or 

TPPP/P25A in the clearance of aggregated SNCA species (Supplementary Figure 6D-

F and Figure 10Fi-Fii). Strikingly, upon long-term incubation of all OLN cells with 

hSNCA PFFs, aggregated and total SNCA could not be effectively removed only in 

OLN-p25α cells, thus implying a potential role of the overexpressed protein in the 

observed resistance to the degradation of aggregated SNCA assemblies via 

macroautophagy or CMA (Supplementary Figure 7Dii, Eii, Fii, Ii-Iii).  

In agreement with the confocal imaging data, we found that the SDS-soluble HMW 

species of human and total SNCA protein were decreased mainly upon 

macroautophagy enhancement (addition of 1 μM rap for 16 hrs), although the levels 

of monomeric SNCA species did not seem to be significantly reduced following 

incubation of PFF-treated OLN-93 cells either with rap or with AR7 (Figure 10G-H). 

Interestingly, the monomeric and HMW SNCA species of the seeded endogenous 

rodent protein, which are detectable only in the UREA-soluble fraction that contains 

the most aggregated protein species, were significantly reduced following addition of 

rap or AR7 in PFF-treated OLN-93 cells (Figure 10I-J). Similarly, human and total 

SNCA protein levels in this UREA-soluble fraction displayed significant reduction 

upon macroautophagy or CMA enhancement, as presented in Figure 10I, K, L. All the 

above results suggest that SNCA (endogenous, human, total and pathological species) 

and TPPP/P25A can be effectively cleared via the ALP in an MSA cell context. 

 

The MSA-related proteins TPPP/P25A and SNCA are mainly degraded via the 

ALP in murine primary oligodendroglial cultures, under physiological and 

pathological conditions 
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To delineate the clearance processes responsible for the removal of SNCA 

(endogenous and exogenously added) and TPPP/P25A, in health and disease 

conditions, we cultivated and differentiated primary oligodendrocytes derived from 

P0 to P3 mouse brains in order to resemble a cellular setting closer to the 

oligodendrocytes of the central nervous system. To this end, primary 

oligodendrocytes were cultivated in the presence of PBS (as control) or 1 μg/ml 

hSNCA PFFs for 24 hrs, followed by addition of lysosome/macroautophagy (20 mM 

NH4Cl, 10 mM 3MA) or proteasome (15 nM epox) inhibitors for an additional 48 hrs. 

According to the results presented in Figure 11A-C, TPPP/P25A seems to be mainly 

degraded via the ALP both under baseline and upon PFF-treatment, since its levels 

were found significantly elevated upon NH4Cl (both in PBS and PFF-treated cultures) 

and/or 3MA (PFF-treatment) addition (Figure 11Ci-Cii).  

Furthermore, the endogenous rodent SNCA accumulated when either the lysosome or 

the proteasome (to a lesser extent) was inhibited (Figure 11Di-Dii), whereas the levels 

of human SNCA were increased upon total lysosomal and macroautophagy 

impairment (Figure 11E). No signal for the endogenous SNCA could be detected in 

PBS-treated primary oligodendrocytes using the rodent SNCA-specific D73A6 

antibody, as shown in Figure 11A and Di. To elucidate further the potential beneficial 

role of autophagy augmentation in the removal of SNCA and TPPP/P25A protein 

levels in primary oligodendrocytes, PBS- or PFF-treated oligodendroglial cultures 

were incubated with AR7 (40 μM) or rap (1 μM) for 48 hrs. Confocal microscopy 

analysis and quantification of SNCA and TPPP/P25A protein levels revealed that in 

all conditions tested, incubation with either AR7 or rap led to the effective clearance 

of TPPP/P25A (Figure 11Hi, Hii), the endogenous rodent (Figure 11Hiii) and the 

human SNCA (Figure 11Hiv) proteins, thus suggesting that enhancement of 
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macroautophagy or the CMA pathway could potentially mitigate SNCA pathology in 

MSA and MSA-like conditions.  

 

Discussion 

Our previous work uncovered the endogenous oligodendroglial SNCA (expressed in 

minute amounts) and TPPP/P25A as major culprits for the formation of pathological 

SNCA aggregates in MSA-like experimental models (11). Such data suggest that 

manipulation of the expression of SNCA and/or TPPP/P25A in oligodendrocytes may 

provide a rational approach to combat the accumulation of SNCA in GCIs and the 

progression of MSA. However, the degradation pathways responsible for the 

clearance of the endogenous oligodendroglial SNCA and TPPP/P25A in health and 

disease and the role of ALP manipulation in the context of MSA remained 

unexplored.  

Herein, by utilizing naïve (low-undetectable levels of endogenous SNCA and 

TPPP/P25A) oligodendroglial cell lines, and cells stably overexpressing human 

SNCA (OLN-AS7) or TPPP/P25A (OLN-p25α) we report that both the ALP and the 

UPS (to a lesser extent) contribute to the clearance of endogenous oligodendroglial 

SNCA under basal conditions and upon treatment with hSNCA PFFs. Both CMA and 

macroautophagy are responsible for the clearance of the various SNCA conformations 

(rodent endogenous and seeded, human exogenously added, oxidized/nitrated, 

aggregated) engendered in PFF-treated OLN cell lines, although to a different extent. 

We also demonstrate that TPPP/P25A bears a CMA-targeting motif and is efficiently 

cleared via CMA in a cell-free in vitro system of isolated brain lysosomes and in the 

OLN-p25α cells. Finally, we provide proof-of-concept experiments in murine primary 

oligodendrocytes further corroborating the contribution of the ALP in the efficient 
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removal of oligodendroglial SNCA and TPPP/P25A both under baseline and 

following inoculation with hSNCA PFFs as seeds of pathology. Such data suggest 

that augmentation of CMA or macroautophagy represents an attractive therapeutic 

approach to counteract the accumulation of SNCA and/or TPPP/P25A in MSA-like 

conditions. 

MSA is characterized by the accumulation of neuronal SNCA and oligodendroglial-

specific TPPP/P25A proteins within the cytoplasm of oligodendrocytes, by a hitherto 

unknown mechanism (2-4, 6). According to the prevailing hypothesis, 

oligodendrocytes internalize the naturally secreted SNCA from the neighboring 

neurons, which is subsequently incorporated into pathological aggregates along with 

other proteins such as TPPP/P25A, ubiquitin, tubulin, HSP70, etc (30-32). The 

detection of various aggresome-related proteins in GCIs of MSA brains has also 

exposed a crucial role of perturbed proteolysis in the formation of oligodendroglial 

proteinaceous inclusions (21, 23-25, 33). Alterations in the levels of autophagic 

protein markers such as SQSTM1/p62 and LC3 detected in several MSA cases further 

denote a role of an ALP malfunction in disease pathogenesis (20, 22, 34-36). 

Likewise, pathological and biochemical analyses using human brain MSA samples 

revealed that the Autophagy And Beclin 1 Regulator 1 is a component of the 

pathological inclusions of MSA and upstream proteins of autophagy are impaired in 

the MSA brain (37). A recent comparative study in human post-mortem material from 

MSA and PD brains concluded that the lysosomal response in relation to SNCA 

pathology differs between the two synucleinopathies (38). By systematic comparisons 

of differently affected neuronal populations in PD, MSA, and non-diseased brains 

using morphometric immunohistochemistry (cathepsin D), double immunolabelling 

(cathepsin D/SNCA) laser confocal microscopy, and SNCA immunogold electron 
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microscopy the authors concluded, amongst others, that lysosome-associated SNCA is 

observed in astroglia and rarely in oligodendroglia and in neurons in MSA, whereas 

cathepsin D immunoreactivity frequently colocalises with SNCA pre-aggregates in 

PD nigral neurons (38). 

