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ABSTRACT

Neurodegenerative disorders are a worldwide leading cause of disability. Several 
neurodegenerative disorders including Parkinson’s disease (PD) are associated with 
lipid storage dysregulation in the brain. In particular, the storage of lipids in cytoplasmic 
organelles, called lipid droplets (LDs), has recently emerged as an important mechanism 
of the stress response. Several labs including ours, found that LD accumulation in glia may 
promote neuronal survival in condition of oxidative stress. Interestingly, in the context 
of neurodegeneration, neurons can also accumulate LDs. The contribution of neuronal 
and glial cells LDs to neurodegeneration remains a topic of debate. During my PhD, I 
investigated the mechanisms and consequences of LD accumulation in neurons and glia 
in two Drosophila models of PD. 

PD is characterized by the accumulation of misfolded alpha-synuclein (aSyn) in 
neuronal cytoplasmic inclusions. Interestingly, aSyn contains a lipid-binding domain that 
shares structural similarities with LD-binding proteins such as perilipins and aSyn can 
bind synthetic LDs in vitro, and induce LD accumulation in yeast by a mechanism that 
remains unclear. I found that expression of aSyn in association with perilipin impairs 
LD homeostasis leading to accumulation of LDs in Drosophila photoreceptor neurons. 
Interestingly, I observed that aSyn co-localizes with perilipins on the LD surface in both 
Drosophila photoreceptor neurons and human neuroblastoma cells. I thus propose that 
aSyn can, by associating with perilipins, stabilize LDs and by this mean promotes LD 
accumulation. Finally, modulating LD content in photoreceptor impacts aSyn resistance 
to proteinase K suggesting that LDs are involved in the pathological conversion of aSyn. 

Glial cells are early sensors of central nervous system injuries that accumulate LDs 
in response to neuronal stress to protect neurons from damages associated with lipid 
peroxidation. We found that Split-ends (Spen), an RNA binding protein previously identified 
as a glial pro-survival factor during development, maintains LD homeostasis in adult glial 
cell. In addition, expression of Spen was associated with resistance to paraquat-induced 
neurotoxicity, a pesticide associated with increased risk of PD in human epidemiologic 
studies. These results suggest that Spen-mediated lipid metabolism functions are 
important for neuroprotection in PD.

Collectively the results of my thesis provide new evidences for the formation of LDs in 
both neurons and glial cells and their contribution in the progression of PD pathology.
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RESUMÉ DE LA THÈSE

Les maladies neurodégénératives sont l’une des principales causes d’invalidité dans 
le monde. Certaines de ces maladies, telle que la maladie de Parkinson, sont associées 
à des dérégulations cérébrales du métabolisme lipidique. En particulier, il a été montré 
par plusieurs laboratoires dont le nôtre, que l’accumulation d’acide gras sous forme de 
gouttelettes lipidiques (GLs) dans les cellules gliales est un mécanisme de réponse au stress 
oxydatif conservé au cours de l’évolution. Des études récentes suggèrent que la formation 
de GLs dans les neurones pourrait également participer au processus neurodégénératif. 
Les contributions respectives des cellules gliales et des neurones restent cependant peu 
étudiées. Au cours de ma thèse, je me suis intéressé aux mécanismes et conséquences 
pathologiques de l’accumulation de GLs dans les neurones et les cellules gliales. 

La maladie de Parkinson est caractérisée par l’accumulation d’alpha-synuclein (aSyn) 
qui forme des agrégats appelé corps de Lewy dans le cytoplasme des neurones affectés. 
L’aSyn est une protéine normalement localisée aux synapses, contenant un domaine de 
liaison aux lipides de type hélice amphipathique, partageant des similarités structurelles 
avec les protéines se trouvant à la surface des GLs, les périlipines. En effet, l’aSyn peut 
se lier à la surface de GLs in vitro et l’expression d’aSyn humaine dans la levure induit 
l’accumulation de GLs. La conservation de ce processus ainsi que sa relevance dans le 
cadre de la maladie de Parkinson restent cependant à démontrer. Durant ma thèse, j’ai 
montré que l’expression simultanée de l’aSyn et de périlipines induit l’accumulation de GLs 
dans les neurones de type photorécepteurs de la rétine de drosophile. J’ai de plus observé 
qu’une fraction de l’aSyn était localisée à la surface des GLs dans les photorécepteurs de 
drosophiles ainsi que dans les neuroblastes humains en culture. Mes résultats suggérent 
que l’association de l’aSyn et des périlipines à la surface de GLs instables, pourrait 
les stabiliser et ainsi favoriser leur accumulation. Enfin, la présence de GLs dans les 
photorécepteurs est associée à une plus grande résistance de l’aSyn à la digestion par la 
protéinase K, suggérant que les GLs seraient impliquées dans le processus de conversion 
pathologique de l’aSyn vers des formes agrégées.

