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Abstract 

Lipids represent key macromolecules of vital importance for the maintenance of brain 

homeostasis, from a structural and a signaling point of view. Lipid droplets (LDs), the storage 

organelles of the lipids, are selectively degraded by macroautophagy in several tissues, a process 

known as lipophagy. There is a growing body of literature, suggesting that lipophagy provides 

the platform for utilization of lipids not only as energy resources, but also as signaling 

molecules. However, the role of lipophagy in the central nervous system (CNS) is poorly 

understood. Here, we try to address if lipophagy regulates the mobilization of lipids in neurons, 

by monitoring two LD protein markers, RAB18 and PLIN2. We report that, RAB18 appears to 

be a positive modulator of autophagy, whereas PLIN2 protein acts as an autophagic substrate. 

The absence of colocalization of RAB18 and PLIN2 suggest the existence of two distinct LD 

populations with potential diverse functions. This hypothesis is further supported by the different 

localization of these two markers on the autophagosome. Interestingly, there is strong evidence 

of RAB18 localization in the ER and nuclei compartments in CNS, while mounting evidence 

support a positive association of RAB18 and autophagosomal biogenesis. In addition, synaptic 
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and cytoskeletal proteins were primarily identified as autophagic cargo from the forebrain of 

young and mature animals, by conducting Tandem Mass Spectrometry proteomic analyses. Thus, 

the association of autophagy to synaptic and cytoskeletal functions is highlighted. Overall, our 

findings emphasize the presence of distinct LD populations in neurons, which are regulated via 

the lipophagy mechanism, and may maintain synaptic homeostasis. To our knowledge, this is the 

first study indicating that RAB18 and PLIN2 associate with lipophagy in CNS. Last, this study 

draws the initial route of characterizing the autophagic cargo of forebrain amongst young and 

mature animals, providing important evidence for autophagy’s role across maturation in the 

brain. 
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Περίληψη 

Τα λιπίδια αντιπροσωπεύουν βασικά μακρομόρια ζωτικής σημασίας για τη διατήρηση της 

ομοιόστασης του εγκεφάλου, από δομική και σηματοδοτική άποψη. Τα σταγονίδια λιπιδίων 

(LDs), τα οργανίδια αποθήκευσης των λιπιδίων, αποικοδομούνται επιλεκτικά με 

μακροαυτοφαγία σε αρκετούς ιστούς, μια διαδικασία γνωστή ως λιποφαγία. Ένα ολοένα 

αυξανόμενο σώμα βιβλιογραφίας υποδηλώνει ότι η λιποφαγία συμμετέχει στη κινητοποίηση των 

λιπιδίων, τα οποία δρουν στα κύτταρα ως μόρια σηματοδότησης και ως ενεργειακοί πόροι. 

Ωστόσο, ο ρόλος της λιποφαγίας στο κεντρικό νευρικό σύστημα (ΚΝΣ) είναι ελάχιστα 

κατανοητός. Στη συγκεκριμένη διπλωματική εργασία διερευνούμε εάν η λιποφαγία ρυθμίζει την 

κινητοποίηση λιπιδίων στους νευρώνες, παρακολουθώντας δύο πρωτεϊνικούς δείκτες των LD, 

τους RAB18 και PLIN2. Αναφέρουμε ότι η RAB18 πρωτεΐνη φαίνεται να είναι ένας θετικός 

διαμορφωτής της αυτοφαγίας, ενώ η πρωτεΐνη PLIN2 δρα ως αυτοφαγικό υπόστρωμα. Η 

απουσία συνεντόπισης των RAB18 και PLIN2 υποδηλώνει την ύπαρξη δύο ξεχωριστών LD 

πληθυσμών με πιθανές διαφορετικές λειτουργίες. Αυτή η υπόθεση υποστηρίζεται περαιτέρω από 

τον διαφορετικό εντοπισμό αυτών των δύο δεικτών στο αυτοφαγόσωμα. Είναι ενδιαφέρον ότι 
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υπάρχουν ισχυρές ενδείξεις για τον εντοπισμό του RAB18 στο ενδοπλασματικό δίκτυο (ER) και 

στους πυρήνες στο ΚΝΣ, ενώ τα αυξανόμενα στοιχεία υποστηρίζουν μια θετική συσχέτιση του 

RAB18 και της βιογένεσης των αυτοφαγωσωμάτων. Επιπλέον, συναπτικές και 

κυτταροσκελετικές πρωτεΐνες προσδιορίστηκαν ως ένα από τα κύρια αυτοφαγικά φορτία από 

τον πρόσθιο εγκέφαλο των νεαρών και ώριμων ζώων, με τη διεξαγωγή αναλυτικών πρωτεϊνικών 

αναλύσεων Tandem Mass Spectrometry. Με τον τρόπο αυτό,τονίζεται η συσχέτιση της 

αυτοφαγίας με τις συναπτικές και κυτταροσκελετικές λειτουργίες του εγκεφάλου. Συνολικά, τα 

ευρήματά μας υπογραμμίζουν την παρουσία ξεχωριστών LD πληθυσμών σε νευρώνες, οι οποίοι 

ρυθμίζονται μέσω του μηχανισμού λιποφαγίας και μπορεί να διατηρούν τη συναπτική 

ομοιόσταση. Μέχρι τώρα, αυτή είναι η πρώτη μελέτη που δείχνει ότι οι RAB18 και PLIN2 

πρωτεΐνες σχετίζονται με τη λιποφαγία στο ΚΝΣ. Τέλος, η μελέτη αυτή χαρακτηρίζει σε έναν 

αρχικό βαθμό το αυτοφαγικό φορτίο του πρόσθιου εγκεφάλου μεταξύ των νεαρών και ώριμων 

ζώων, παρέχοντας σημαντικά στοιχεία για τον ρόλο της αυτοφαγίας στην ωρίμανση του 

εγκεφάλου. 
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Introduction 

The characterization of AuTophaGy-related gene family (Atg)
1
 in Saccharomyces cerevisiae, 

illuminated and acknowledge a field initiated by Christian de Duve, who introduced the term of 

autophagy as a vital part of maintaining cellular homeostasis
2,3

. Autophagy (from the Greek 

word αυτοφαγία, meaning “eat yourself”), is a major degradative process, which primary goal is 

to deliver cytoplasmic entities to the final destination, the lysosomes. Autophagy is a broad 

definition, which comprises of three autophagic subtypes
4
. Chaperon-mediated autophagy 

(CMA) mediates the transport of intracellular proteins, targeted to their specific motif “KFERQ” 

by heat shock cognate 71 kDa protein (HSPA8) chaperone
5
, directly to lysosomes

6
. It has been 

documented that CMA does not participate to the catabolism of lipids or other molecular 

compounds, but targets only soluble proteins
7
. Microautophagy includes the immediate 

engulfment of cytoplasmic material by the lysosome (mammals) or vacuole (yeast and plants), 

via invagination of their membranes
8
. This kind of autophagy also contributes to the degradation 

of organelles, including lipid droplets
9,10

 and mitochondria
11

, while recently a cross-talk  between 

CMA and microautophagy was reviewed in extent
12

.  

The third and most well characterized autophagy variant is macroautophagy (hereafter termed as 

autophagy), the only subtype that recruits a double-membrane organelle, the autophagosome 

(AV), destined for targeting intracellular content to the lysosome
13

. It is strongly believed that, 

the AV formation initiate to the endoplasmatic reticulum (ER)
14

, although nearly every 

subcellular compartment contributes to this process
15

. More specifically, in response to amino 

acid scarcity, the mammalian target of rapamycin (mTOR) is inactivated. Following this event, 
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the isolation membrane or phagophore is formed when a serine-threonine kinase complex (ULK 

complex) assemblies and translocates to a specific ER location, marked by autophagy-related 

protein 9A (ATG9A)
16

. . Phagophore initiation takes place in a structure, positively stained for 

zinc finger FYVE-type containing 1 (ZFYVE1 or DFCP1), the omegasome
14

. ULK complex 

includes unc-51-like autophagy activating kinase 1&2 (ULK1, ULK2), RB1 inducible coiled-coil 

1 (RB1CC1 or FIP200), autophagy-related protein 13 (ATG13) and autophagy-related protein 

101 (ATG101). These four proteins represent the pre-autophagosomal structure (PAS) 

components, core machinery for the biogenesis of the phagophore. Both FIP200 and ATG13 are 

essential for the localization and stability of ULK1 to the phagophore
17

. ULK1 is further 

stabilized to the PAS complex by the assistance of ATG13-binding protein, ATG101
18,19

. 

Concomitantly, ULK1 phosphorylates ATG9A
20

, an event that promotes the expansion of the 

isolation membrane, by incorporating phospholipids from several sources, such as mitochondria, 

ER and recycling endosomes
21

. In parallel, a group of proteins belonging to class III 

phosphatidylinositol 3-kinase (PtdIns3-kinase – PI3K) family are recruited with the ultimate 

purpose of the expansion of the isolation membrane. This family consists of beclin 1 (BECN1), 

phosphatidylinositol 3-kinase catalytic subunit type 3 (PIK3C3 or VPS34) and beclin 1-

associated autophagy-related key regulator (ATG14L), among others. ATG14L associates with 

BECN1
22

, a fundamental subunit of PI3K complex that promotes the formation of 

phosphatidylinositol 3-phosphate (PtdIns3P or PI3P)
23

. Simultaneously, activated VPS34 also 

produces PI3P, leading to further elongation of the phagophore
24

, while members of the human 

WD-repeat protein interacting with phosphoinositides (WIPI) family have been characterized as 

important PI3P-binding effectors, autophagy-specific
25

. The two main ubiquitination-like events 

that promote the elongation of the autophagosomal membrane include the conjugation of Atg12 
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to Atg5 by Atg7 (resembling E1 ubiquitin-activating enzyme) and Atg10 (resembling E2 

ubiquitin-conjugating enzyme). The Atg12-Atg5 complex associates with Atg16L1, and this 

three-member complex binds to the isolation membrane
26

. Additionally, members of the 

mammalian Atg8 family (MAP1LC3 or LC3- microtubule-associated protein light chain 3, 

GABARAP - γ-aminobutyric acid receptor-associated protein) are conjugated to 

phosphatidylethanolamine (PE). LC3, the best characterized member, conjugates to PE via Atg7 

and Atg3, resulting in the lipidated form of LC3, LC3-II. In this conformation, LC3-II becomes 

an integral part of both membranes of the AV and remains intact after the AV-lysosomal or AV-

endosomal fusion, to create the autolysosome of amphisome, respectively
26

. The closed, mature 

AV fuses with the lysosome, by incorporating its outer membrane to the lysosomal single 

membrane. The delivered cargo, along with the inner autophagosomal membrane, is degraded by 

lysosomal hydrolases, while LC3-II of the outer autophagosomal membrane is de-lipidated and 

recycled back to the cytoplasm. The AV-lysosome fusion depends on a great variety of 

cytoskeletal proteins, phospholipids and SNARE complexes
13

. 