The role of the oligodendroglial SNCA in the formation of GCIs and the spread of 

pathology in MSA is still under debate. Our recently published data suggest that the 

presence of even minute amounts of the endogenous SNCA is a prerequisite for the 

seeding of SNCA-pathology, the re-distribution of TPPP/P25A and the collapse of the 

myelin network to occur, in PFF-treated murine oligodendrocytes (11). Thus, the 

elucidation of the mechanisms governing the degradation of oligodendroglial SNCA 

and TPPP/P25A may represent an obvious target for therapy in MSA. Towards this 

direction, we treated oligodendroglial cell lines with pharmacological inhibitors or 

enhancers of the ALP and UPS, or with siRNAs targeting autophagy-related genes, 

under physiological (PBS) or pathological (hSNCA PFFs) conditions. According to 

our results, SNCA (endogenous rodent, overexpressed human and pathology-related 

conformations) seem to be cleared mainly via CMA and macroautophagy; however to 

a different magnitude in the various cell lines. A role of macroautophagy in the 

clearance of SNCA within oligodendrocytes has been previously reported (20); 

however this is the first study demonstrating a role of CMA in the removal of the 

endogenous and seeded SNCA protein levels and/or aberrant species in 

oligodendrocytes. This finding contradicts with a prior study that reported a lack of 

GCI-like formation in oligodendroglia exposed to extracellular soluble/monomeric or 

fibrillar SNCA concurrently with pharmacological blocking of the fusion of the 

autophagosome with the lysosome with bafilomycin A1, as well as following genetic 

knockdown of LC3B (39). 
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Regarding macroautophagy, it has been previously shown that the endogenously 

stably overexpressed (OLN‐t40 transfected cells) or the exogenously added soluble or 

pre-aggregated SNCA is mainly removed via macroautophagy in oligodendrocytes 

and that these SNCA forms do not inhibit the autophagic pathway and flux per se 

(40). Moreover, inhibition of the deubiquitylating enzyme Ubiquitin Carboxy-

terminal Hydrolase L1 in oligodendroglial cells was shown to upregulate 

macroautophagy, thus resulting in the effective removal of SNCA aggregates (41). 

Other proteolytic pathways may also be involved in SNCA clearance in 

oligodendrocytes. Neurosin (kallikrein 6) appears to be efficient in reducing the levels 

of SNCA in oligodendrocytes both in vitro and in vivo (42-44). Interestingly, 

treatment of transgenic haSyn-PLP mice, a well-established mouse model for MSA, 

with the proteasome inhibitor I led to the detection of intracellular aggregates of both 

human and endogenous murine SNCA, three months after administration of the 

inhibitor, further supporting the role of the UPS in SNCA clearance (45). 

Furthermore, in agreement with our data showing an impairment of the autophagic 

flux in PFF-treated OLN cells, prior studies also suggested that aggregated SNCA 

within oligodendrocytes is closely related to autophagy dysregulation (37, 41). 

Interestingly, even though with the GFP/RFP-LC3 and GFP/mcherry-SQSTM1 

constructs we detect a defect in the autophagic flux upon PFF treatment (Figure 8), 

this was not followed by a statistically significant alteration in the macroautophagic-

dependent proteolysis (inhibited by 3MA) in OLN-93 and OLN-AS7 cells (Figure 

6Iii). A possible explanation for this discrepancy may ascend from the observation 

that upon PFF treatment we detect a change from a diffuse to a more punctuate 

pattern, indicative of LC3 II induction and autophagosome formation. If the rate that 

these autophagosomes are fused with the lysosome is reduced in these cells, then the 
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overall process is as efficient as baseline. In addition, the different time points utilized 

for the assessment of the autophagic flux (48 hrs) and lysosomal activity (96 hrs) may 

also account for the observed differences. 

The current study highlights for the first time a central role of CMA and 

macroautophagy in the clearance of TPPP/P25A protein in oligodendrocytes, both 

under physiological and pathological conditions. The contribution of CMA to 

TPPP/P25A protein degradation was verified by the identification of the KKRFK 

pentapeptide motif that meets the criteria for a KFERQ-like motif in TPPP/P25A 

amino acid sequence and its efficient degradation by the in vitro system of isolated rat 

brain lysosomes. In addition, TPPP/P25A displayed a canonical substrate/pathway 

relationship, since its levels were increased upon LAMP2A down-regulation and by 

extension CMA inhibition and decreased following pharmacological induction of the 

CMA pathway with AR7. Induction of macroautophagy also reduced TPPP/P25A 

levels, both in OLN-p25α cells and in primary oligodendrocytes, but less efficiently. 

Previous studies proposed that TPPP/P25A is degraded via the proteasome (18, 19); 

however, our analysis in the epoxomicin-treated primary oligodendrocytes did not 

yield a statistical contribution of the proteasome in TPPP/P25A clearance. Due to the 

non-specific up-regulation of CMV-driven TPPP/P25A mRNA by proteasomal 

inhibitors [as also reported by (26)], the role of the proteasome could not be 

determined in OLN-p25α cells. Strikingly, the expression of TPPP/P25A protein (in 

OLN-p25α cells) seems to hinder the macroautophagic activity (inhibited by 3MA) 

upon addition of hSNCA-PFFs thus favoring the CMA activity, probably as a 

counterpoise to the proteolytic dysregulation. Likewise, Ejlerskov and et al. have also 

demonstrated that TPPP/P25A inhibits the fusion of autophagosomes with the 
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lysosome and leads to the secretion of monomeric and aggregated SNCA via 

exophagy in PC12 cells (46).  

Finally, the pharmacological CMA- and macroautophagy-specific enhancers AR7 and 

rapamycin respectively, mitigated the levels of the endogenous and exogenously 

added SNCA and all its pathological conformations (oxidized/nitrated and aggregated 

SNCA), together with TPPP/P25A, both in oligodendroglial cell lines and primary 

oligodendrocytes. The beneficial effect of macroautophagy induction in the removal 

of SNCA species in oligodendrocytes has been previously reported. In particular, the 

geldanamycin analogue 17-AAG [17-(Allylamino)-17-demethoxygeldanamycin] 

attenuated the formation of SNCA aggregates in OLN-93 cells stably overexpressing 

the human PD-linked A53T SNCA mutation by stimulating macroautophagy (47). 

This effect on macroautophagy induction was also observed in cultured 

oligodendrocytes derived from the brains of newborn rats (47). On the other hand, 

numerous studies have explored the use of various autophagy-enhancing agents in the 

context of PD pathology, concluding that they exert beneficial effects on neuronal cell 

survival and accelerate SNCA clearance (48-56). Moreover, the post-translational 

regulation of autophagy via the use of micro-RNAs (miRs) targeting LAMP2A and 

HSC70, has been shown to decrease SNCA aggregation in SH-SY5Y cells (57). 

Similarly, we have previously shown that CMA induction via overexpression of the 

LAMP2A receptor in neuronal cellular and animal synucleinopathy models alleviated 

SNCA-induced neurotoxic effects (58).  

Collectively, our study reveals that the endogenous oligodendroglial SNCA and 

TPPP/P25A, the two main GCI-components involved in MSA pathogenesis, are 

degraded via the ALP and that conversely, the presence of pathological SNCA 

(hSNCA-PFFs) decreases the autophagic flux of OLN cells, albeit without impairing 
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the overall lysosomal activity. The data obtained from cell lines and primary cultures 

indicate that enhancement of CMA or macroautophagy prevents the 

accumulation/aggregation of SNCA and/or TPPP/P25A in oligodendrocytes. Further 

validation in pre-clinical models of the disease may pave the way for the use of 

autophagy modulators or gene-based approaches as therapeutic approaches to halt or 

attenuate disease progression in human MSA.   