Les cellules gliales sont les gardiennes de l’intégrité du système nerveux central. En cas 
de dommages des neurones ou de stress, les cellules gliales accumulent des GLs afin de 
protéger les neurones de dommages liés à la peroxydation lipidique. Nous avons montré 
que Split-ends (Spen), une protéine ayant précédemment été identifiée comme facteur de 
survie des cellules gliales au cours du développement, est impliquée dans le maintien de 
l’homéostasie des GLs dans les cellules gliales de drosophile adulte. De plus, l’expression 
de spen est associée avec la résistance des mouches au traitement neurotoxique par le 
Paraquat, un pesticide reconnu comme facteur de risque pour la maladie de Parkinson 
chez l’homme. Ces résultats suggèrent que les fonctions de Spen dans le maintien de 
l’homéostasie lipidique dans les cellules gliales sont protectrice contre le stress oxydatif 
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induit par le paraquat.
Collectivement, les résultats obtenus au cours de ma thèse montrent que le maintien de 

l’homéostasie des GLs à la fois dans les cellules gliales mais également dans les neurones 
est important dans les processus pathologiques associés à la maladie de Parkinson.
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GENE NOMENCLATURE

Fatp: Drosophila gene
Fatp: Drosophila protein
FATP: Human gene
FATP: Human protein
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ABBREVIATIONS

AD Alzheimer’s Disease

ACC Acetyl-CoA Caxboxylase

AMPA α-amino-3-hydroxy-5-methyl-4 isoxazolepropionic acid

aSyn alpha-synuclein

BBB Blood Brain Barrier

CCT1 CTP: Phosphocholine Cytidylyltransferase 1

CPT2 Carnitine Palmitoyltransferase 2

CS Citrate Synthase

CSF Cerebrospinal fluid

DGAT Diacylglycerol-acyltransferase

EAAT1 excitatory amino acid transporter 1

EPT1 Ethanolaminephosphotransferase 1

FA Fatty acid

FABP7 Fatty acid Binding Protein 7

FATP Fatty acid transfer protein

GPAT Glycerol-3-Phosphate Acyltransferase

HD Huntington’s Disease

HSP Hereditary Spastic Paraplegia

LD Lipid droplet

MARCKS myristoylated alanine-rich protein kinase C substrate

MCT monocarboxylate transporter

mdy midway (Drosophila DGAT1 homolog)

PAP Phosphatidic Acid Phosphatase

PD Parkinson’s Disease
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PLD Phospholipase D

ROS Reactive Oxygene Species

SCD1 stearoyl CoA desaturase 1

Spen split-ends

Ldsdh1 Lipid droplet subset dehydrogenase 1

PE Phosphatidylethanolamine

PC Phosphatidylcholine

SE Sterol-ester

LPCAT Lysophosphatidylcholine Acyltransferases

ER Endoplasmic Reticulum

FIT Fat Inducing Transmembrane protein

BSCL2 Berardinelli-Seip Congenital Lipodystrophy 2

CIDE cell death-inducing DFFA-like effector

COPI Coat Protein complex I

LC3 microtubule-associated protein 1 light chain

PUFA polyunsaturated fatty acid

CGI-58 Comparative gene identification-58

PKA Protein Kinase A
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INTRODUCTION