Since autophagy acts as a homeostatic mechanism for the cell, it is anticipated to be strictly 

regulated. The main negative regulator of autophagy is mTOR
27

. Precisely, under amino acid 

supply, the lysosomal vacuolar-type H+-translocating ATPase, conjugated with Ragulator 

complex and RRAG proteins, target the mammalian target of rapamycin complex 1 (mTORC1) 

to the lysosomal membrane
28

, where it is activated by RHEB GTPase
29

. Activated mTOR 

inhibits ULK1, through phosphorylation
30

. Moreover, glucose supply can modulate autophagy, 

as activated protein kinase A (PKA) inhibits AMP-activated protein kinase (AMPK)
31

, a key 

inhibitor of mTORC1. AMPK phosphorylates the mTORC1 subunit RPTOR/raptor and the 
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tuberous sclerosis proteins 2 (TSC2), both of which result in attenuation of mTORC1
32

. AMPK 

also promotes autophagic responses, as activates ULK1 by phosphorylation
30

. Apart from post-

translational regulatory mechanisms, autophagy is regulated in the transcriptional level as well. 

Inactivation of mTORC1 results in the translocation of the unphosphorylated transcription factor 

EB (TFEB) from the cytoplasm to the nucleus, where it mediates the transcription of several 

genes, responsible for autophagic machinery and the biogenesis of lysosome
33

. Furthermore, 

lipid metabolism contributes to autophagy regulation. Excessive amount of lipids are described 

to block autophagy, by inhibiting AV-lysosome fusion, or disrupting the function of lysosomal 

hydrolases or lysosome acidification
34,35

.  On the contrary, free fatty acids (FFA), for example 

oleic acid, an unsaturated fatty acid, inhibit mTORC1 or implicate the PKR–JNK (RNA-

dependent protein kinase- c-Jun N-terminal kinase) pathway, thus increasing autophagy
36,37

. 

Though autophagy was thought to represent a bulk catabolic machinery, a growing body of 

literature support the selectivity of this process, highlighting the presence of selective autophagy 

receptors (SARs) that directly target intracellular contents for degradation
38

 and the role of cargo 

morphology to its own recognition by AVs
39

. For example, sequestosome-1 (SQSTM1 or 

ubiquitin-binding protein p62) and autophagy-linked FYVE protein (ALFY) represent two of the 

best described autophagic receptors, which intercede the degradation of ubiqutinated cargos
40,41

. 

The characterization of the LC3 interacting region (LIR) motif, a core consensus sequence of 

[W/F/Y]xx[L/I/V], present in the protein sequence of several cargoes, pioneered the field of 

selective autophagy
42

. In general, apart from intracellular proteins, autophagic substrates can 

consist of bacteria, (xenophagy), viruses (virophagy), lipid droplets (lipophagy), aggregates 

(aggrephagy), mitochondria (mitophagy), peroxisomes (pexophagy), ribosomes (ribophagy), 

nucleus (nucleophagy), ER (reticulophagy), inactive proteasomes (proteophagy) and lysosomes 
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(lysophagy)
4,43

. Autophagic cargo is of great significance, since its degradation maintains the 

basal cellular homeostasis. Presently, with the development of new mass spectrometry 

techniques, the proteome of autophagic structures begins to be elucidated. A variety of studies 

focus on whole cell proteomes from diseased cells and model organisms, whereas others target 

the contents of specific organelles, as autophagosomes and lysosomes under physiological 

conditions from several cell and tissue types. What’s more, secretome proteomics consist an 

emerging research field
44

. It is widely held view that proteomic and lipidomic analyses pioneer 

our understanding of autophagic machinery, since the engulfed cargo is directly identified in 

numerous healthy or pathological circumstances. 

Lipophagy describes the selective autophagic process of neutral lipid droplets (LDs), thus 

promoting release of fatty acids to the cytosol. In a next step, fatty acids undergo β-oxidation in 

mitochondria for energy requirements
45,46

. Actually, macrolipophagy (hereafter refer to as 

lipophagy), the selective sequestration of LDs by macroautophagy, was the initial description of 

lipophagy, introduced to the field by Singh, Kaushik and colleagues on 2009. Specifically, it was 

identified that, either pharmacological or genetic inhibition of autophagy in hepatocytes 

promotes the storage of TG into LDs. Extensive electron microscopy showed that LDs are 

delivered to lysosomes via AVs, while LDs and AVs association was prominent during nutrient 

scarcity in vivo
47

. Nowadays, LDs are considered as extremely dynamic organelles, with high 

regulatory aspects, and a complete different spatial organization, size and number, within and 

between distinct cell types. LDs morphology includes a hydrophobic lipid core of triglycerides 

(TG), sterol esters (SE) and retinyl esters (RE). TG are composed by two pathways, the 

monoacylglycerol and glycerol phosphate pathways, whereas SE are the final molecules of sterol 
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ester synthesis pathway
48

. RE are composed by the esterification of the C-terminus of retinol
49

. 

The synthesis of TG, SE and RE is the first step of LDs biogenesis, which occurs in a specialized 

structure of the endoplasmatic reticulum (ER) bilayer, the lens. Ultimately, following this 

accumulation, an initial LD (iLD) is created and buds from the ER bilayer. iLD can reconnect to 

the ER, when its surface tension is increased, an event provoked by coat protein complexes I 

(COPI). This connection allows for various, ER originated, proteins, to tether and facilitate LD 

expansion (eLD), due to TG synthesis
50

. LD hydrophobic core is surrounded by a phospholipid 

monolayer, where several proteins are tethered. These proteins, originated from the ER bilayer 

(Class I) or the cytosol (Class II), attach to LD surface by lipid-anchors, hairpin or amphipatic 

helices
51,52

. Although the majority of literature strongly supports the ER as the LDs biogenesis 

site, a recent study offers proof of a nuclear LD formation (nLD) in hepatic cell lines and 

primary hepatocytes
53

. Intriguingly, LDs core material (TG and SE) aids to the formation of PAS 

after fasting-induced autophagy
54

, elucidating the crucial importance of lipids in the 

autophagosomal membrane, a poorly understood field
55

. 

There is a plethora of identified proteins, that coat LD surface
56

. Of particular interest, Ras-

related protein Rab-18 (RAB18) and perilipin-2 (PLIN2) proteins are localized to LD surface 

and are ubiquitously expressed in all cells. RAB18 and PLIN2 simultaneous expression has been 

studied in HepG2 cells, where their intensities appeared to be reciprocal. However, the 

overexpressed RAB18 (EGFP-RAB18) and PLIN2 showed hardly any overlapping, suggesting 

of the possible existence of two different LD populations
57

. RAB18 belongs to the small-

GTPases family, and cycles between two conformations, the inactive GDP-bound and the active 

GTP-bound form. It is known that guanine nucleotide exchange factors (GEFs) mediate the 
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exchange of GDP to GTP, stimulating the binding of small-GTPases to their target membranes
58

. 

To our knowledge, two proteins have been suggested to act as GEFs for RAB18, Rab3GAP 

(Rab3 GTPase-activating protein) complex
59

 and TRAPPII (trafficking protein particle complex 

II)
60

. Interestingly, both studies describe an association of RAB18 and ER, with Rab3GAP 

complex to be essential for the direct tethering of RAB18 to ER, while COPI-TRAPPII 

association in the ER, facilitates the direct binding of RAB18 to LDs, which in turn mediates an 

ER-LD communication bridge. RAB18 role in ER-LD contact sites is further supported in a 

recent study, where LD-tethered RAB18 bounds exclusively to ER associated NAG-RINT1-

ZW10 (NRZ) tethering complex, which in turn is connected to ER-associated SNAREs 

(Syntaxin18, Use1, BNIP1)
61

. RAB18 exploits a lipid-anchor to attach to LD surface
62

, and has 

been suggested to be an exclusive LD resident amongst all the characterized Rabs in several 

tissue and cell types
57,63,64

. RAB18 is documented to be a positive modulator of autophagy
65

, 

while its GEF, RAB3GAP, also modulates basal autophagy
66

. Remarkably, according to a 

preliminary study, RAB18 is substantial for LD metabolism, as RAB18 knockout HeLa cells 

express diminished lipid disposal. This lipid scarcity provokes the translocation of ATG9A of the 

AV formation site, where it acts as a compensatory mechanism rescuing autophagic activity in 

basal, but not in autophagy induced conditions
67

. Still, in a human mammary cancerous cell line, 

RAB18 fail to provide evidence of participating in LD biogenesis of turnover
68

. RAB18 is 

observed inside the nucleus of a human liver cell line
53

, further encourage the nuclear biogenesis 

of LDs. 

PLIN2, a member of perilipin (PLIN) protein family with a PAT domain, consists one of the 

major LD residents
69

 and is targeted to LD surface by amphipathic helices
70

. Particularly, PLIN2 



16 

 

is coated to LDs via COPI/COPII coatomer proteins and their respective regulators
71

. PLIN2 has 

a pivotal role in LD biogenesis, as the most prevalent theory of LD formation is their 

disassociation from PLIN2-enriched ER sites
72

. In addition, PLIN2 guards the LD structure, as it 

prevents adipose triglyceride lipase (ATGL) activity, while its deficiency results in the 

diminishing of LDs
73

. Interestingly, ATGL was found in the lipid droplet proteome
74

, but recent 

evidence support that acts indirectly for the LD degradation, through the sirtuin-1 (SIRT1) 

dependent induction of lipophagy
75

. LD formation under the stimuli of oleic acid stabilizes 

PLIN2 amount on LD surface
76

. PLIN2 unbound form is located to the cytoplasm, where it is 

catabolized by the proteasome, via PLIN2 N-terminal acetylation, though it becomes stable while 

it locates on LDs
77,78

. Although LD-bound PLIN2 has been identified as a direct substrate of 

CMA
79

, through its phosphorylation by AMPK
80

, a recent study highlight PLIN2 role in 

modulating lipophagy in liver, where depletion of PLIN2 led to increased autophagy and 

diminished hepatic TG, while overexpression protected LD degradation via lipophagy
81

. 

Currently, it is widely accepted that lipids are fundamental components of the brain, where their 

concentration is the second highest in the human body, after adipose tissue. Lipids can be 

generally categorized in five classes: fatty acids (FA), TG, phospholipids, sphingolipids and 

sterol lipids. The brain fatty acids composition is consisting mostly of long-chain 

polyunsaturated fatty acids (LC-PUFAs), and a fraction of them are composed de novo, whereas 

vital FA are incorporated to neurons via crossing of blood brain barrier (BBB) from the systemic 

circulation
82

. In the brain, lipids are important as energy substrates, contradicting the notion that 

glucose holds the exclusivity of brain energy source. It has been demonstrated that fatty acid 

oxidation, which may occur only in astrocytes, represents almost 20% of the brain energy 
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source
83

. Besides, the most vital role of lipids in the brain is that they maintain the cellular 

membrane structure, a critical brain feature assisting in the compartmentalization of signaling 

processes. Cholesterol is such a lipid, which consists in all cellular membranes, is detrimental for 

membrane permeability and flexibility. Also, cholesterol appears to have a functional role in 

shaping lipid rafts, coming in close proximity with sphingolipids and phospholipids. Lipid rafts 

are seminal structures for organizing signaling molecules and mediate cytoskeletal changes, via 

the actin/tubulin remodeling, along with their trafficking and metabolic properties
84

. Likewise, 

lipids themselves function as bioactive molecules, affecting signaling procedures and controlling 

neurogenesis and cognition
85

. For example, TG turnover is mediated via ATGL and the end 

product is diacylglycerol (DAG). DAG, except for its precursor role for the phospholipid 

formation, can mediate various signaling processes
84

, highlighting its importance in cellular 

crosstalk between the different brain regions. Hence, it is of particular essence that lipids portray 

a crucial role in various brain pathophysiologies, such as amyotrophic lateral sclerosis (ALS) and 

neurodegenerative diseases
86

. In fact, there is a growing body of literature depicts that ALS 

irritates lipid functionalities as energy substrates, components of cellular structures and 

modulators of signaling processes
84

. 