 

Materials and Methods 

Cell culture and treatments  

Three different oligodendroglial (OLN) cell lines have been utilized: the immortalized 

control OLN-93 line originated from primary Wistar rat brain glial cultures (59), and 

the OLN-AS7 and OLN-p25α lines that were generated by transduction of the OLN-

93 line with the human wild-type (WT) SNCA or human TPPP/P25A cDNA, 

respectively. All cells were cultured in Dulbecco’s modified Eagle’s medium (D6429; 

Gibco, Invitrogen, Carlsbad, CA, USA) under conditions of 10% fetal bovine serum 

(10270; Gibco, Invitrogen, Carlsbad, CA, USA), 50 U/mL penicillin, and 50 μg/mL 

streptomycin. For the selection of OLN-AS7 and OLN-p25α, cells were maintained in 

50 μg/mL Zeocin (R25001; Thermo Fisher Scientific, Waltham, MA, USA). 

 

Primary oligodendroglial cultures 

Mixed glial cultures generated from P0 to P3 neonatal wild-type (WT) mice were 

maintained in full DMEM for 10 to 14 days until a monolayer of astrocytes on the 

bottom and primary oligodendroglial progenitor cells (OPCs) with loosely attached 

microglia on the top, were apparent. The separation of OPCs was achieved initially 

with the removal of microglia, by shaking in 200 rpm for 1h in 37°C and then with 
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continuous shaking under the same conditions for 18 hrs (60).  Afterwards, isolated 

cells were platted on poly-D-lysine-coated coverslips (P7405, Sigma-Aldrich, USA) 

with a density of 80,000 cells/mm2 and maintained in SATO medium (61) 

supplemented with Insulin-Transferrin-Selenium solution (Cat No 41400045, Gibco, 

Invitrogen, Carlsbad, CA, USA), 1% penicillin/streptomycin and 1% horse serum 

(H1138; Sigma-Aldrich, St. Louis, MO, USA) for 4 days. Human SNCA PFFs (final 

concentration 1 µg/mL culture medium/well) were added to TPPP/P25A-positive 

mature differentiated OLNs for 24 hrs, followed by the addition of either inhibitors or 

enhancers of the protein degradation pathways for 48 hrs in the appropriate 

concentrations. Subsequently, cells were fixed and processed for immunofluorescence 

analysis using antibodies shown in Table 1. 

 

Pharmacological reagents 

The inhibition of the proteasome was achieved with epoxomicin (15 nM) that 

selectively blocks the chemotrypsin-like activity of the 20S catalytic subunit (62). For 

the lysosomal pathway, the inhibitor of phosphatidylinositol-3-kinase, 3-

methyladenine (3MA, 10 mM) and the general lysosomal inhibitor NH4Cl (20 mM) 

were utilized. Since NH4Cl is unstable, for the 24 and 48 hrs incubation a renewal of 

the inhibitor was required every 12 hrs.  Induction of macroautophagy was 

accomplished with the use of rapamycin (1 μΜ) that induces the mTOR-dependent 

macroautophagic pathway (63) and of the CMA pathway with the use of the RARα 

antagonist AR7 (40 μM) (64). The reagents were applied for 16- 48 hrs and the 

analysis of their effects was performed either by western blotting or with 

immunocytochemistry.  
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Preparation of hSNCA PFFs 

Pre-formed human SNCA fibrils (hSNCA PFFs) were generated as previously 

described (11). PFFs were resuspended in PBS (pH 7.3) to obtain a concentration of 

4.5 mg/mL and a working stock solution was prepared with a concentration of 1 

mg/mL. In all experiments cells were incubated with 1 μg/ml hSNCA PFFs or PBS as 

a control for 48 hrs or 10 days and afterwards were either processed for 

immunocytochemistry and confocal microscopy or lysed and collected for western 

blot analysis as described below. 

 

Cell transfections 

The autophagic flux of OLN cells upon treatment with hSNCA PFFs (or PBS as 

control) was monitored with the use of RFP/GFP-LC3 (65), and mCherry/GFP-

SQSTM1 (66) cDNA plasmids, upon transient transfection with polyethylenimine 

(PEI, Polysciences, 26966). The RFP/GFP-LC3 plasmid was kindly provided by Dr 

Craig-Curtis Garner (DZNE, Germany) and the mCherry/GFP-SQSTM1 plasmid by 

Dr Terje Johansen (University of Tromso, Norway). Cells were cultured in 24-well 

dishes and PEI with cDNA were diluted in Opti-MEM in a 1:3 ratio. After 4 hrs of 

incubation, the transfection medium was replaced by fresh DMEM 10% FBS 

containing either PBS or 1 μg/ml hSNCA PFFs. The lysosomal inhibitor NH4Cl was 

used as a positive control for autophagic flux impairment. Forty-eight (48) hours later, 

cells were fixed using 4% paraformaldehyde (Sigma-Aldrich, P6148) in PBS and 

processed for immunofluorescence analysis.    

 

RNA interference 
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Small interfering RNAs (siRNAs) targeting the rat Lamp2a or the Atg5 gene were 

utilized to assess the contribution of CMA or macroautophagy, respectively, in the 

proteolysis of SNCA and TPPP/P25A in OLN cell lines. In particular, OLN cells were 

transfected with Lsi1/Lsi2 (Lamp2a siRNAs, final concentration 60 nM), Atg5 si 

(rn.Ri.Atg5.13.1/2/3 TriFECTa DsiRNA kit, final concentration 10 nM) or control 

scrambled siRNA (MISSION siRNA Universal Negative Control #1, SIC001, 

MERCK, final concentration 60 nM) in Lipofectamine 2000 (Invitrogen)-containing 

solution for 72 hrs. The siRNAs sequences targeting the rat Lamp2a are shown in 

Table 2. Analysis was performed with both western blotting and 

immunocytochemistry.  

 

Subcellular fractionation and western immunoblotting 

The cell pellets after being washed with PBS were homogenized in lysis buffers with 

progressively higher extraction strength. All of them contained protease (Roche, 

11836170001) and phosphatase (Roche, 04406837001) inhibitors.  Initially, cells 

were lysed with 1% Triton X-100-containing buffer (150 mM NaCl, 50 mM Tris pH 

7.6, 2 mM EDTA), left on ice for 30 min and centrifuged at 13,400 × g for 30 min at 

4 °C. The supernatant was collected to obtain the Triton-soluble fraction and the 

pellet, after 2x washes with PBS, was resuspended in 1% SDS-containing buffer (150 

mM NaCl, 50 mM Tris pH 7.6, 2 mM EDTA), sonicated and centrifuged to acquire 

the SDS-soluble fraction. Finally, the remaining pellet, after 2x washes with PBS, was 

solubilized in 8 M urea-5% SDS-containing buffer. Then, samples of equal protein 

concentration were processed for western blot analysis utilizing the utilized primary 

and secondary antibodies shown in Table 1. The immunoreactivity for protein band 
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intensity within the linear range of detection was quantified with ImageJ software. All 

measurements were normalized to ACTB as a loading control.  

 

Immunocytochemistry (ICC) and confocal microscopy 

Cultured cells in poly-D-lysine-coated glass coverslips were fixed in 4% 

paraformaldehyde diluted in 1X PBS for 30 min at room temperature. Blocking was 

conducted utilizing 10% Normal Goat Serum solution containing 0.4% Triton-X for 1 

h at room temperature. Afterwards, overnight incubation with primary antibodies at 

4oC was performed followed by incubation with secondary antibodies, in dilutions 

shown in Table 1.  The dye 4΄, 6-diamidine-2΄-phenylindole dihydrochloride (DAPI) 

was utilized for nuclei staining. Finally, the stained cells were visualized using a 

Leica TCS SP5 confocal microscope combined with dual (tandem) scanner. ImageJ 

(v2.0.0) software was used to quantify relative protein levels expressed as mean 

fluorescence intensity (M.F.I.) or area coverage (μm^2), normalized to the total 

number of cells/field (the number of DAPI-stained nuclei). M.F.I./cell or area/cell was 

used to express the protein levels of interest per cell in the absence or presence of 

hSNCA PFFs respectively. In the case of primary oligodendroglial cell cultures the 

area of signal was normalized to the number of TPPP/P25A+ cells (marker for mature 

oligodendrocytes). 