Neurodegenerative disorders, such as Alzheimer’s (AD) and Parkinson’s disease (PD), 
are the leading cause of disability worldwide (Kyu et al., 2018). It raises an increasing 
concern as the world population is growing, and life expectancy is extending. Age is the 
most important risk factor for AD and PD. By 2040, 12 to 17 million people worldwide 
are expected to live with PD (Dorsey et al., 2018). At this point in time, no curative 
treatment exists for PD and patients rely only on the treatment of their symptoms. As 
the number of PD patients increases, PD represents an increasing societal and economic 
burden for society. Understanding the underlying pathological mechanisms behind 
these neurodegenerative diseases is an essential step toward the development of new 
therapies. Accumulating evidences, in animal and cellular models of neurodegenerative 
disorders, point to a dysregulation of lipid metabolism as an important contributing factor 
to neuronal survival. In particular, accumulation of lipid storage organelles called lipid 
droplets (LDs) have been observed in a large variety of neurodegenerative disorders 
models. Indeed, while neurons are rarely loaded with LDs in healthy animals, mutations 
in genes involved in LD metabolism have been identified in neurodegenerative disorders. 
Interestingly, the accumulation of LDs in glia is a conserved mechanism of the stress 
response both in mammals and insects, that could participate to neuroprotection as 
well. Previously underestimated in the brain, LD formation represents an exciting new 
area of investigation in the field of neurodegeneration. During my thesis, I investigated 
the mechanisms of LD formation in both neurons and glia and their contribution to PD 
hallmarks using Drosophila central nervous system as a model. In my thesis introduction, 
I will first overview the literature on LD biogenesis and functions, then I will specifically 
present the current knowledge about LD homeostasis in the brain in health and diseases, 
and finally I will focus on the contribution of lipid metabolism dysregulation in PD. 
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1� LD biology

1�1� Generalities about LDs: from inert fat particles to stand alone organelle

1�1�1� An evolutionary conserved organelle of fat storage

The first observation of LDs could be attributed to the Dutch scientist Antonie van 
Leeuwenhoek that observed “fat particles” with a microscope in sheep adipose tissue 
in 1723 (Leeuwenhoek and Chamberlayne, 1723). For a long time, LDs were considered 
inert fat deposits restricted to adipose tissue, but it is now clear that LDs are found in most 
animal tissues and are dynamic regulators of the stress response. 

LDs are constituted of a neutral lipid core, insoluble in water, enclosed in a 
phospholipid monolayer associated with LD-binding proteins. The neutral lipid core 
contains esterified fatty acids (FA), mostly triacylglycerols (TAGs) and sterol esters (SE) 
surrounded by a mix of amphiphilic phospholipids such as phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE). LDs are found in most living organisms including fungi, 
plants, animals and some types of bacteria and archaea suggesting that storage of fat in 
cytoplasmic droplet is an evolutionary ancient mechanism (Chapman et al., 2019; Murphy, 
2012). 

The observation of LDs can be challenging in tissue-sections, as lipids contained in LDs 
can be washed away by regular staining protocols and thus sample preparation must be 
adapted to lipophilic dyes. The most common lipid dyes, which can be used to detect LDs 
in cell culture, whole-mount, and, frozen tissue-sections include fluorescent dyes such as 
Nile Red or Bodipy, and non-fluorescent pigment such as Oil Red O (Daemen et al., 2016). 
LDs can also be identified using electronic microscopy, which allows the identification 
of homogenous electron-transparent round structure, surrounded by an electron-dense 
phospholipid monolayer. The absence of a double membrane allows the distinction of LDs 
from other double membrane vesicles of similar same size (Daemen et al., 2016).

In healthy mammals, LDs accumulate in large quantity in organs dedicated to lipid 
absorption and storage such as the intestine, white and brown adipose tissue (WAT and BAT 
respectively) and the liver. LDs are also visible in organs that consume lipids as substrate 
to produce energy such as skeletal muscles and heart. Finally, LDs accumulate as well in 
cells that use lipids as precursors for the synthesis of other molecules, such adrenal cortex 
gland cells producing steroid hormone and immune cells producing eicosanoids (Welte 
and Gould, 2017). In contrast to the above-mentioned structures, the healthy mammalian 
brain is not particularly known for LD accumulation. While LDs are rare in some tissues in 
healthy conditions, stress, and pathologies can induce LDs in virtually all cell types.