Lipophagy has been rarely studied in the brain. Actually, the first evidence of a possible 

lipophagic mechanism in the brain was provided on 2010. Striatal neurons from control animal 

of a Huntington’s disease mouse model, depicted colocalization of AVs and LDs, after the 

attenuation of both AV-lysosome fusion and the lysosomal activity
87

. Another description of 

lipophagy was conducted in a hypothalamic neuronal cell line, where oleic/palmitic acid 

treatments provoke rapid induction of autophagy, in combination with the colocalization of AVs 
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and LDs, while silencing of Atg5 gene results in lipid accumulation
88

. In a forced lipophagy 

model, LDs found to be essential for the early mouse development
89

, an event that illustrates the 

importance of lipophagic machinery in brain development as well. In this thesis, we tried to 

determine the significance of lipid turnover in neurons, under numerous positive and negative 

autophagic triggers. Our particular interest lies on the identification of LDs, with the utility of 

two well characterized LD markers, RAB18 and PLIN2 proteins. On top of that, we set out to 

explore the autophagic cargo from isolated brain AVs, by conducting quantitative mass 

spectrometry proteomic analyses. 
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Materials and Methods 

Mouse models 

Animals protocols were authorized by the FORTH Animal Ethics Committee (FEC), while 

animals handling was performed by FELASA accreditated users. All mice were housed in a 

pathogen-free environment, in clear cages with stable room temperature (25 
o
C) and constant 

humidity in a 12 hr/12 hr light/dark cycle. All animals used were mice of C57BL/6 genetic 

background. As previously defined
90

, conditional ablation of Atg5 gene in the neural lineage 

(cAtg5) was succeeded when with Nestin-Cre mice were crossed with Atg5
f/f

 mice (a generous 

gift of Dr. Aris Iliopoulos). Nestin-Cre mice were also crossed with BDNF
f/f

 mice (a generous 

gift of Dr. Michael Sendtner), in order to obtain conditional knockout of BDNF gene in the 

neural lineage (cBDNF).  

Starvation protocol 

Adult (2 months old) male mice with a C57BL/6 genetic background were utilized for starvation 

experiments. For fasting, mice were deprived of all food for 24 hours, as indicated, with free 

access to water. Control mice were fed an ad libitum regime on chow (Mucedola, 4RF24 GLP). 

Neuronal cultures were fasted by the supply of plain Neurobasal medium (GIBCO, CTS 1X, 

without L-glutamine) for the indicative time periods. 
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Specific brain regions dissection 

Brains, from indicative postnatal days age, were freshly isolated and dissected on ice to obtain 

cortex, hippocampus, hypothalamus and cerebellum, as previously described
91

. Subsequently, 

isolated brain regions were processed to obtain protein lysates. Otherwise, forebrain regions were 

immediately processed for AV or nuclei isolation. 

Neuronal cultures 

Mixed sex mouse embryos in embryonic day 15,5-16,5 (E15,5-E16,5) were dissected and the 

forebrain region was collected in filtered Phosphate Buffered Saline (PBS) 1X, pH=7,4 (NaCl 

0.137 M, KCl 0.0027 M, Na2HPO4 0.01 M, KH2PO4 0.0018 M). After two centrifugations of 

5min at 1000rpm, room temperature (RT), forebrains were treated with 0.25% trypsin in 37 
o
C, 

followed by chemical dissociation. Trypsin was inactivated by supply of DMEM/FBS (GIBCO, 

1X Dulbecco’s Modified Eagle Medium, 4.5g/L glucose / Fetal Bovine Serum). After one 

centrifugation of 5 min at 1000rpm, RT, dissociated neurons were plated at 12-well or 6-well 

plates, already coated with poly-D-lysine (Sigma-Aldrich) coverslips (12-well plate), and 

cultured in Neurobasal medium (GIBCO, CTS 1X, without L-glutamine), also containing L-

glutamine (200 μM), penicillin (5 mg/ml), and streptomycin (12.5 mg/ml), Β27 (2%) and β-

mercaptoethanol (1%). The initial cell density was 250.000/cm
2
, and nearly 1000000 and 

3000000 neurons were plated in 12-well and 6-well plates respectively. After 6-23 days in vitro 

cells were treated with days in vitro, neurons were treated with BDNF (50ng/ml) and with the 

following inhibitors at the indicated final concentrations: Bafilomycin A1 (Sigma-Aldrich, 

10nM), SBI- 0206965 (Sigma-Aldrich, 500nM). BDNF was submitted for 48 hours, while SBI 
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and Bafilomycin A1 (Baf A1) for 6 hours. Moreover, day in vitro 6 neurons were pulsed for 5 

min with NMDA (50μM) and DHPG (50μM) and subsequently incubated for 2 hours with the 

remaining medium, before fixation, described in the immunostaining section. Oleic acid 

treatments (Sigma, 250μM) were performed in mature neurons. Oleic acid was diluted in BSA 

free fatty acid (Sigma, A6003). For oleic acid treatment, control neurons were treated with 

treated with BSA free fatty acid. 

Immunostaining 

Cultured neurons were washed with PBS 1X, pH=7,4 and fixed in 4% paraformaldehyde (PFA) 

in PBS. Consequently, 3 washes of PBS were performed and then cells were blocked for 1 hour 

at RT with blocking solution containing 10% FBS and 0,2% Triton-X in PBS. Neurons were 

subsequently incubated in primary antibody, diluted in blocking solution, for 24 hours at 4
o
C. 

The following primary antibodies were utilized: LC3 (1:1000, mouse monoclonal, Santa Cruz, 

sc-376404 // 1:1000, rabbit affinity isolated, Sigma-Aldrich, L7543), p62 (1:5000, guinea pig 

polyclonal, PROGEN, GP62-C), MAP2 (1:2000, guinea pig polyclonal, Synaptic Systems, 

#188004), Neurofilament H (1:500, rabbit polyclonal, Synaptic Systems, #171102), RAB18 

(1:1000, mouse monoclonal, Proteintech, 60057-1-Ig), PLIN2 (1:2000, rabbit polyclonal, 

Proteintech, 15294-1-AP), Alfy (1:1000, mouse monoclonal, Santa Cruz, sc-514569). After 

washes with PBS, neurons were incubated with secondary antibodies, diluted in PBS 1X, RT, for 

1 hour avoiding light. The following secondary antibodies were used: anti-rabbit Alexa 488, anti-

mouse Alexa 594, and anti-guinea pig Alexa 647, anti-rabbit Alexa 594, anti-mouse Alexa 488, 

and anti-rabbit Neurof 405. All Alexa (Abcam) antibodies were used in a final dilution of 

1:1000, while Neurof in 1:100. Neurons nuclei were stained with the nuclear dye HOECHST 
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(1:5000), whereas neutral lipids were stained with the dye BODIPY 493/503 (1μg/ml working 

solution in PBS 1X or ddH2O). Finally, neurons were washed with PBS 1X and mounted, with 

80% glycerol in PBS 1X, onto slides. Confocal images of fluorescently labeled proteins were 

obtained using the Leica TSC SP8 inverted confocal microscope. 

Immunohistochemistry 

Fixation was performed in avertin (Sigma nominations) anaesthetized (0,5mg avertin/1g body 

weight, working solution: 20mg avertin/ml) mice. Avertin was administered via endoperitoneal 

injection. Fixation was performed with freshly prepared 4% PFA, ice cold, using a mechanical 

pump attached to the ventral part of the heart. After fixation, whole brain was placed in ice cold 

4% PFA for 4 hours at 4
o
C. Following, the whole brain was placed in 30% sucrose solution in 

PBS 1X at 4
o
C on a shacking platform, until brain is precipitated. This step usually requires 2-3 

days. Next, brains were embedded to OCT cryoprotectant chemical and subjected to cryotome, in 

order to obtain coronal slices of 0,20 μm thickness. Corresponding slices were subsequently 

immunostained, following the previously described method (see Immunostaining section). The 

following primary antibodies were used: bIII-tubulin (1:5000, mouse monoclonal, Santa Cruz, 

SC-80005), LC3 (Sigma-Aldrich), RAB18 (Proteintech), MAP2 (Synaptic Systems). The used 

secondary antibodies were: anti-rabbit Alexa 488, anti-mouse Alexa 594, and anti-guinea pig 

Alexa 647 (Abcam), whereas both HOECHST and BODIPY493/503 dyes were used as well. 

Confocal images of fluorescently labeled proteins were obtained using the Leica TSC SP8 

inverted confocal microscope. 
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Immunoprecipitation 

Immunoprecipitations were performed as previously described
92

, with small modifications. 

Briefly, indicated lysates were pre-cleared for 1 hour by incubation with 20μl of protein G 

agarose beads on a rotator overnight (O/N) at 4
o
C. Then, pre-cleared lysates were incubated with 

30μl of freash beads conjugated with an antibody against RAB18 (Proteintech) or PLIN2 

(Proteintech), O/N on a rotator at 4
o
C. Ensuing, beads were washed with ice cold PBS 1X and 

spinned down, in order for their supernatant to be analyzed by Western blot. As a positive 

control of the method, no antibody conjugation beads and IgG (flowthrough) were 

immunobloted in parallel. 