 

Molecular Modelling 

The amino acid sequence of the human TPPP/P25A was obtained from the UniProt 

database (accession no: O94811). Using the Gapped-BLAST through NCBI the 

homologous human protein with PDB id 2JRF was identified, which was used as 

template for the homology modelling. The homology modelling of the TPPP/P25A 



31 

 

model was carried out using the RCSB entries 2JRF (human) and 1WLM (mouse) as 

template structures. The sequence alignment between the raw sequence of the all the 

above revealed more than 87% sequence identity, which allowed conventional 

homology modelling techniques to be applied. Electrostatic potential surfaces were 

calculated on grid points per side (65, 65, 65) and the grid fill by solute parameter was 

set to 80%. The dielectric constants of the solvent and the solute were set to 80.0 and 

2.0, respectively. An ionic exclusion radius of 2.0Å, a solvent radius of 1.4Å and a 

solvent ionic strength of 0.145 M were applied. Amber99 charges and atomic radii 

were used for this calculation. Energy minimizations were used to remove any 

residual geometrical strain in each molecular system, using the Charmm27 forcefield 

as it is implemented into the MOE suite. Molecular systems were then subjected to 

unrestrained Molecular Dynamics Simulations (MDS) using the MOE suite. MDS 

took place in a SPC water-solvated, periodic environment. Water molecules were 

added using the truncated octahedron box extending 7Å from each atom. Molecular 

systems were neutralized with counter-ions as required. For the purposes of this study 

all MDS were performed using the NVT ensemble in a canonical environment, at 300 

K and a step size equal to 2 femtoseconds for a total 100 nanoseconds simulation 

time. An NVT ensemble requires that the Number of atoms, Volume and Temperature 

remain constant throughout the simulation. 

 

KFERQ-like motif discovery 

The developed scoring methodology in an effort to identify hidden KFERQ-like 

motifs in TPPP/P25A that reads the primary amino acid sequence both from N’ to C’ 

term and vice versa. The methodology is based on the fusion and analysis of amino 

acid physicochemical and structural properties that resemble the reference properties 
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of the KFERQ motif. We calculated 435 molecular and physicochemical descriptors 

(dimensions) for each amino acid in an effort to be able to confidently scan the 

sequence of TPPP/P25A for KFERQ-like motifs. Only the KKRFK pentapeptide was 

discovered that meets the criteria for a KFERQ-like motif. The acceptable thresholds 

for each dimension used were calibrated and trained based on the properties of 

KFERQ and all known and established KREFQ-like motifs. The KFERQ-like motifs 

included from literature were: KFERQ, RKVEQ, QEKRV, QDLKF, QRFFE, 

DRIKQ, IRDLQ, QDIRR, QEFVR, QKIIE, DLLRQ, QKDFR, DFRKQ, KDLLQ 

(27). Therefore, the KFERQ likeness of KKRFK was based on an algorithm that has 

been trained on KFERQ and the 13 established KFERQ-like motifs. Our analysis 

exploits the dynamic and static information and metrics calculated in an effort to 

discover patterns and associations among them that will lead to induction of new rules 

updating the knowledge base and affecting the reasoning process. The combination of 

the multimodal data collected was used as new knowledge in the form of rules. These 

rules were exploited to update the reasoning system in order to make adaptive the 

reasoning processes, i.e., tailored to unique information and characteristics of each 

motif. Efficient mining of association rules generated a scaled quantification of 

KFERQ likeness based on 435 physicochemical dimensions. Not only our multimodal 

methodology on determining KFERQ-likeness, confirms that KKRFK is KFERQ-like 

based on 435 fused and analyzed physicochemical properties, but we also propose 

that our approach can be used as a standard of quantification of KFERQ-likeness 

henceforward.  

 

Isolation of lysosomes 
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To validate that TPPP/P25A is a CMA substrate, brain lysosomes were isolated from 

starved Sprague Dawley rats, as previously described (67, 68). Tissue was 

homogenized in 0.25 M sucrose (Applichem, A4734) and the lysosomes were 

removed from the light mitochondrial fraction using a Nycodenz (Ncd) density 

gradient after an ultracentrifugation at 141,000 x g for 1 hr. To examine the integrity 

of the isolated lysosomes, the enzymatic activity of β-hexosaminidase was measured 

and only when less of 10% of the lysosomes were broken the process could proceed. 

In our experiments the ability of isolated lysosomes to degrade recombinant 

TPPP/P25A was explored via western blot analysis using LAMP1, LAMP2A and 

cathepsin D (CTSD) as lysosomal markers. 

 

CMA of recombinant TPPP/P25A by isolated lysosomes  

Transport of human recombinant TPPP/P25A into isolated rat brain lysosomes was 

analyzed using an in vitro system as previously described (69). Briefly, 0.2 μg of 

recombinant TPPP/P25A were incubated with freshly isolated rat brain lysosomes in 

MOPS buffer (10 mM 3-[N-morpholino] propanesulfonic acid, [Sigma-Aldrich, 

M1254] pH 7.3, 0.3 M sucrose [Applichem, A4734]), in the presence of 0.6 μg 

recombinant HSPA8/HSC70 (Enzo Life Sciences, AD1-SPP-751-D) for 20 min at 

370C. Where indicated, lysosomes were pre-incubated with a cocktail of proteinase 

inhibitors (Roche, 11836153001) for 10 min at 00C. A competition assay utilizing 3x 

(0.6 μg) and 6x (1.2 μg) amount of human recombinant SNCA, a well-established 

CMA substrate (28) was also performed to further verify the contribution of CMA to 

TPPP/P25A proteolysis. At the end of the incubation, lysosomes were collected by 

centrifugation, washed and subjected to SDS-PAGE and immunoblotted for 

TPPP/P25A, SNCA, LAMP1, LAMP2A, CTSD and ACTB.  
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Intracellular protein degradation assay 

OLN cells were cultured to 60-70% confluence in 12-well plates in full DMEM and 

incubated with 1 μg/ml of hSNCA PFFs for 48 hrs. Total protein degradation was 

measured by pulse-chase experiments, by labeling PBS- or PFF-treated OLN cells 

with [3H] leucine (2 μCi/ml) (Leucine, L-3,4,5, NEN-Perkin Elmer Life Sciences, 

Belgium) at 37oC for 24 hrs. The cultures were then extensively washed with medium 

and returned in complete growth medium containing 2 mM of unlabeled leucine for 6 

hrs. This medium containing mainly short-lived proteins was removed and replaced 

with: fresh medium (DMEM + 0,5% FBS) containing cold leucine (control 

conditions), medium containing 20 mM NH4Cl (total lysosomal proteolysis) or 

medium containing 10 mM 3MA (macroautophagic degradation). The lysosomal 

degradation that remains unaffected by the use of 3MA was attributed to the CMA 

pathway, after the assumption that microautophagy can be considered minor (29).   

Aliquots of the medium were taken at 16 hrs after labeling and proteins in the medium 

were precipitated with 20% thrichloroacetic acid for 20 min on ice and centrifuged 

(10.000 X g, 10 min, 4oC). Radioactivity in the supernatant (representing degraded 

proteins) and pellet (representing undegraded proteins) was measured in a liquid 

scintillation counter (Wallac T414, Perkin Elmer). At the last time point, cells were 

lysed a mild lysis buffer, containing 0,1 N NaOH and 0,1% sodium deoxycholate. 

Proteolysis was expressed as the percentage of the initial total acid-precipitable 

radioactivity (protein) in the cell lysates transformed to acid soluble radioactivity 

(amino acids and small peptides) in the medium during the incubation (29).  

  

Proteasome Activity Assay 
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OLN cells were treated with 1 μg/ml of hSNCA PFFs for 48 hrs and the measurement 

of the CT-like enzymatic activity was accomplished with the use of the fluorescent 

properties of the synthetic peptide Suc-LLVY-AMC, as previously described (70). 