In comparison with mammals, healthy Drosophila, accumulate LDs at all stages of 
development from embryos, larvae, and adults, in the fat body, a large structure analogous 
to mammalian adipose tissue (Figure 1) (Kühnlein, 2012). Indeed, larvae spend their 
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time eating and accumulating lipids in structure called fat bodies, which are analogous to 
mammalian adipose tissue. Fat bodies have been extensively used to study LD properties 
in Drosophila (Kühnlein, 2011). Lipids will provide the energy and building blocks 
necessary for membrane synthesis and the transformation of larval tissues and organs 
into the future adult fly. Indeed, larvae accumulate LDs in structures called imaginal discs, 
which contain highly dividing cells that will give rise to the adult legs, wings, eyes and 
antennae (Fauny et al., 2005; Kühnlein, 2012). In addition, the larvae developing nervous 
system also accumulate LDs in a subset of glial cells, which are in closed proximity with 
neuronal progenitors (Bailey et al., 2015; Kis et al., 2015).

As the larvae reach a critical weight, hormonal signaling mediated by ecdysone triggers 
pupation and metamorphosis, a process during which larval organs are transformed to 
give rise to the adult organs (Ohhara et al., 2017). In adult flies, LDs are mainly found in 
adult fat body located in the fly abdomen and head (Arrese and Soulages, 2010; Hwangbo 
et al., 2004). The fat body acts as a lipid storage organ and releases lipids in the form 

Figure 1� LD accumulate in Drosophila tissues at all stages of development
(A) Schematic view of Drosophila life cycle. Briefly eggs hatch about one day after egg-laying. The 
emerging larvae then go through three stages of growth also known as instar. When reaching 
a critical weight, larvae enter the pupal stage, during which metamorphosis occurs. Finally, the 
adult emerges from the pupal case. (B) Example of LD accumulation in Drosophila tissues during 
development and adulthood. In embryos, LDs accumulate in the periphery (image from Aora et 
al. 2016). In larvae, LDs are found mostly in fat body, but also in the central nervous system (CNS, 
image from Bailey et al. 2015) and in imaginal discs. In adult, LDs accumulate in fat body (not 
represented here) and other tissues including the intestine (image from Karpac et al. 2013) and 
the CNS.
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of lipoproteins into the circulating hemolymph, the fly equivalent of mammalian blood 
(Palm et al., 2012). LDs are also found in the gut and in oenocytes, a group of cells with 
liver-like functions located in the fly abdomen (Gutierrez et al., 2007). 

In both healthy mammals and Drosophila, LDs accumulate mainly in organs dedicated 
to lipid storage. Meanwhile, during aging, and pathologies that impair lipid homeostasis 
such as obesity, lipodystrophies, diabetes, and neurodegeneration, abnormal LDs can 
accumulate in non-adipose tissue like the brain, and have critical impact on organ functions. 

1�1�2� The biogenesis of LDs

In eukaryotes, LD formation takes place at the endoplasmic reticulum (ER) membrane 
where enzymes of the glycerolipid synthesis pathway first synthesize TAGs by successive 
addition of three FA to a glycerol backbone (Figure 2). 
This process first requires the activation of FA by addition of a Co-Enzyme A (CoA) mediated 
by FA-CoA synthase such as the FA transport protein (FATP)(Dourlen et al., 2015). The 
first FA-CoA is then transferred to a glycerol-3-P molecule by Glycerol-3-Phosphate 
Acyltransferase (GPAT) resulting in the synthesis of lysophosphatidic acid (LPA). Addition 
of a second FA to LPA, by an Acyl-glycerol-3-phosphate Acyl-transferase (AGPAT), gives rise 
phosphatidic acid (PA). PA is then converted to DAG by a PA Phosphatase (PAP). The final 
step is the addition of a third FA onto a DAG molecule by Diacylglycerol-O-acyl transferase 
(DGAT) to form TAG (Xu et al., 2012). 
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Figure 2� The TAG synthesis pathway and its conservation in Drosophila 
Schematic representation of the TAG synthesis pathway. Enzymes are well conserved between 
human (black) and Drosophila (red, or pink if not experimentally confirmed). FA, fatty acid; FATP, 
fatty acid transport protein; GPAT, glycerol-3-phosphate acyltransferase; LPA, lysophophatidic acid; 
AGPAT, 1-acylglycerol-3-phosphate O-acyltransferase; PA, phosphatidic acid; PAP, phosphatidic 
acid phosphatase; DAG, diacylglycerol; DGAT, diacylglycerol O-acyltransferase; TAG, triacylglycerol. 
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Newly synthesized TAGs are concentrated within the ER phospholipids bilayer to form a 
lens. This lens then progressively expands with the intervention of ER-resident proteins, 
such as Seipin (encoded by BSCL2 in humans) and Fat Inducing Transmembrane proteins 2 
(FIT2). Finally, the emerging LD buds off from the ER to become an independent organelle 
(Figure 3). 