Western blotting 

Western blot analysis was performed as previously reported
92

. Briefly, tissues were collected in 

ice cold PBS 1X and lysed by sonication in RIPA buffer (50 mM Tris-HCl pH=7.2, 150mM 

NaCl, 1mM EDTA, 1% Triton 100-X, 0.1% Na-deoxycholate, 10% SDS), supplemented with 

protease inhibitors (PIs) (Roche). Tissues were incubated O/N at 4
o
C, whereas the next day are 

centrifuged for precipitating any debris, and the supernatant is supplemented with Laemli buffer, 

boiled for 5min at 95
o
C and loaded for analyses. Cell lysates are treated the same way, except for 

the sonication, that it is not required. Also, the O/N incubation in RIPA/PIs buffer is limited to 1 

hour at 4
o
C. Samples were separated on a 10%, 15% or 18% polyacrylamide gel and transferred 

to a nitrocellulose membrane (Millipore, 0.2μm diameter). After blocking for 1 hour at RT in 5% 

skim milk, membranes were incubated in the primary antibodies overnight at 4
o
C. The following 

primary antibodies were utilized: LC3 (Santa Cruz, Sigma-Aldrich), p62 (PROGEN), RAB18 
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(Proteintech), PLIN2 (Proteintech), Synj1 (1:1000, rabbit polyclonal, Synaptic Systems, 

#145003), Syn1 (1:1000, rabbit polyclonal, NovusBio), Syn2 (1:1000, mouse monoclonal, 

Synaptic Systems, #106211), SAP102 (DLG3) (1:1000, rabbit polyclonal, Synaptic Systems, 

#124213), FIP200 (1:1000, rabbit monoclonal, Cell Signaling), CFL1 (1:10000, mouse 

monoclonal, Proteintech, #66057-1-1g), GABARAPL1 (1:1000, rabbit monoclonal, Cell 

Signaling, 26632), Pvalb (1:1000, goat, Swant, PVG-214), Calb2 (1:1000, rabbit polyclonal, 

Swant, 7699/4), Shank1 (1:1000, rabbit polyclonal, Synaptic Systems, 162002), TATA binding 

protein (1:1000, mouse monoclonal, Abcam, ab61411), GRP78 Bip (1:1000, rabbit polyclonal, 

Abcam, ab21685), Gapdh (1:500, mouse monoclonal, Santa Cruz, sc-47724), actin (1:5000, 

mouse monoclonal, Santa Cruz, SC-58673), bIII-tubulin (Santa Cruz). After three 10 min washes 

in PBS/T (PBS 1X, 0.1% Tween-20), membranes were incubated for 1 hour at RT in 

corresponding secondary horseradish peroxidase-conjugated antibodies (1:10000, Abcam or 

Sigma, in 2% skim milk in PBS/T). After 3 subsequent 10 min washes with PBS/T, membranes 

were developed by chemiluminescence (Supersignal chemiluminescent substrate, pico and 

fempto, Thermo Fisher Scientific) according to the manufacturer’s instructions. For 

GABARAPL1 antibody, the specific manufacturer’s instructions were followed for the blocking, 

incubation and washes of membrane blots. 

Ex vivo autophagy assay 

Male animals of indicative postnatal day and of C57BL/6 genetic background were sacrificed 

and their whole brains (apart from cerebellum and olfactory bulbs) were submitted to vibratome, 

in order to obtain slices of 100μm thickness. For the Baf A1 treatment, only one male animal was 

used (P25), and the one sides of the slices were maintained in oxygenated cerebrospinal fluid 
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alone, while the other sides were supplemented with 10nM of Baf A1 (Sigma-Aldrich) for 3 

hours. Explants were processed for isolation of lysates, as described (see section Western 

blotting). This sample was used for the Figure S6 immunoprecipitation experiment. [This ex vivo 

experiment was performed by Vassiliki Nikoletopoulou, PhD]. For the NMDA and DHPG 

treatments, slices from 15 male animals (P25) were used, each 5 for 3 different cases (control, 

NMDA and DHPG treatments), and subsequently treated with the respective agonists (50μΜ, 

10min), in oxygenated artificial cerebrospinal fluid. Next, the slices were submitted to 

autophagosomal isolation, which is described below. [This ex vivo experiment was performed by 

Emmanouela Kallergi, PhD and Akrivi-Dimitra Daskalaki, MSc]. The autophagosomes that 

derived from this treatment were used as samples for Figure 7A. 

Isolation of purified autophagosomes and nuclei 

The isolation of pure autophagosomes was performed as previously described, from our 

laboratory established method
92

. Briefly, at least 10 male animals of indicative postnatal day and 

of C57BL/6 genetic background were sacrificed and their forebrains were dissected on ice and 

collected in 25ml of 10% (w/v) sucrose, 10mM HEPES and 1mM EDTA. After homogenization, 

using Dounce glass homogenizer, the homogenate was diluted with half volume of 

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

1.5mM glycyl-L-phenylalanine 2-naphthylamide (GPN) in order to achieve a final GPN 

concentration of 0.5mM. The material was incubated at 37
o
C for 10min, in order to achieve the 

osmotically disruption of lysosomes; then the material is cooled at 4
o
C. After two 

centrifugations, 2000 g for 2min, the nuclei are pelleted and the supernatant is collected. The 

following steps include discontinuous Nycodenz, Percoll  and Optiprep gradients for finally 
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obtaining pure autophagosomes, using Sorvall hypercentrifuge (AH-629, 36-38ml tubes) . The 

intermediate isolated fractions are kept for quality analysis. For analyzing the supernatant and the 

membrane pellet of the AV, carbonate extraction was performed, as previously described
92

.  100 

μg of AVs were incubated with freshly made 0.1M sodium carbonate for 30min on ice. Next, the 

material was centrifuged at 20psi for 30min in an airfuge centrifug. The pellet was resuspended 

in Laemmle buffer and the proteins of the supernatant were precipitated, using 10% TCA. After 

20 min incubation on ice, the material was centrifuged at 13,000rpm for 20 min at 4
o
C and the 

pellet was washed with 100% acetone. Pellets were then left to air-dry and resuspended in 

Laemmle buffer. Both pellets and TCA-precipitated supernatants were in the end boiled at 95
o
C 

for 5min and loaded for western blot analysis. Nuclei isolation is an established method of our 

laboratory, developed by Akrivi-Dimitra Daskalaki, MSc. Briefly, forebrain tissues from 

indicated male animals of C57BL/6 genetic background were dissected and collected in ice cold 

PBS 1X. Tissues are minced and transferred to PBS 1X/PIs solution (stock 25X PIs to final 

working solution of 1X, Roche) and centrifuged 3 times; the subsequent pellet was resuspended 

in cell lysis buffer (0.25M sucrose, 50mM Tris-HCl pH=8, 5mM MgCl2, 2mM KCl, 0.1% NP-

40, 1mM DTT (dithiothreitol), 1X PIs) and homogenized with Dounce glass homogenizator 

(about 20 strokes). Next, the homogenate was filtered through nylon mesh, 75 μm, with the final 

added cell lysis buffer amount not to exceed 10ml. The rinsed homogenate was incubated on ice 

for 20 min and after a centrifuge of 3 min at 1100g at 4
o
C, the pellet is resuspended in 5 ml 

nuclei purification buffer (0.25M sucrose, 50mM Tris-HCl pH=8, 5mM MgCl2, 25mM KCl, 1X 

PIs) and gently homogenized in a Dounce glass homogenator (about 5 strokes). Following, 

discontinuous gradients of Percoll are used in a Sorvall hypercentrifuge (AH-629, 36ml tubes, 

1hour, 16000 g, 4
o
C). Lastly, the nuclei are pelleted by 3 concomitant centrifugations (1100g, 
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5min, 4
o
C), nuclei pellets are resuspended in HB buffer. The intermediate fractions from the 

isolation are kept for quality control. [The nuclei isolation was performed by Akrivi-Dimitra 

Daskalaki]. These nuclei samples were used as samples for Figure 7E. 

QUANTIFICATION AND STATISTICAL ANALYSIS 

All experiments reported were performed at least one time. When the graph contains error bars, 

the corresponding experiments were performed 2-3 times. All samples represent biological 

replicates and N values are indicated in figure legends. When applicable, statistical analyses 

were performed with the GraphPad Prism 6 software, and the data are presented as mean ± SD. 

For statistical significance of the differences between the means of two groups, we used unpaired 

Student’s t tests. For the quantification of both confocal images and blots, ImageJ software was 

used and in figure legends the measurement is mentioned (either diffuse signal, or puncta). 
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Results 

RAB18 and PLIN2 LD markers are associated to autophagy and may 

represent different LD populations in primary neurons 

We utilized RAB18 and PLIN2 antibodies as exclusive LD markers. PLIN2 is well documented 

as a specific LD marker, since it is located to the surface of LDs in numerous cell types
76

. As far 

as RAB18 is concerned, it has been previously described as an LD resident protein in non-

neuronal cell models
57,63

, and it is highly recommended as an exclusive LD resident protein
64

. In 

addition, BODIPY493/503 stains neutral lipids, and is widely used as a lipid droplet (LD) marker 

in a variety of cell types
93,94

, including neuronal cells
88

. To clarify that RAB18 and PLIN2 

associate with the presence of LDs in neurons, cortical mature and immature neurons were 

immunostained against both antibodies, respectively, as they also stained with BODIPY 493/503. 

In basal conditions, RAB18 and PLIN2 colocalize with BODIPY 493/503 (yellow puncta), 

providing evidence that RAB18 may be located on LDs surface in primary neurons (Figure 1A). 

To test the hypothesis that RAB18 and PLIN2 are connected to macroautophagy, a direct link 

was searched. According to the in silico identification of functional LC3 Interacting Region 

Motifs (iLIR) database
95

, both RAB18 and PLIN2 span one or two LIR motives respectively 

(Figure 1B). The LIR motif of RAB18 protein was further indicated as functional by 

immunoprecipitation with RAB18 in cell (div21) lysates, treated with BafA1, and proved that 

RAB18 co-immunoprecipitate with LC3 and p62 (Figure 1C). However, PLIN2 LIR motives 

were not verified as functional, since PLIN2 failed to co-immunoprecipitate with LC3 (Figure 

1D). RAB18 was further validated as an interactor of LC3, by the positive indication that 
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RAB18-conjugation in beads immunoprecipitate RAB18 as well (Figure 1E).  In a next step, the 

protein expression of both RAB18 and PLIN2 in a variety of day in vitro cell lysates was 

investigated, with the purpose of revealing any potential expression pattern in immature versus 

mature neurons. To our surprise, PLIN2 protein immunoblotting gives two specific bands in two 

different molecular weights, around 48kDa and below 63kDa. A likely explanation is that PLIN2 

may have post-translational modifications. Hereafter, the 48kDa isoform is going to be 

mentioned as short isoform-PLIN2 (s-PLIN2), while the other as long isoform PLIN2 (l-PLIN2). 

The protein levels of RAB18 and s-PLIN2 decline gradually as the day in vitro of the culture 

increases (Figure 1F). Interestingly, l-PLIN2 is expressed in higher amount in div21 compared to 

div6. Compared to the BODIPY staining levels in different day in vitro neuronal cultures 

(Figures 1A), it is proposed that mature neuronal cell cultures are more suitable as an 

experimental condition for exploring the role of LDs in neurons. To specify that these two 

proteins colocalize as LD markers, neurons were immunostained against RAB18 and PLIN2 

simultaneously. Remarkably, there was little if not any colocalization between RAB18 and 

PLIN2 (Figure 1G), promoting the idea of different LD populations with distinct roles in primary 

neuronal cells. 
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Figure 1 RAB18 and PLIN2 associate with autophagy, potentially representing distinct LD populations 
(A) Cortical in vitro cultured neurons, div23, are immunostained with RAB18 and Neurofilament antibodies, while concomitantly dyed 

with BODIPY 493/503. Similarly, cortical in vitro cultured neurons, div6, are immunostained with PLIN2 and Neurofilament antibodies, 

while concomitantly dyed with BODIPY 493/503. In both cases, colocalization of RAB18 and PLIN2 is observed with BODIPY 493/503 

(yellow puncta). 

(B) LIR motives of PLIN2 and RAB18. Image was adapted from iLIR database (http://repeat.biol.ucy.ac.cy/iLIR/). 

(C) Immunoprecipitation of RAB18-conjugated beads and subsequent immunoblotting for detecting p62 and LC3 antibodies. The LC3 

antibody recognizes three bands: an upper band of approximately 23 kD corresponding to pro-LC3, a middle band of 18 kD 

corresponding to LC3-I, and a fainter lower band of 14 kD corresponding to the lipidated LC3-II, the species that is incorporated in 

autophagosomes, while p62 represents a band of ~62kD. Cell lysates div21 treated with Baf A1 was used as sample input. 