Suc-LLVY-AMC is a proteasomal substrate that releases a fluorescent molecule 

(AMC) after cleavage, with emission at 437 nm. The reaction was performed in 5 μg 

of total protein lysate, with the addition of a resuspension buffer [50 mM Tris-HCl 

with pH 7.6, 5 mM DTT, 10 mM ATP and 50mM MgCl2] and 100 μΜ of the 

fluorogenic substrate, followed by an incubation at 37° for 10 min. Reaction was 

terminated by addition of 5% SDS and the released fluorescence was calculated with 

a PerkinElmer LS-55 luminescence spectrophotometer.  

 

Assessment of survival 

Viable cells were quantified by counting the number of intact nuclei in a 

haemacytometer, after lysing the cells in detergent- containing solution (71, 72). This 

method has been shown to be reproducible and accurate and to correlate well with 

other methods of assessing cell survival-death (73, 74). In more detail, cells were 

resuspended in a detergent-containing lysis buffer (0.1x PBS, 0.5 % Triton, 2mM 

MgCl2, 0.013 mM ethyl-hexadecyl-dimethyl-ammonium bromide, 0.28 % glacial 

acetic acid and 2.82 mM NaCl) and two independent examiners blinded to the identity 

of the samples counted the number of intact nuclei with the aid of a haemocytometer. 

Cell counts were performed in triplicate and the results were presented as means ± 

SE.  

 

RNA extraction, cDNA synthesis and real-time PCR  
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Total RNA was extracted from OLN-AS7 and OLN-p25α cells treated with PBS or 

epoxomicin (15 nM) or NH4Cl (20 mM) for 24 or 48 hrs using TRIzol® reagent 

(Ambion, Thermo Fisher Scientific, Waltham, MA, USA). Following digestion with 1 

U/μg DNase I (Promega, Madison, WI, USA) 1 μg total RNA was used to synthesize 

the first strand cDNA according to the Moloney murine leukemia virus reverse 

transcription reaction system (Promega, Madison, WI, USA), which subsequently 

would be the template for the RT-PCR reaction. To this end, duplicates of each 

sample were analyzed using a Light Cycler 96 (Roche Applied Science, Mannheim, 

Germany) to determine the levels of human SNCA and TPPP/P25A mRNA and rat 

Gapdh was the reference gene for normalization. Primer sequences utilized in the 

study are shown in Table 2. Each cDNA sample was diluted 1:20 before use in the 

amplification assay. The utilized PCR conditions were 1× buffer (-Mg), 1.5 mm 

MgCl2, 0.2 mm dNTPs, 0.2 μm primers, template < 500 ng, 2 U Platinum Taq and 

SYBR Green (Roche, Mannheim, Germany), whereas the PCR cycling conditions 

were 95°C for 180 s, 95°C for 10 s, 60°C for 15 s, 72°C for 15 s (45 cycles), 95°C for 

60 s, 60°C for 60 s, 95°C for 10 s, 37°C for 30 s for human SNCA and 52°C for 120 s, 

95°C for 120 s, 95°C for 15 s, 59°C for 40 s (50 cycles), 95°C for 10 s, 55°C for 60 s, 

98°C for 1 s, 37°C for 30 s for human TPPP/P25A. No template samples served as 

negative controls. Data were analyzed automatically with a threshold set in the linear 

range of amplification. The cycle number at which any particular sample crossed that 

threshold (Ct) was used to determine fold difference, whereas the geometric mean of 

the control gene served as a reference for normalization. Fold difference was 

calculated with the 2−ΔΔCt method. 

 

Statistical analysis 
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All statistical analysis was performed utilizing GraphPad Prism 5. To be more 

specific, differences between or within groups were assessed by unpaired t-test, one-

way and two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test 

and Bonferroni’s correction, respectively. Results are displayed as the mean ± 

standard error (SE), with a p value of < 0.05 defined as statistically significant. 

Results are based on the analysis of three independent experiments with at least 

duplicate samples/condition within each experiment. 
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Tables 

Table 1: A table depicting the primary and secondary antibodies used either in 

western blot or immunocytochemistry including species reactivity and working 

dilutions. 

 

Primary 

Antibody 

against 

Clone Catalog 

number 

Working 

dilutions 

(WB) 

Working 

dilutions 

(ICC) 

Species 

Reactivity 

Company 

aggregated 

SNCA 

MJFR 

14-6-4-2 

ab209538 - 1/1000 rabbit Abcam 

human 

SNCA 

LB509 807701 - 1/1000 mouse Biolegend 

4B12  1/1000 - mouse GeneTex 

oxidized/ 

nitrated 

SNCA 

SYN303 824301 - 1/1000 mouse Biolegend 

rodent SNCA D37A6 4179 1/1000 1/400 rabbit CellSignaling 

total SNCA 

C20 sc7011R 1/1000      1/1000      rabbit Santa Cruz 

SYN1 610786 - 1/1000 mouse 

BD 

Transduction 
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Laboratories 

TUBA  62004 - 1/750 mouse 62004 

ACTB  TA309077 1/2000 - mouse OriGene 

LC3 

LC3B 

 PM036 

NB100-2220 

1/1000 

 

- 

1/200 

rabbit 

rabbit 

MBL 

Novus 

TPPP/P25A   1/1000 1/400 rabbit/rat  

SQSTM1/ 

p62 

 

PM045 1/1000 - rabbit MBL 

Ubiquitin  Z0458 1/1000 - rabbit DAKO 

 

Secondary 

antibody 

 

Catalog 

number 

 Working 

dilutions 

(ICC or 

WB) 

Species 

Reactivity 

Company 

Goat Anti-

Mouse IgG-

HRP 

conjugated 

 

AP124P 

 

1:10000 mouse Sigma-Aldrich 

Goat Anti-

Rabbit IgG-

HRP 

conjugated 

 

AP132P 

 

1/10000 rabbit Sigma-Aldrich 

CF555 red 

 20033  1/2000 rabbit Biotium 

 20030  1/2000 mouse Biotium 

 20096  1/2000 rat Biotium 

CF488A 

green 

 20012  1/2000 rabbit Biotium 

 20010  1/2000 mouse Biotium 

Cy5 

 

115-175-146 

 

1/400 mouse 

Jackson Imm. 

Affinipure 



40 

 

 

115-175-144 

 

1/400 rabbit 

Jackson Imm. 

Affinipure 

       

Dyes 

 

Catalog 

number 

 Working 

dilutions 

(ICC) 

 Company 

DAPI  10236276001  1/1000  Sigma- Aldrich 

 

 

Table 2: A table depicting the sequences of the siRNAs targeting the rat Lamp2a, 

as well as the human SNCA, TPPP/p25α and rat Gapdh primer sequences utilized 

in the RT-PCR. 

Target name siRNA design 

Rat Lamp2a siRNA sense (1) (Lsi1) CCAUCAUACUGGAUAUGAGdTdT 

Rat Lamp2a siRNA antisense (1) (Lsi1) CUCAUAUCCAGUAUGAUGGdTdT 

Rat Lamp2a siRNA sense (2) (Lsi2) GGUCUCAAGCGCCAUCAUAdTdT 

Rat Lamp2a siRNA antisense (2) (Lsi2) UAUGAUGGCGCUUGAGACCdTdT 

  

Oligo name Primer sequence (5΄→3΄) 

huSNCA-Rev CACCACACTGTCGTCGAATGG 

huSNCA-For CGCCTTGCCTTCAAGCCTTC 

huTPPP/p25α-Rev (1) CCGGACACATAGCCTGACTC 

huTPPP/p25α-For (1) GGGGTGACGAAAGCCATCTC 

huTPPP/p25α-Rev (2) CGAGATGGCTTTCGTCACCC 

huTPPP/p25α-For (2) AAGTCTTGCCGGACCATCAC 

Rat Gapdh-Rev TTCAGCTCTGGGATGACCTT 

Rat Gapdh-For TGCCACTCAGAAGACTGTGG 
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Figure Legends 

Figure 1 Both autophagy and the proteasome contributes to the degradation of the 

endogenous rat oligodendroglial SNCA. (A-C) Confocal microscopy with 

endogenous rodent-specific SNCA and TUBA antibodies reveals the cytoplasmic 

accumulation of the endogenous oligodendroglial SNCA in OLN-93 (A), OLN-AS7 

(B) and OLN-p25α cells (C) upon treatment with: proteasomal (epoxomicin, 15 nM) 

or autophagy (NH4Cl 20 mM, 3MA 10 mM) inhibitors for 48 hrs. Representative 

immunofluorescence images with antibodies against TUBA (green) and rat SNCA 

(red, D37A6 antibody) and DAPI staining are shown. Scale bar: 25 μm. (D) 

Quantification of the endogenous rat SNCA protein levels in OLN cells measured as 

μm2 area surface/cell following treatment with proteasomal (epox) or lysosomal 

(NH4Cl, 3MA) inhibitors for 48 hrs. Data are expressed as the mean ± SE of three 

independent experiments with duplicate samples/condition within each experiment; 

***p< 0.001, by one-way ANOVA with Tukey’s post hoc test (to compare between 

inhibitor-treated and untreated cells) or #p<0.05; ###p< 0.001 by two-way ANOVA 

with Bonferroni’s correction (to compare between the different OLN cell lines). (Ei) 

Representative immunoblots for rodent SNCA (D37A6 antibody), poly-ubiquitinated 

proteins, LC3I & II, and SQSTM1 (as macroautophagy markers), and ACTB (as 

loading control), verifying the increase of endogenous oligodendroglial SNCA protein 

levels in OLN-93 cells following lysosomal inhibition (NH4Cl, 48 hrs). (Eii) 

Quantification of the endogenous rat SNCA protein levels in OLN-93 cells treated 

with proteasomal (epox) or autophagy (NH4Cl, 3MA) inhibitors for 48 hrs. Data are 

expressed as the mean ± SE of three independent experiments with duplicate 

samples/condition within each experiment; *p<0.05, by one-way ANOVA with 

Tukey’s post hoc test. 
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Figure 2 Down-regulation of the CMA- and macroautophagy-related genes, Lamp2a 

and Atg5 leads to the accumulation of the endogenous rat oligodendroglial SNCA. (A-

C) Representative immunofluorescence images of OLN-93 (A), OLN-AS7 (B) and 

OLN-p25α cells (C) treated with two different siRNAs targeting the rat Lamp2a 

receptor (Lsi1/Lsi2, 60 nM) for 72 hrs. Scrambled RNA sequences (scr) were used as 

negative control. The antibodies utilized were against TUBA (green) and rat SNCA 

(red, D37A6 antibody). DAPI was used as a nuclear marker. Scale bar: 25 μm. (D) 

Quantification of the endogenous rat SNCA protein levels in OLN cells shown in A-C 

measured as μm2 area surface/cell. Data are expressed as the mean ± SE of three 

independent experiments with duplicate samples/condition within each experiment; 

*p<0.05; **<0.01; ***p< 0.001, by one-way ANOVA with Tukey’s post hoc test (to 

compare between siRNA-treated and untreated cells) or ##p< 0.01 by two-way 

ANOVA with Bonferroni’s correction (to compare between the different treated cell 

cultures). (E-G) Confocal microscopy images depicting the cytoplasmic accumulation 

of the rodent oligodendroglial SNCA (D37A6 ab, red) in OLN-93 (E), OLN-AS7 (F) 

and OLN-p25α cells (G) upon treatment with Atg5-siRNA (Atg5 si, 10 nM) or 

scrambled siRNA (scr) for 72 hrs. TUBA was used as a cytoskeletal marker and 

DAPI as a nuclear marker. Scale bar: 25 μm. (H) Quantification of the endogenous rat 

SNCA protein levels in OLN cells shown in E-G measured as μm2 area surface/cell. 

Data are expressed as the mean ± SE of three independent experiments with duplicate 

samples/condition within each experiment; **<0.01; ***p< 0.001, by one-way 

ANOVA with Tukey’s post hoc test.  

 

Figure 3 The overexpressed human SNCA accumulates upon pharmacological or 

molecular inhibition of the ALP in OLN-AS7 cells. (A-C) Representative 
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immunofluorescence images of OLN-AS7 cells treated with NH4Cl (20 mM) or with 

the macroautophagy inhibitor 3MA (10 mM) (Ai), or following siRNA delivery 

targeting Lamp2a  (Bi) or the autophagy-related Atg5 gene (Ci) using antibodies 

against human SNCA (red, LB509 antibody) and TUBA (green) and DAPI staining. 

Scale bar: 25 μm. Quantification of human SNCA protein levels in OLN-AS7 cells 

measured as Mean Fluorescence Intensity/cell (M.F.I./cell) following treatment with 

NH4Cl, 3MA for 48 hrs (Aii) or transfection with Lsi1/Lsi2 (60 nM) (Bii) or Atg5 si 

(10 nM) (Cii) for 72 hrs. Scrambled RNA sequences (scr) were used as negative 

control. Data are expressed as the mean±SE of three independent experiments with 

duplicate samples/condition within each experiment; *p<0.05; **p< 0.01, by one-way 

ANOVA with Tukey’s post hoc test.  (D-F) Representative immunoblots of human 

SNCA protein levels (using the human SNCA-specific 4B12 antibody) derived from 

OLN-AS7 cells following total lysosomal (NH4Cl) or macroautophagy inhibition 

(3MA) (Di), or CMA-dependent (Ei) or macroautophagy-related (Fi) gene silencing 

using Lamp2a- (Lsi1/Lsi2) and Atg5-si RNAs, respectively. Gene silencing was 

verified by the detection of LAMP2A or ATG5 protein levels. Scrambled RNA 

sequences (scr) were used as negative control. Antibodies against LC3I & II, and 

SQSTM1 were used as macroautophagy markers (Di) and ACTB as loading control. 

Quantification of the human SNCA protein levels in OLN-AS7 cells treated with (Dii) 

NH4Cl or 3MA for 48 hrs, (Eii) Lsi1/Lsi2 for 72 hrs and (Fii) Atg5 si for 72 hrs. Data 

are expressed as the mean±SE of three independent experiments with duplicate 

samples/condition within each experiment; *p<0.05; ***p<0.001, by one-way 

ANOVA with Tukey’s post hoc test. 
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Figure 4 The overexpressed human TPPP/P25A is increased following 

pharmacological or molecular inhibition of the ALP in OLN-p25α cells. (A-C) 

Representative immunofluorescence images of OLN-p25α cells showing the 

increased protein levels of human TPPP/P25A upon pharmacological (Ai) or 

molecular (Bi, Ci) inhibition of lysosomal pathways (total, CMA, macroautophagy) 

using antibodies against human TPPP/P25A (red) and TUBA (green) and DAPI 

staining. Scale bar: 25 μm.  Quantification of human TPPP/P25A protein levels in 

OLN-p25α cells measured as M.F.I./cell following treatment with NH4Cl, 3MA for 48 

hrs (Aii) or with Lamp2a-or Atg5-siRNAs for 72 hrs (Bii and Cii). Scrambled RNA 

sequences (scr) were used as negative control. Data are expressed as the mean±SE of 

three independent experiments with duplicate samples/condition within each 

experiment; *p<0.05; **p< 0.01, by one-way ANOVA with Tukey’s post hoc test. 

(D-F) Representative immunoblots of OLN-p25α cell lysates verifying the 

accumulation of TPPP/P25A protein levels upon lysosomal inhibition using either 

pharmacological inhibitors (Di) or gene silencing methods (Ei and Fi). Lamp2a and 

Atg5 downregulation was verified using antibodies against LAMP2A or ATG5 

proteins (Ei and Fi). Scrambled RNA sequences (scr) were used as negative control. 