(D) Immunoprecipitation of LC3 -conjugated beads and subsequent immunoblotting for detecting p62 and PLIN2 antibodies. The PLIN2 

antibody recognizes two bands, one below 63 kD , while the other ~48kD. Cell lysates div21 treated with Baf A1 was used as sample input. 

(E) Immunoprecipitation of RAB18-conjugated beads and subsequent immunoblotting for detecting RAB18 antibody. The RAB18 

antibody recognizes a band at 23kD, a faint band below 28kD in this figure. Cell lysates div21 treated with Baf A1 was used as sample 

input. 

(F) Cortical neurons of several days in vitro were immunoblotted for RAB18 and PLIN2 and normalized to Gapdh quantity (37kD). 

Graphs represent the quantification. In cases error bars exist, two independent experiments were performed (N=2). If else, one 

experiment is performed. 

(G) Cortical in vitro cultured neurons, div6, are immunostained with RAB18 and PLIN2 antibodies. Colocalization between RAB18 and 

PLIN2 is not observed. 

When applied, statistical analysis was implemented by using unpaired Student’s t test. From the statistical test, no statistical significance 

is reported. Graphs are representing by mean ± SD. Scale bar=10μm. Maximum projection of z-Stacks or z-Stacks representation is 

indicated in each image panel. 

 

Lipophagic flux process in cultured primary neurons under basal conditions 

In cultured primary neurons autophagic flux can be measured by treating the cells with 

Bafilomycin A1 (Baf A1), a selective inhibitor of autophagosome-lysosome fusion
96

. To 

determine whether lipophagic flux is an ongoing process in neurons under basal conditions, 

control or BafA1-treated neurons (day in vitro 6 or 23 -div6 or div23) were stained with the 

lipophilic BODIPY493/503 dye. Consequently, neurons were immunostained against autophagic 

markers p62 and LC3, for indicating autophagic cargo and autophagosomes respectively (Figures 

2A-D). Though not significant, BafA1 led to an increase of BODIPY493/503, suggesting that 

there is a trend of lipid droplet accumulation in neurons when the autophagic degradation 

pathway is attenuated. Lipophagic flux was also tested with LD marker RAB18. For this 

purpose, immature neurons were treated with Baf A1 and subsequently immunostained against 

RAB18 (Figure 2E). Similarly, mature neurons were immunostained against RAB18 and LC3 

http://repeat.biol.ucy.ac.cy/iLIR/
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antibodies, after Baf A1 treatment (Figure 2F and 2G). In both cases, RAB18 shows a slight 

elevated tendency, supporting that lipophagic flux is a constant process in neurons, under 

baseline conditions. 

 

Figure 2 Lipophagic flux in primary neurons under basal conditions 
(A) Cortical in vitro cultured neurons, div6, are untreated or treated for 6 Hrs with Baf A1 (10nM). They immunostained against LC3 

and p62 antibodies, while concomitantly dyed with BODIPY493/503 and Hoechst. Merged image represent BODIPY/p62/LC3/Hoechst. 

(B) Cortical in vitro cultured neurons, div23, are untreated or treated for 6 Hrs with Baf A1 (10nM). They immunostained against LC3 

and p62 antibodies, while concomitantly dyed with BODIPY 493/503 and Hoechst. Merged image represent BODIPY/p62/LC3/Hoechst. 

(C) Graph representing the quantification of Fig 2A images. Normalization was not performed. Three independent experiments were 

performed (N=3).  

(D) Graph representing the quantification of Fig 2B images. Normalization was not performed. Two independent experiments were 

performed (N=2).  

(E) Cortical in vitro cultured neurons, div6, treated with Baf A1 (10nM) for 6 Hrs, are immunostained against RAB18 and MAP2 

antibodies. Graph represents the quantification, where RAB18 and LC3 were normalized to MAP2 signal, for diffused and punctuated 

signal respectively. Two independent experiments were performed (N=2). Merged image represent RAB18/MAP2. 

(F) Cortical in vitro cultured neurons, div23, are treated with Baf A1 (10nM) for 6 Hrs, and subsequently immunostained against RAB18, 

LC3 and MAP2 antibodies, while concomitantly dyed with Hoechst. Merged image represent RAB18/MAP2/LC3/Hoechst. 

(G) Graphs represent the quantification of Fig 2F images, where RAB18 and LC3 were normalized to MAP2 signal, for diffused and 

punctuated signal respectively. Two to three independent experiments were performed (N=2 for LC3, N=3 for RAB18).  
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When applied, statistical analysis was implemented by using unpaired Student’s t test. From the statistical test, no statistical significance 

is reported. Graphs are representing by mean ± SD. Scale bar=10μm. Maximum projection of z-Stacks is represented in each image 

panel. 

 

 

 

Accordingly, PLIN2 levels were also considerably increased under Baf A1 supply (Figure 3A), 

further support the physiological role of lipophagy. However, even under BafA1 treatment 

conditions, PLIN2 shows no colocalization with p62 (Figure 3A, z-STACKS). Hence, a different 

adaptor, Alfy, was considered to be colocalized with PLIN2 in immature neurons. Still, PLIN2 

fails to colocalize with Alfy, under basal and Baf A1 conditions (Figure 3B, z-STACKS), 

although its levels appear to increase in line with Alfy pattern. Lipophagic flux was also assessed 

in cell lysates from immature (div6) and mature (div21) neurons, after Baf A1 treatment. RAB18 

protein levels in div6 neurons demonstrate a significant rise (Figure 3C), whereas Baf A1 

treatment of mature neurons, lead to a considerable surge of l-PLIN2 levels and a slight increase 

of s-PLIN2 (Figure 3D).  
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Figure 3 Lipid droplets appear to sequestered via autophagy in primary neurons under basal conditions 

(A) Cortical in vitro cultured neurons, div6, treated with Baf A1 (10nM) for 6 Hrs, are immunostained with PLIN2 and p62 antibodies. 

p62 protein levels at the BafA1 treatment case were used as a positive treatment control. Graph represents the quantification. Two 

independent experiments were performed (N=2). 

(B) Cortical cultured neurons, div6, were immunostained against PLIN2, Alfy and MAP2 antibodies, while dyed with the nuclear marker 

Hoechst. There was not observed any colocalization of Alfy and PLIN2. Graphs represent the quantification, where PLIN2 and Alfy were 

normalized to MAP2 signal, for punctuated signal. 

(C) Cortical neuronal lysates, div6, untreated or treated with Baf A1 (10nM) for 6 Hrs, are immunobloted against RAB18 (normalized to 

Gapdh). Graph represents the quantification. One experiment was performed. 

(D) Cortical neuronal lysates, div21, untreated or treated with Baf A1 (10nM) for 6 Hrs, are immunobloted against PLIN2 (normalized to 

Gapdh). Graphs represent the quantification. One experiment was performed. 

Statistical analysis was implemented by using unpaired Student’s t test. From the statistical test, no statistical significance is reported. 

Graphs are representing by mean ± SD. Scale bar=10μm. Maximum projection of z-Stacks or z-Stacks is  indicated in each image panel. 
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Fasting conditions regulate lipophagic flux in primary neurons 

Nutrient deprivation is a well-established autophagic stimulus in neuronal cells
97

. It is known 

that, when starvation is induced in vitro neuronal cell cultures, autophagy is enhanced
96

. 

Therefore, we set out to investigate if lipophagic flux is affected under starved settings. Fasted 

conditions (24 Hrs) were tested in mature primary neurons, which were immunolabeled against 

RAB18, p62 and Neurofilament, as they were concomitantly stained with BODIPY 493/503 

(Figure 4A).  It is observed an augmented colocalization between RAB18, BODIPY 493/503 and 

p62 under stressed conditions (yellow and magenta puncta respectively), highlighting that stress 

may induce the LD accumulation in primary neurons. In mature neurons, no colocalization of 

RAB18 and p62 in basal conditions is detected (Figure S1). Interestingly, under fasting 

conditions, both BODIPY 493/503 and RAB18 intensities are extensively elevated, though p62 

levels are not significantly diminished, underlining a possible buffering role of LDs in alleviating 

cellular lipotoxicity, provoked by prolonged autophagic activation, as previously suggested
98

. 

Since 24Hrs of fasting may lead to neuronal apoptosis, smaller starvation periods were tested 

(Figure 4B). Consistent with the 24 Hrs fasting results, RAB18 and LC3 are colocalized after 6 

Hrs starvation, while this colocalization is missing after only 45 min fasting. RAB18 protein 

levels are augmented under 45min and 6 Hrs starvations, as also LC3 levels, supporting that 

RAB18 may be regulated positively, when autophagy is enhanced. Another stress factor is the 

supplementation of oleic acid in neuronal cell cultures
88

. In fact, oleic acid treatment promotes 

the punctuation and colocalization of BODIPY, RAB18 and p62 (Figure S2A). PLIN2 

demonstrates the same response, as its signal appears to be more punctuated and the 

colocalization (yellow puncta) with LC3 is prominent (Figure S2B). Nevertheless, even 

colocalization of RAB18 and PLIN2 is observed under oleic acid administration in mature 
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neurons (Figure S2C). All together, these effects provide a solid assumption that autophagy 

influences RAB18 and PLIN2 proteins in primary neurons, supporting lipophagy as a 

physiological mechanism, while stress conditions alternate their expression and maybe their 

function.  
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Figure 4 Prolonged fasting conditions increase RAB18 protein levels and colocalization with LC3 or p62 
(A) Cortical in vitro cultured neurons, div23, are fasted for 24 Hrs. Then, they are stained with RAB18, p62 and Neurofilament 

antibodies, while concomitantly dyed with BODIPY 493/503.  Colocalization of RAB18 with BODIPY493/503 and p62 is observed. 

Graphs represent the quantification, where RAB18 , BODIPY493/503 and p62 were normalized to Neurofilament signal, for punctuated 

signal all three. 

(B) Cortical in vitro cultured neurons, div23, are fasted for 45 min or 6 Hrs. Then, they are stained with RAB18, LC3 and MAP2 

antibodies. Colocalization of RAB18 and LC3 is observed only under 6 Hrs starvation. Graphs represent the quantification, where 

RAB18 and LC3 were normalized to MAP2 signal, for punctuated signal all three. 

When applied, statistical analysis was implemented by using unpaired Student’s t test. From the statistical test, no statistical significance 

is reported. Graphs are representing by mean ± SD. In cases error bars exist, two independent experiments were performed (N=2). If 

else, one experiment is performed. Scale bar=10μm. Maximum projection of z-Stacks or z-Stacks representation in each image panel. 
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On top of that, we sought to explore if a smaller fasting time periods alters lipophagic flux 

pattern. Interestingly, when neurons are fasted for 45 min (minutes) or 6 Hrs, BODIPY 493/503 

intensity is sharply dropped only after 45 min treatment (Figure 5A), pointing out that LDs may 

follow the autophagic degradation pathway for their sequestration, for this starvation period. 