Antibodies against LC3I & II, and SQSTM1 were used as macroautophagy markers 

(Di), and ACTB as a loading control. Quantification of the human TPPP/P25A protein 

levels in OLN-p25α cells treated with (Dii) NH4Cl or 3MA for 48 hrs, (Eii) Lsi1/Lsi2 

(60 nM) for 72 hrs and (Fii) Atg5 si (10 nM) for 72 hrs. Data are expressed as the 

mean±SE of three independent experiments with duplicate samples/condition within 

each experiment; *p<0.05, by one-way ANOVA with Tukey’s post hoc test. 
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Figure 5 The oligodendroglial-specific protein TPPP/P25A is a putative CMA 

substrate, containing a KFERQ-like motif necessary for CMA targeting. (A) i) The 

superposed TPPP/P25A protein from human (magenta), mouse (orange) and the 

human model (turquoise), ii) The superposed X-Ray structures and the model with the 

KKRFK motif highlighted, iii) The KKRFK motif with electrostatic surface. Notice 

that the KFERQ-like motif region is in a loop, surrounded by two α-helices, fully 

exposed to the solvent. (B) Representative immunoblots of recombinant TPPP/P25A 

in vitro degradation via isolated rat brain-derived lysosomes. Lysosomes were 

incubated with 0.2 μg recombinant human TPPP/P25A protein in the absence or 

presence (as negative control) of protease inhibitors (PIs). The addition of increasing 

amounts of recombinant human monomeric SNCA (0.6 μg or 1.2 μg) reveals the 

competition of the two proteins (SNCA and TPPP/P25A) for LAMP2A binding and 

CMA degradation. Human recombinant HSPA8/HSC70 was used for the substrate 

translocation to the lysosomes. Lysosomal enrichment was verified by the detection of 

LAMP2A, LAMP1 and CTSD and equal loading with ACTB and CTSD proteins. (C) 

Quantification of the relative levels of human recombinant TPPP/P25A protein 

(versus CTSD levels) in the presence or the absence of PIs or recombinant human 

monomeric SNCA Data are expressed as the mean±SE of three independent 

experiments; *p<0.05, by one-way ANOVA with Tukey’s post hoc test. 

 

Figure 6 Both the exogenously added human SNCA (hSNCA PFFs) and the recruited 

endogenous rat oligodendroglial SNCA are partly degraded via the ALP, without 

impairing the total lysosomal activity. (A-C) Representative immunofluorescence 

images of OLN-93 (A), OLN-AS7 (B) and OLN-p25α (C) cells treated with NH4Cl 

(20 mM), 3MA (10 mM) or epoxomicin (epox, 15 nM) for 16 hrs following their 
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incubation with 1 μg/ml hSNCA PFFs for 32 hrs. (D-F)  Quantification of the 

endogenous rodent SNCA (D), human SNCA (E) or TPPP/P25A (F) protein levels in 

OLN-93, OLN-AS7 and OLN-p25α cells shown in A-C measured as μm2 area 

surface/cell. Data are expressed as the mean ± SE of three independent experiments 

with duplicate samples/condition within each experiment; *p<0.05; **p< 0.01, by 

one-way ANOVA with Tukey’s post hoc test (to compare between inhibitor-treated 

and untreated cells) or #p<0.05; ##p< 0.01 by two-way ANOVA with Bonferroni’s 

correction (to compare between the different treated cell cultures). (G) Representative 

immunoblots of the UREA-soluble protein lysates of OLN-93 cells treated with 1 

μg/ml hSNCA PFFs (32 hrs) followed by their incubation with the pharmacological 

inhibitors epox or NH4Cl for 16 hrs. Both human (4B12 antibody) and total 

(endogenous + human) SNCA (C20 antibody) seem to accumulate in the UREA-

soluble fraction of OLN-93 cells treated with epox or NH4Cl following incubation 

with 1 μg/ml hSNCA PFFs. Antibodies against LC3I & II, and SQSTM1 were used as 

macroautophagy markers and ACTB as loading control. (H) Quantification of 

monomeric and High Molecular Weight (HMW) species of human (Hi and Hii) and 

total (Hiii and Hiv) SNCA detected in the UREA-soluble fraction of OLN-93 cells 

treated with 1 μg/ml PFFs and epox or NH4Cl for a total of 48 hrs. Data are expressed 

as the mean±SE of three independent experiments. (I) Lysosomal degradation of 

long-lived proteins is increased in OLN cells upon treatment with 1 μg/ml hSNCA 

PFFs for a total of 96 hrs. OLN cells incubated with hSNCA PFFs for 48 hrs were 

labeled with [3H] leucine for another 48 hrs (2 µCi/ml). 16 hrs prior to media 

collection, cells were treated with or without NH4Cl (20 mM) or 3MA (10 mM) and 

degraded proteins were assayed. The rate of total (Ii) (inhibitable by NH4Cl), 

macroautophagic (Iii) (inhibitable by 3MA) or CMA-dependent (Iiii) long-lived 
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protein degradation in all OLN cells is shown. The increased total lysosomal 

degradation upon PFF treatment seems to be attributed to the induction of 

macroautophagy in OLN-93 cells or CMA in OLN-AS7 and OLN-p25α cells. Data 

are expressed as the mean ± SE of three independent experiments; *p<0.05; **p< 

0.01, by one-way ANOVA with Tukey’s post hoc test (to compare between PBS- and 

hSNCA PFFs-treated cells) or #p<0.05; ##p< 0.01 by two-way ANOVA with 

Bonferroni’s correction (to compare between the different OLN cells). 

 

Figure 7 TPPP/P25A overexpression favors the degradation of both exogenously 

added (hSNCA PFFs) and recruited endogenous oligodendroglial SNCA 

preferentially via CMA and not via macroautophagy. (A-C) Representative 

immunofluorescence images of OLN-93, OLN-AS7 and OLN-p25α cells incubated 

with 1 μg/ml hSNCA PFFs added at 24 hrs following transfection with Lamp2a- 

(Lsi1/Lsi2, 60 nM), Atg5-siRNAs (Atg5 si, 10 nM) or scr siRNA (control) for another 

48 hrs, using antibodies against the endogenous rodent SNCA (red, D37A6 antibody), 

human SNCA (green, LB509 antibody) and TPPP/P25A (grey) and DAPI staining. 

Scale bar: 25μm. (D-F) Quantification of the endogenous rodent SNCA (Di, Dii), 

human SNCA (Ei-Eii) or TPPP/P25A (Fi-Fii) protein levels in OLN-93, OLN-AS7 

and OLN-p25α cells shown in A-C measured as μm2 area surface/cell. Data are 

expressed as the mean ± SE of three independent experiments with duplicate 

samples/condition within each experiment; *p<0.05; **p< 0.01; ***p< 0.001, by one-

way ANOVA with Tukey’s post hoc test. 

 

Figure 8 Addition of hSNCA PFFs does not impair autophagosome formation, but 

seems to interfere with the fusion of autophagosomes with the lysosome in all OLN 
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cell lines. (A-B) Representative immunofluorescence images of OLN-93, OLN-AS7 

and OLN-p25α cells transfected with GFP/RFP-LC3 (A) or GFP/mcherry-SQSTM1 

(B) constructs for 48 hrs. Cells were incubated with PBS (as control) or with 1 μg/ml 

hSNCA PFFs 6 hrs post-transfection with the fluorescent constructs and the 

autophagic flux was assessed via confocal microscopy. Incubation of OLN-93 cells 

with NH4Cl (20 mM) for 16 hrs was used as a positive control for the inhibition of 

lysosomal fusion. DAPI is used as a nuclear marker. Scale bar: 25 μm. (C-D) 

Calculation of the GFP:RFP (in case of LC3 cDNA) or GFP:mcherry (in case of 

SQSTM1 cDNA) fluorescence ratio as an estimation of autophagic flux. The ratio 

increases when autophagic flux is low, as presented in the graphs. Data are expressed 

as the mean ± SE of three independent experiments with duplicate samples/condition 

within each experiment; ***p< 0.001, by one-way ANOVA with Tukey’s post hoc 

test. 