Conversely, after 6 hours starvation, BODIPY 493/503 was largely enhanced, in line with 

previous evidence that supported LD accumulation in prolonged fasted periods
98

. Additionaly to 

cultured neuronal cells, cortical tissue slices from wild-type male animals, 2 months old 

(postnatal day 60 – P60), fed and fasted for 24 Hrs, were stained with BODIPY 493/503 dye and 

co-immunostained for βIII-tubulin (Tuj1) and MAP2, so as to monitor both axons and dendrites 

of neurons (Figures 5B). Tissue slices consist of both neurons and glial cells, compared to pure 

neuronal cell cultures. It has been already defined that autophagy is inhibited in the cortex of 

mature animals, under fasted conditions
92

. Unexpectedly, BODIPY 493/503 reveals a decreased 

tendency under fasted conditions in cortical tissue, suggesting that LDs degradation may depend 

on cell type specificity. Next, we wanted to see if this this autophagic effect corresponds to 

lysates from brain tissue, apart from in vitro cultured primary neurons and fixed tissue slides. To 

that end, forebrain tissue lysates from postnatal day 30 (P30) and postnatal day 86 (P86) wild-

type animals, were immunobloted against RAB18 and PLIN2 antibodies (Figure 5C). In 

addition, forebrain tissue lysates from P86 wild-type animal were immunoblotted against RAB18 

antibody (Figure 5D). It has been previously described that autophagy is induced in the forebrain 

of young animals under fasted conditions, whereas it is reduced in the forebrain of older 

animals
92

. Notably, both proteins exhibit a steep decrease under fasting (24Hrs) in the forebrain 

of P30 animals, suggesting that starvation may promote their degradation through autophagy. 

Treatment with BafA1 for 6 Hrs fails to rescue their levels even in basal state. Successively, 
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RAB18 is highly enhanced under starvation (24Hrs) in P86 animal forebrains, associating the 

autophagic machinery with the accumulation of RAB18. 
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Figure 5 Mild in vitro starvation and in vivo fasting processes also support lipophagy  
(A) Cortical in vitro cultured neurons, div23, are fasted for 45 min or for 6 Hrs, or not fasted. They concomitantly dyed with BODIPY 

493/503. Graph representing the quantification of this image. Normalization was not performed. One experiment was performed. 

(B) Cortical tissue of 2 months old animals, control and starved for 24 Hrs were immunostained against bIII-tubulin and MAP2, while 

they are also dyed with BODIPY 493/503. Graph representing the quantification of this image. Normalization was not performed. One 

experiment was performed. 

(C) Forebrain slices of unfasted or fasted for 24 Hrs animals (P30) were treated with Baf A1 (10nM) for three hours and their lysates 

were immunoblotted for RAB18 and PLIN2 antibodies (normalized to Gapdh). Graphs represent the quantification. One experiment was 

performed. 

(D) Forebrain lysates of unfasted or fasted for 24 Hrs animals (P86) were immunoblotted for RAB18 antibody (normalized to Tuj1). 

Graph represents the quantification. One experiment was performed. 

Graphs are representing by mean ± SD. Scale bar=10μm. All images are representing maximum projection of z-STACKS. 

 

 

 

Inhibition of autophagy in different autophagosomal biogenesis stages affects 

both RAB18 and PLIN2 protein levels in primary neurons 

The consequences of blocked autophagy, via chemical manipulation, can be observed to 

immature and mature neuronal cultures. It is known that SBI-0206965 is a selective ULK1 

inhibitor
99

, inhibiting autophagy in the early stages of AV formation, the formation of PAS. 

Remarkably, RAB18 levels were significantly reduced in cortical mature neurons, after the 

supply of SBI (Figure 6A, middle panel and respective quantification). In line with this result, 

SBI treatment of mature cortical neurons causes a small, non-significant, decrease of RAB18 and 

PLIN2 in cell lysates (Figure 6B). An emerging role of lipids in the formation and expansion of 

AVs may hold a possible interpretation of this finding. Another recently identified autophagy 

inhibitor is brain derived neurotrophic factor (BDNF)
92

. BDNF is widely known as a modulator 

of hippocampal long-term potentiation (LTP)
100,101

, a continuous synaptic strengthening that 

enhances the processes of memory and learning. It has been reported that induced autophagy 

mediates synaptic defects, provoked by BDNF deficits
92

. However, BDNF has been documented 

that positively regulates cholesterol metabolism for the development of the synapse
102

. 

Therefore, our findings urged us to explore the role of BDNF in lipophagic flux in neurons. 
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Strikingly, treatment of mature neurons with BDNF provokes a remarkable drop in RAB18 

levels (Figures 6A, right panel and respective quantification and 6C). In contrast to RAB18, 

PLIN2 results are inconclusive; under BDNF treatment, its two isoforms are expressed in direct 

opposite manner, with l-PLIN2 isoform to be encanced (Figure 6C). In line with this evidence, 

RAB18 translational expression was measured in cortical and cerebellum tissue lysates from 

control (noCre;BDNF
f/+

) and BDNF heterozygous (NestinCre;BDNF
f/+

) animals (Figure 6D). 

Markedly, RAB18 is increased in both tissues, supporting the notion that RAB18 is a potent 

positive modulator of autophagy. Nevertheless, BODIPY493/503 intensity appears to be 

enhanced, under BDNF treatment of mature cortical neurons (Figure 6E). Thus, we can speculate 

that RAB18 and s-PLIN2 may mark distinct LDs types with unknown functions, independent of 

their sequestration via the AV-lysosomal fusion. 



43 

 

 

Figure 6 Inhibition of autophagy in different autophagosomal formation stages in primary neurons 

modulates RAB18 and PLIN2 levels 
(A) Cortical in vitro cultured neurons, div23, were treated with SBI (500nM) for 6 Hrs or BDNF (50ng/ml) for 48 Hrs and 

immunostained against RAB18 and LC3 antibodies. Graphs represent the quantification, where RAB18 and LC3 were normalized to 

MAP2 signal, for difused and punctuated signal respectively. Two to three independent experiments were performed (N=2 for LC3 and 

RAB18 SBI case, N=3 for RAB18 except for SBI case). 

(B) Cortical neuronal lysates, div21, untreated or treated with SBI (500nM) for 6 Hrs, are immunobloted against RAB18 and PLIN2 

(normalized to Gapdh). Graph represents the quantification. 

(C) Cortical neuronal lysates, div23 or div24, untreated or treated with BDNF (50ng/ml) for 48 Hrs, are immunobloted agaisnt RAB18 

and PLIN2 (normalized to bIII-tubulin (Tuj1)). Graphs represent the quantification. 

(D) Cortical and cerebellum lysates from control (noCre;BDNFf/+) or hBDNF (NestinCre;BDNFf/+) were immunoblotted for RAB18 

antibody (normalized to Gapdh). Graphs represent the quantification. 

(E) Cortical in vitro cultured neurons, div23, are untreated or treated for 48 Hrs with BDNF (50ng/ml). They immunostained against 

LC3 and p62 antibodies, while concomitantly dyed with BODIPY 493/503 and Hoechst. 

When applied, statistical analysis was implemented by using unpaired Student’s t test. From the statistical test, no statistical significance 

is reported. Graphs are representing by mean ± SD. In cases error bars exist, two to three independent experiments were performed 

(N=2, N=3). If else, one experiment was performed. Scale bar=10μm. All images are maximum projections of z-STACKS. 
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Chemical long term depression (LTD) and conditional ablation of Atg5 gene 

have an impact on RAB18 and PLIN2 roles in lipophagy 

Apart from LTP, synaptic plasticity is also characterized by a constant decrease of synaptic 

strengthening, a mechanism called long term depression (LTD)
103

. LTD elicits spine elimination 

and pruning, suggesting a protein degradation mechanism
104

. Two major forms of LTD require 

the activation of N-methyl-d-aspartate receptors (NMDARs), from L-glutamate neurotransmitter 

and metabotropic glutamate receptors (mGluRs) from group I mGluR agonist 3,5-

dihydroxyphenylglycine (DHPG). It has been reported that the stimulation of NMDARs with 

NMDA agonist in a brief low dose (5 min), a form of chemical LTD, enhances autophagic 

responses
105

. Despite the fact that DHPG has been characterized as an activator of the 

mammalian target of rapamycin (mTOR) and the phosphatidylinositol-3 kinase (PI3K)
106,107

, its 

direct connection to autophagy has not been fully addressed, especially in basal conditions. In 

order to address if chemical LTD affects lipophagic flux, primary neurons in div6 where pulsed 

with either NMDA agonist or (S)-3,5-Dihydroxyphenylglycine (DHPG) for 5 min. NMDA and 

DHPG supplementation depict a slight decline in BODIPY (Figures 7A), proposing that, in 

induced autophagic conditions, dependent on synaptic activity, LDs are sequestered via the 

autophagic pathway. Strikingly, RAB18 protein levels demonstrate a steep rise under NMDA 

treatment in immature neurons (Figure 7B), suggesting that RAB18 may implicate to synaptic 

activity. Following, we sought to investigate if there are any fluctuations in RAB18 and PLIN2 

protein levels in brain tissues from postnatal day 25 (P25) conditional knock-out Atg5 (cAtg5) 

and their control (Atg5
f/f

) animals. The deletion of Atg5 is shown in tissue lysates from P25 

cAtg5 and Atg5
f/f

 animals (Figure S3). For this matter, tissue lysates from 3 different brain 
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regions (cortex, hippocampus and hypothalamus) were immunoblotted against RAB18 and 

PLIN2 (Figure 7C). Remarkably, there is a tendency of RAB18 decreased in levels in all tissues, 

suggesting an association between RAB18 and autophagosome formation. In contrast, s-PLIN2 

amount appears to be elevated in all tissues, demonstrating that LDs sequestration may be 

impaired, when autophagy is depleted. l-PLIN2 did not show a robust result, as in cortical and 

hypothalamic lysates is to some extent declined, in contrast to hippocampal tissue, where it is 

augmented. Additional sign that RAB18 may be a positive modulator of autophagy is its 

substantial declined levels in striatum of cAtg5 compared to control animals, consistent to the 

decreased LC3 levels (Figure 7D). Unanimously, these findings invite the speculation that 

autophagic activity modulates RAB18 and PLIN2 expressional patterns, while chemical LTD 

elucidate a potential role of RAB18 in synaptic activity. 
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Figure 7 Chemical LTD and ablation of Atg5 gene implicate RAB18 and PLIN2 lipophagic roles 
(A) Cortical in vitro cultured neurons, div6, are untreated or pulsed for 5 min with NMDA and DHPG (50μM). They immunostained 

against LC3 and p62 antibodies, while concomitantly dyed with BODIPY 493/503 and Hoechst. Graph representing quantification. 

Normalization was not performed. Two independent experiments were performed (N=2). 

(B) Cortical neuronal lysates, div6, untreated or pulsed with pulsed for 5 min with NMDA (50μM) and subsequent treated with Baf A1 

(10nM) for 6 Hrs, are immunobloted against RAB18 (normalized to Gapdh). Graph represents the quantification. 

(C) Cortical, hypothalamic (hypo) and hippocampal (hipo) lysates from control (noCre;Atg5f/f) or cAtg5 animals (P25) were 

immunoblotted against RAB18 and PLIN2 antibodies (normalized to Gapdh). Graphs represent the quantification. 

(D) Fixed striatum tissue from control (NestinCre;Atg5+/+) or cAtg5 animals (P31) were immunostained against RAB18 and LC3 

antibodies. Graphs represent the quantification, where RAB18 and LC3 were normalized to MAP2 signal, for diffused signal. 