 

Figure 9 Pharmacological enhancement of CMA (AR7) or macroautophagy 

(rapamycin) decreases overexpressed human SNCA (OLN-AS7 cells) and 

TPPP/P25A (OLN-p25α cells) protein levels under basal conditions. (A-B) Confocal 

microscopy with antibodies against human SNCA (A, red, LB509 antibody) and 

TPPP/P25A (B, red) reveals the enhanced degradation of these proteins upon 

treatment of OLN-AS7 and OLN-p25α cells with 40 μM AR7 (CMA enhancer) or 1 

μM rapamycin (rap, macroautophagy enhancer) for 48 hrs. TUBA is used as a 

cytoskeletal marker (green) and DAPI as a nuclear marker. Scale bar: 25 μm. (C-D) 

Quantification of human SNCA (C) and TPPP/P25A (D) protein levels in OLN-AS7 

and OLN-p25α cells respectively, measured as M.F.I./cell following treatment with 

AR7 or rap for 48 hrs. Data are expressed as the mean±SE of three independent 
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experiments with duplicate samples/condition within each experiment; **p< 0.01; 

***p<0.001, by one-way ANOVA with Tukey’s post hoc test. (Ei, Fi) Representative 

immunoblots of protein cell lysates derived from OLN-AS7 (Ei) and OLN-p25α cells 

(Eii) demonstrating the decline of human SNCA (4B12 antibody) and TPPP/P25A 

protein levels upon treatment of cells with AR7 or rap for 48 hrs. Antibodies against 

LC3I & II, and SQSTM1 were used as macroautophagy markers and ACTB as 

loading control. (Eii, Fii) Quantification of human SNCA (Eii) and TPPP/P25A (Fii) 

protein levels vs ACTB in OLN-AS7 and OLN-p25α cells, respectively, treated with 

AR7 or rap for 48 hrs. Data are expressed as the mean±SE of three independent 

experiments; ***p<0.001, by one-way ANOVA with Tukey’s post hoc test. 

 

Figure 10 Pharmacological augmentation of CMA or macroautophagy accelerates the 

clearance of aberrant SNCA conformations formed in PFF-treated oligodendrocytes. 

(A-C) Representative immunofluorescence images using antibodies against the 

endogenous rodent SNCA (red, D37A6 antibody), the human SNCA (green, LB509 

antibody) and TPPP/P25A (grey) proteins are shown. DAPI is used as nuclear marker. 

Scale bar: 25 μm. (D-F) Quantification of the recruited endogenous rodent (Di), the 

exogenously added human (Dii) SNCA, the overexpressed human TPPP/P25A (in 

OLN-p25α cells) (Ei) and the pathological oxidized/nitrated (Eii), the aggregated (Fi) 

and the total (rodent + human) (Fii) SNCA protein levels in all OLN cells treated with 

40 μM AR7 or 1 μM rap (16 hrs) following the addition of 1 μg/ml hSNCA PFFs for 

a total of 48 hrs. Data are expressed as the mean ± SE of three independent 

experiments with duplicate samples/condition within each experiment; *p<0.05; **p< 

0.01; ***p< 0.001, by one-way ANOVA with Tukey’s post hoc test (to compare 

between enhancer-treated and untreated cells) or #p<0.05 by two-way ANOVA with 
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Bonferroni’s correction (to compare between the different OLN cell lines). (G) 

Representative immunoblots of the SDS-soluble SNCA species of control OLN-93 

cells incubated with 1 μg/ml hSNCA PFFs for 32 hrs followed by addition of AR7 or 

rap for 16 hrs using antibodies against hSNCA (4B12 antibody) or total (rodent + 

human) SNCA (SYN1 antibody). Equal loading was verified by the detection of 

ACTB levels. (H) Quantification of monomeric and HMW species of human (Hi and 

Hii) and total (rodent + human) (Hiii and Hiv) SNCA levels detected in the SDS-

soluble fraction of OLN-93 treated with 1 μg/ml hSNCA PFFs for 32 hrs and AR7 or 

Rap for additionally 16 hrs. Data are expressed as the mean±SE of three independent 

experiments; *p< 0.05, by one-way ANOVA with Tukey’s post hoc test. (I) 

Representative immunoblots of the UREA-soluble protein fraction derived from 

OLN-93 cells treated with AR7 or rap following hSNCA PFFs addition. Antibodies 

against rodent SNCA (D37A6 antibody), hSNCA (4B12 antibody) or total (rodent + 

human) SNCA (SYN1 antibody) verified the decrease of the protein levels detected in 

this fraction upon addition of CMA (AR7) or autophagy (rap) enhancers. ACTB was 

used as loading control. (J-L) Quantification of monomeric and HMW species of 

rodent (Ji and Jii), human (Ki and Kii) and total (endogenous + human) (Li and Lii) 

SNCA levels detected in the UREA-soluble fraction of OLN-93 cells treated with 1 

μg/ml hSNCA PFFs and the autophagy modulators. Data are expressed as the 

mean±SE of three independent experiments; *p<0.05; **p< 0.01; ***p< 0.001, by 

one-way ANOVA with Tukey’s post hoc test. 

 

Figure 11 The MSA-related proteins TPPP/P25A and SNCA are mainly degraded via 

the ALP in murine primary oligodendroglial cultures, under physiological and 

pathological conditions. Mouse primary oligodendroglial cultures were incubated 



51 

 

with PBS (as control) or hSNCA PFFs for 24 hrs followed by their treatment with 

lysosomal or proteasomal inhibitors for another 48 hrs. (A-B) Representative confocal 

microscopy images depicting the protein levels of TPPP/P25A (red) upon total 

lysosomal (NH4Cl, 20 mM), macroautophagic (3MA, 10 mM) or proteasomal (epox, 

15 nM) inhibition (for 48 hrs) in the absence (A) or presence (B) of 1 μg/ml hSNCA 

PFFs for a total of 72 hrs. The recruited endogenous rodent SNCA (green, D37A6 

antibody) and the exogenously added hSNCA PFFs (grey, LB509 antibody) also seem 

to be preferentially degraded via the ALP under pathological (B, PFFs-treated) 

conditions. DAPI staining is used as a nuclear marker. Scale bar: 25 μm. (C) 

Quantification of TPPP/P25A (Ci, Cii), rodent SNCA (Di, Dii) and human SNCA (E) 

protein levels in PBS or PFF-treated primary oligodendrocytes, measured as μm2/cell. 

Data are expressed as the mean±SE of three independent experiments with duplicate 

samples/condition within each experiment; *p<0.05; **p< 0.01; ***p< 0.001, by one-

way ANOVA with Tukey’s post hoc test. (F-G) Representative immunofluorescence 

images of TPPP/P25A (red), rodent SNCA (green, D37A6 antibody) and hSNCA 

(grey, LB509 antibody) protein levels upon treatment of mouse oligodendrocytes with 

AR7 (40 μΜ) or rap (1 μΜ) for 48 hrs, which were added to cells 24 hrs following 

addition of PBS, as control, (F) or 1 μg/ml hSNCA PFFs (G). DAPI is used as a 

nuclear marker. Scale bar: 25 μm. (H) Quantification of TPPP/P25A (Hi, Hii), rodent 

SNCA (Hiii) and human SNCA (Hiv) protein levels in PBS or PFF-treated primary 

oligodendrocytes, measured as μm2/cell. Data are expressed as the mean±SE of three 

independent experiments with duplicate samples/condition within each experiment; 

*p<0.05; **p< 0.01; ***p< 0.001, by one-way ANOVA with Tukey’s post hoc test. 
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