When applied, statistical analysis was implemented by using unpaired Student’s t test. From the statistical test, no statistical significance 

is reported. Graphs are representing by mean ± SD. In cases error bars exist, two independent experiments were performed (N=2). If 

else, one experiment is performed. Scale bar=10μm. All images are maximum projection of z-STACKS. 

 

 

 

 

 
 

RAB18 is localized on the membrane of the autophagosome, while PLIN2 is 

present in the autophagosomal lumen 

Up to now, indirect evidence is presented regarding the engulfing of LDs in the representative 

organelle of macroautophagy, the autophagosome (AV). To address this issue in a more straight 

way, pure autophagosomes (AVs) are extracted from tissue slices of P25 wild-type animals, 

untreated or treated with NMDA and DHPG, following a well described method
92

. Pure AVs are 

subsequently submitted to carbonate extraction (CE), in order to separate the inner and outer 

membrane from the supernatant of the AV. The purity of autophagosomes in all three cases was 

determined by immunoblotting for ER, cytoplasmic and nuclear markers (data not shown). 

Surprisingly, Western blot analysis of purified AVs, before and after CE, demonstrates that 

RAB18 is located to the membrane of the AV, while PLIN2 is found in the supernatant (Figure 

8A). Under induced autophagic treatments (NMDA and DHPG), RAB18 and l-PLIN2 levels are 

elevated, while s-PLIN2 is decreased (Figure 8B). Thus, it is further supported that RAB18 and 

PLIN2 represent two different LD populations, which respective roles are regulated in a distinct 

way from the autophagic machinery. Consequently, RAB18 possible interactors were 
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investigated, by performing Coomassie-Blue staining in the autophagosomal membranes (Figure 

8C). The immunoprecipitation of RAB18-conjugated beads with AVs either membrane pellet or 

supernatant input sample was successful, as the lack of bands in the no Ab elusion columns was 

obvious (Figure S4). Several bands in different molecular weights are detected faintly in RAB18 

elusion from AVs membrane pellet, providing clues for important RAB18 protein interactors in 

the AV (Figure 8C). FIP200 is tested as a potential interactor of RAB18 by immunoprecipitation, 

considering the role of LDs in the autophagosomal biogenesis
54

. Unfortunately, RAB18 fails to 

directly interact with FIP200 (Figure S5), highlighting potential intermediate protein interactors 

between RAB18 and FIP200.  

It has been described that LDs biogenesis initiate from the ER bilayer
50

, where RAB18 is 

localized
59

. For clarifying if this belief is valid also in brain tissue, purified ER and cytoplasmic 

material from forebrain of P25, P60 and P180 tissues of male animals, were immunoblotted 

against RAB18 (Figure 8D). Importantly, RAB18 is localized almost exclusively in ER, while it 

is nearly absent from the cytoplasmic material. Gapdh expression is used to validate the purity of 

ER material, as it is unanimously expressed, except for ER. Lastly, ER is the extension of the 

nuclear membrane and there is a growing body of literature suggesting the existence of nuclear 

LDs
108

. To test this hypothesis, pure nuclei from forebrain of P25, P40 and P60 male animals 

were analyzed by Western blot for the presence of RAB18 protein (Figure 8E). The purity of 

nuclear extracts is determined by cytoplasmic and nuclear markers (Figure S6). Intriguingly, 

RAB18 is detected only in P25 forebrain nuclei, establishing a promising location and age-

dependent role of RAB18 in the brain tissue. 
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Figure 8 RAB18 and PLIN2 are located to different autophagosomal structures, whereas RAB18 localization 

is observed in ER and nuclei as well  
(A) Total (T) autophagosomes or pellet (P) and supernatant (S) AVs fractions, purified from ex vivo treatment of forebrain slices 

untreated or treated with NMDA and DHPG (50μM) for 10 min, were immunoblotted against RAB18 and PLIN2 (normalized to LC3-II 

from pellet). In all three cases, RAB18 is observed in the (P) fraction, while PLIN2 in the (S) fraction. One experiment was performed. 

(B) Graphs representing the quantification of Figure 7A. As loading control, LC3-II from (P) fraction was used for the (P) and (S) 

fractions, while LC3-II from (T) for the (T) fractions. 

(C) Immunoprecipitation of RAB18-conjugated beads, using as sample input (P) or (S) AVs fractions and subsequent staining with 

Coomassie Blue dye, to identify possible RAB18 interactors. 

(D) Intermediate fractions of cytoplasm (cyto) and ER from AVs isolation method, were immunoblotted against RAB18, ER marker 

(Grp-78 Bip) and cytoplasmic marker (Shank1) and Gapdh (positive marker of only cytoplasmic material). RAB18 is localized 

exclusively to the ER fraction. 

(E) Forebrains from male animals of indicative postnatal days were submitted to nuclei isolation, and immunobloted against RAB18 

antibody. Cytoplasmic (cyto) fractions were used for positive control. RAB18 is localized in the nuclei only of P25 animals. 
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Autophagic cargo of brain purified autophagosomes includes cytoskeletal and 

synaptic proteins 

Previous work has described the autophagic cargo in yeast by proteomic profiling
109,110

. In 

mammalian tissues, mass spectrometry proteomic analyses from autophagosomes revealed great 

variety of weaknesses
111

, while quantitative proteomics from human cells points the new way of 

analyzing autophagosome-related proteins
112,113

. The content of AVs, extracted from brain tissue, 

has recently been studied from our group
92

, although without performing quantitative proteomic 

analyses. To make an effort towards this direction, AVs from forebrain of P25, P60 and P180 

wild-type animals were purified with our established protocol, and further submitted to CE 

treatment. The isolated supernatant was analyzed, by Tandem Mass Spectrometry (MS/MS), 

using tandem mass tag (TMT) for quantitation (Proteomics Core Facility, EMBL, Heidelberg 

Germany). Purity of the extracted AVs, along with the verification of each isolated fraction and 

the success of the CE method, are determined by using specific markers (Figure S7). The results 

divulge a huge amount of proteins, classified in many categories, regarding their function and 

subcellular location (unpublished data). Two of the most interesting categories are cytoskeletal 

and synaptic proteins, especially in the age comparison P25-P180 (Figure 9A). Annotated 

proteins are classified to three groups; “HIT” corresponds to confident alteration of protein levels 

between P25 and P180, while “CANDIDATE” represents a possible protein level variation. “NO 

HIT” shows that the protein amount remains stable throughout the age comparison. To validate 

MS/MS proteomic analyses, Western blot analysis of the indicative proteins was performed in 

purified AVs of both ages, after CE treatment (Figure 9B). The established proteins are 

quantified with LC3B-II levels found in membranous pellet, after CE treatment of total AVs. As 
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expected, Synapsin 1 (Syn1), Synapsin 2 (Syn2) and Synaptojanin 1 (Synj1) levels were 

increased in P180 supernatant extracts. On the contrary, the remaining proteins demonstrate 

opposite outcomes in immunoblotted P180 supernatant samples; Parvalbumin (Pvalb), Calretinin 

(Calb2) and Cofilin 1 (CFL1) were found to be raised. Moreover, DLG3 amount was increased 

in P180 supernatants, failing to approve its stable levels coming from MS/MS analyses (Figure 

9C). These incomparable outcomes may be attributed to the loading control that is used for 

experimental quantification. Essentially, LC3B-II, a member of Atg8 protein family, is the most 

well characterized marker of AVs, and has been widely used for monitoring and measuring 

autophagic activity
96

. However, in mammals, Atg8 family includes six protein members in total, 

divided to MAP1LC3 and GABARAP subfamilies. Indeed, we validated the existence of 

GABARAPL1 protein in forebrain tissue AVs, where its lipidated form is observed only in the 

AVs membranes (Figure S8). Therefore, a combination of AVs markers may be required for the 

correct experimental quantification. 
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Figure 9 Validation of quantitative proteomic analyses verified the existence of synaptic and cytoskeletal 

proteins in the autophagosomal cargo 
(A) Summary of major synaptic and cytoskeletal proteins, identified from Tandem quantitative proteomic analyses (MS/MS). 

(B) AVs from indicated postnatal days, were fractionated to (S) and (P) by carbonate extraction and immunobloted against Syn1 

(~75kD), Syn2 (two specific bands between 48-63kD and 63-75kD), Synj1 (~172kD). Graphs show the quantification. As loading control, 

LC3-II from (P) fraction was used for the (P) and (S) fractions, while LC3-II from (T) for the (T) fractions. 

(C) Similarly to B, AVs from indicated postnatal days, were fractionated to (S) and (P) by carbonate extraction and immunobloted 

against Pvalb (12kD, non-specific at 15kD), Calb2 (~29kD), CFL1 (~19kD), SAP102/DLG3 (band btw 100-130kD). Graphs show the 

quantification. As loading control, LC3-II from (P) fraction was used for the (P) and (S) fractions, while LC3-II from (T) for the (T) 

fractions. 

For all proteins except for Calb2, one experiment was performed. For Calb2 protein, two independent experiments were performed 

(N=2). When applied, statistical analysis was implemented by using unpaired Student’s t test. From the statistical test, no statistical 

significance is reported. Graphs are representing by mean ± SD. 

 

Ensuing the observation that proteins, clustered in specific families, are engulfed into the AVs, 

we set out to detect their respective levels in forebrain of P25 and P180 wild-type animals. As 

anticipated, protein quantities are reduced in P180 forebrain lysates, in line with our previous 

results of elevated quantities in P180 AVs supernatants (Figure 10A). Apart from forebrain 

lysates of wild-type, cortical lysates of control and cAtg5 P25 animals were immunoblotted 

against the aforementioned antibodies (Figure 10B). Interestingly, all tested proteins present 

increased levels, suggesting that autophagy is a fundamental mechanism for the degradation of 

these protein clusters.  
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Figure 10 Identified synaptic and cytoskeletal proteins from proteomic analyses, express their levels in an 

age-dependent and Atg5 dependent way, consisting to their possible cargo nature 
(A) Forebrain lysates from indicative postnatal days of male animals were immunobloted against Syn1, Syn2, Synj1, SAP102/DLG3 and 

Calb2. As loading control, Gapdh was used. One experiment was performed. 

(B) Forebrain lysates from P25 control (NestinCre;Atg5+/+) or cAtg5 animals were immunobloted against Syn1, Syn2, Sunj1 and CFL1. 

As loading control, Gapdh was used. One experiment was performed. 
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Discussion 

Our work depicts the modulation of two LD markers by the autophagic machinery in the brain, 

providing the ground for speculations of how LDs are utilized from the central nervous system 

(CNS). These thesis findings strongly suggest that RAB18 acts as a positive modulator of 

autophagy in the nervous system, while PLIN2 acts as a substrate of autophagy, therefore 

enhancing lipophagy evidence in the brain. Chemical LTD reveals the positive regulation of 

RAB18 protein levels. Yet, it is elucidated that RAB18 is possible to associate to the biogenesis 

of AVs, as it is known that lipids hold a role in the AVs formation
54

. On top of that, l-PLIN2 acts 

as an autophagic cargo, since its amount is modulated in respect of increase or decline of 

autophagy. Likewise, stressor factors, for instance nutrient deprivation or oleic acid supply, 

further supported the aforementioned indications, as RAB18 and PLIN2 not only colocalize with 

LC3 and p62, but also represent critical elevated levels. Prolonged fasting periods lead to LD 

accumulation, in line with previous published work
98

, where LDs biogenesis sequesters FA and 

assists the cell adaptation to lipotoxicity aroused by the hugely increase in autophagy. On the 

contrary, forebrain starved tissues, while they provided positive evidence for PLIN2 proposed 

function, failed to support RAB18 aforementioned results. Hence, we can speculate that RAB18 

function may be regulated in a cell-type dependent manner, as glial cells contribute a 

considerable percentage to the physiology of the tissue. It is widely accepted that lipid biogenesis 

is substantial and of great importance in glial cells
114

. Oleic acid treatment in neuronal cultures, 

promotes the colocalization of RAB18 and PLIN2, an absent event in basal conditions, 

highlighting a possible altered role of these two proteins, under stress conditions. Approaching a 

more direct evidence of RAB18 and PLIN2 association with autophagy, only RAB18 
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functionally interacts with LC3 and p62 via its LIR motif, indicating that PLIN2 may require an 

intermediate interactor. Genetic ablation of Atg5 gene in the neural lineage, further support our 

hypothesis for RAB18 and PLIN2 (s-PLIN2) functions, as their levels are diminished and 

enhanced respectively in three different brain regions; cortex, hippocampus and hypothalamus. 

The inconsistencies between the two “isoforms” of PLIN2 regarding their role in autophagic 

processes, may stem from low number of replicates. In addition, genetic ablation of BDNF gene 

in one allele in the neural lineage, leads to increase of RAB18 protein in cortical and cerebellum 

tissues, highlighting once more its positive modulator function. The ultimate confirmation of our 

hypothesis is the different localization of RAB18 and PLIN2 on the AV. RAB18 is localized 

exclusively in the pellet, whereas PLIN2 (both isoforms) exclusively in the supernatant. What is 

more, in enhanced autophagic circumstances, RAB18 and l-PLIN2 are increased in their specific 

location on the AV. All things consider, our data propose the existence of two different LD 

populations, with speculative different functions and roles in the brain, a notion supported by a 

previous study
57

. Certainly, there is evidence that LD proteome may determine the core content 

of the LD
115

. Notably, RAB18 has been previously implicated to play a role to lipogenesis and 

lipolysis in adipocytes
116

. Our findings link lipogenic RAB18 role in the forebrain, since it is 

located to the ER as well. Given the fact that lipolysis and lipophagy are commonly regulated
117

, 

as they share a variety of transcription factors and genes, RAB18 role in lipophagy is more than 

clear. To our knowledge, this is the first report that supports RAB18 and PLIN2 roles in the CNS 

autophagic machinery. RAB18 dispose a trafficking role of LDs to ER with subsequent fusion 

after acute stress
118

, and from ER to Golgi
119

, while in a most recent study in the nervous system, 

RAB18 is implicated in secretion of sonic hedgehog (SHH) growth factor, as a core component 

of a distinct type of extracellular vesicles
120

. Taken all into account, our data allow us to 
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hypothesize that, apart from the degradation of LDs, autophagic machinery may facilitate lipid 

signaling within a neuronal cell and between neurons and glial cells. 

Our established proteomic analyses in the supernatant of AVs, derived from forebrain of young 

(P25), early adults (P60) and mature animals (P180) determine distinct protein categories. Two 

protein subclasses that capture our attention, as a result of their strict connection to autophagy in 

the nervous system, are synaptic and cytoskeletal proteins. The studied postnatal days were 

selected on the basis of investigating the spine pruning (P20-P30), the early adulthood and the 

mature wiring of the brain. Mounting evidence points out the significance of autophagic 

machinery on maintaining synaptic transmission, as autophagy is indispensable both in 

presynaptic and postsynaptic sites
121

. In line with this information, our data shows that Synj1, 

Syn1, Syn2, Pvalb and Calb2 represent cargoes of the AV, which levels are considerably altered 

in the age comparison P25-P180. Synj1 has been described to regulate trafficking of synaptic 

vesicles, while Synj1 lipid phosphatase domain SAC1 is shown to be responsible for the AV 

formation in axon terminals
122

. Syn1 and Syn2 play a fundamental role in regulating 

neurotransmitter release, by coating synaptic vesicles to the cytoskeletal actin
123,124

. Pvalb has 

been described to modulate short term synaptic plasticity
125

, whereas Calb2 is considered as a 

potent regulator of neuronal excitability
126

. Both proteins are core ingredients of distinct 

population of neurons
127

. Dlg3 protein is essential for the synapse development and plasticity, as 

a major component of glutamatergic synapses
128

. Moreover, it is a widely held view that 

cytoskeletal proteins modulate the autophagosome biogenesis, expansion and fusion with the 

lysosome, with actin, actomyosin, microtubule-associated proteins to play a major role
129

. Apart 

from this notion, F-actin (actin filaments) represents a critical synaptic structural constituent. 
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CFL1 has been characterized as a vital actin-depolymerization protein. Various evidence 

demonstrates that CFL1 affects the structure of dendritic spines, trafficking of glutamate 

receptors and synaptic plasticity
130

. The family of cofilins is hypothesized to influence the whole 

stage pathway of AV formation up to AV-lysosomal fusion, with published data to support the 

expansion stage
129

. Our proteomic analyses data invite us to speculate that autophagic machinery 

should be responsible for the selective sequestration of synaptic and cytoskeletal proteins and 

their regulation across maturation. The confirmation of their protein levels in wild-type forebrain 

lysates of respective ages and in cAtg5 cortical lysates further support our hypothesis that, 

autophagy acts as a highly selective and regulatory mechanism of synaptic and cytoskeletal 

proteins during maturation. 

Our findings, though they provide sufficient evidence for LDs role in CNS neurons, consist of 

one major weakness; the lack of direct proof that LDs role and signaling are impaired in neuronal 

autophagy depleted circumstances. One step closer towards this route, will be the isolation of 

LDs from the brain of control and cAtg5 or cBDNF (BDNF is depleted in the neural lineage, in 

both alleles) animals and ascertain their proteome and core of lipids. Afterwards, in order to fully 

characterize lipid signaling in CNS, several approaches should be followed, in the base of out 

identification of different LD populations. For example, it should be developed a method of 

distinguishing the different LD species, based on their proteome and subsequent access their 

lipid core content. What is more, since lipophagy and lipolysis represent two sides of the same 

coin
117

, lipolysis should be monitored in parallel. On the same notion, CMA should also be 

accessed simultaneously, since a clear crosstalk and influence between CMA and autophagy has 

been established
131

. Investigating the transcriptional regulation of RAB18 and PLIN2 is the CNS 



59 

 

will be an additional asset in our effort. Lipidomic analysis of the isolated AVs will show the 

different lipid species between young and mature brains, indicating the role of lipid signaling. 

Furthermore, for safely identify and characterize the nature of autophagosomal cargo, lysosomal 

isolation should be employed, in order to verify that lysosomes are the final destination of 

cargoes. Additionally, electron microscopy experiments should be performed, for the verification 

of AVs purity, colocalization of cargoes with AV markers, such as LC3-II, and the identification 

of LDs in the brain. Lastly, lysosomal and proteasomal activities should be also studied in the 

context of forebrain maturation, since there is a huge amount of evidence that connect autophagy 

with the ubiquitin-proteasome machinery
132

. 
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Appendix 

 

Figure S1 RAB18 do not colocalize with p62 in basal conditions 
Cortical cultured neurons, div23, were immunostained against RAB18, p62 and MAP2 antibodies, while dyed with the nuclear marker 

Hoechst. There was not observed any colocalization of RAB18 and p62.  

Scale bar=10μm. Maximum projection of z-Stacks or z-Stacks representation is indicated in each image panel.  
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Figure S2 Oleic acid treatment significantly promotes the colocalization of RAB and PLIN2 with autophagic 

markers, whereas RAB18 and PLIN2 colocalization is also observed 
(A) Cortical cultured neurons, div21, were treated with oleic acid (250μΜ) for 4 hours and immunostained against RAB18, p62, MAP2 

and Neurofilament, while they also dyed with BODIPY493/503. Extreme colocalization and punctated signal of RAB18, BODIPY493/503 

and p62 is observed. 

(B) Similarly to A, cortical cultured neurons, div21, were treated with oleic acid (250μΜ) for 4 hours and immunostained against PLIN2, 

LC3 and MAP2, while they also dyed with BODIPY493/503 and Hoechst. Extreme colocalization and punctated signal of PLIN2, 

BODIPY493/503 and LC3 is observed. 

(C) Cortical cultured neurons, div21, were treated with oleic acid (250μΜ) for 4 hours and immunostained against RAB18, PLIN2 and 

MAP2, while they also dyed with Hoechst. Extreme colocalization and punctated signal of RAB18 and PLIN2 is observed. 

Scale bar=10μm. Images from z-Stacks are presented. 
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Figure S3 Atg5 gene is conditionally ablated in cortex and hypothalamus of P25 male animals 
Cortical and hypothalamic lysates from control (noCre;Atg5 f/f ) and cAtg5 animals were immunobloted against Atg5 (~57kD). As loading 

control Gapdh is used. The graph represents the quantification. 
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Figure S4 Positive control of immunoprecipiotation experiment at Figure 7C 
Immunoprecipitation of no antibody-conjugated beads, using as sample input (P) or (S) AVs fractions and subsequent staining with 

Coomassie Blue dye, to verify the results of Figure 7C. 
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Figure S5 RAB18 does not interact with FIP200 
Immunoprecipitation of RAB18-conjugated beads, using as sample input ex vivo forebrain treated slices with Baf A1 (10nM) for three 

hours, and subsequent immunobloted for FIP200 (~180kD). RAB18 does not appear to ineract with FIP200. The experiment should be 

repeated, as p62 gave a negative result, indicating that this experiment may not have been successful.  

 

Figure S6 Positive control of purified nuclei with cytoplasmic and nuclear markers 
Forebrains from male animals of indicative postnatal days were submitted to nuclei isolation, and immunobloted against cytoplasmic 

marker (Shank1) and nuclear marker (TATA - ~35kD). The purity of nuclei isolation is determined. [This experiment was performed by 

Akrivi-Dimitra Daskalaki, MSc] 
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Figure S7 Purity of the extracted AVs, along with the verification of each isolated fraction is assessed with 

several markers 
The several fractions that derived from the AVs isolation method were identified by using various markers; Grp78-Bip (~63kD) was used 

as ER marker, LC3 as autophagosomal marker and p62 as a substrate of AVs [To this figure, Emmanouela Kallergi, PhD has also 

contributed to]. 
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Figure S8 GABARAPL1 protein is present in the membrane of AVs 
Isolated AVs from P63 male animals, were carbonate extracted and immunobloted against GABARAPL1. The GABARAPL1 antibody 

recognizes two bands: an upper band of approximately 17 kD corresponding to GABARAPL1-I and a lower band of 14 kD 

corresponding to the lipidated GABARAPL1-II, the species that is incorporated in autophagosomes.GABARAPL1-II is present only in 

the (P) of the AVs. 