Seipin proteins form mobile foci in the ER membrane, that recognize growing lens and 
facilitate the maturation of future LDs (Wang et al., 2016). The lack of Seipin, destabilizes 
LD formation and leads to the accumulation of small nascent LDs and abnormally 
large ones (Fei et al., 2011; Tian et al., 2011; Wang et al., 2016). Deficiency in Seipin is 
associated with a severe form of congenital generalized lipodystrophy called Berardinelli-
Seip syndrome, characterized by a nearly complete loss of adipose tissue (Agarwal et al., 
2003). In Drosophila, mutation of Seipin leads to a severe reduction of fat body as well and 
to the formation of ectopic LDs in salivary glands (Tian et al., 2011). Seipin interacts with 
LD assembly protein-1 (LDAF1) to form a complex that associates with forming lenses to 
stabilize the formation of LDs (Chung et al., 2019). Finally is has been reported that Seipin 
could facilitate the recruitment of a LD formation complex containing proteins such as 
TAG synthase, Lro1 in yeast, or GPAT in mammalian adipocytes, at the site of LD formation 
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Figure 3� The steps of LD biogenesis
Schematic representation of the three main steps of LD formation at the ER. (1) ER resident 
enzymes synthetize TAGs that accumulate within the ER bilayer to form a lens. (2) The lens is 
progressively growing by simultaneous addition of TAGs and phospholipids. This step requires 
also Seipin and FIT2 proteins that stabilize the forming LD (3) the LD buds off into the cytosol.
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(Choudhary et al., 2020; Pagac et al., 2016).
As mentioned earlier, the final step of LD biogenesis is the budding of the new LDs 

from the ER into the cytosol. Control of the budding direction is in part regulated by the 
asymmetry in phospholipid and protein composition of the ER phospholipid monolayer 
surrounding the lens. A decrease in surface tension of the ER cytosolic face, favors the 
LD budding into the cytosol (Ben M’barek et al., 2017; Chorlay and Thiam, 2018). The 
budding of the newly formed LDs into the cytosol is also facilitated by proteins such as Fat 
storage-inducing transmembrane proteins 1-2 (FIT1 and 2) that normally reside at the 
ER membrane and accumulate at LD biogenesis sites (Choudhary et al., 2015; Henne et 
al., 2018). In absence of FIT2, LDs remain trapped inside the ER membrane (Choudhary et 
al., 2015). While FIT2 could bind TAG, its exact function in LD biogenesis remains unclear. 

The molecular actors of LD formation including TAG synthesis enzymes and Seipin are 
well conserved in insects (Heier and Kühnlein, 2018). Indeed, the Drosophila genome 
contains three genes encoding GPATs, four genes encoding AGPATs, (Agpat1-4) one gene 
encoding PAP (Lipin), one gene encoding DGAT1 (Midway), and three uncharacterized 
genes encoding putative DGAT2 (CG1941, CG1942/Dgat2, and CG1946) (Heier and Kühnlein, 
2018). Drosophila carries also three homologs of FATP (dFatp, CG44252 and CG3394) (see 
Figure 2) (Dourlen et al., 2015). With its versatile genetics, Drosophila provides a very 
powerful model to study LD biology in vivo. For example, LD deposition in the retina is 
dependent on dFatp expression. The knockdown of dFatp prevents LD accumulation, 
while dFatp overexpression increases lipid storage in Drosophila retina glial cells (Van 
Den Brink et al., 2018). 

As the newly formed LD emerges and becomes an independent organelle, it takes away 
a fraction of the ER outer phospholipid-layer, as well as several proteins normally residing 
in the ER membrane. The LD surface is associated with various LD-binding proteins: ER-
proteins captured by the LD when budding from the ER outer membrane (Class I) and 
specific cytosolic proteins targeting the LD phospholipid monolayer directly (Class 2). 
Collectively, these LD-binding proteins form the LD proteome, which contributes to the 
maintenance and dynamic turnover of LDs.

1�2� A functional overview of the LD proteome

1�2�1� Establishing the LD proteome

Proteomic analysis of LDs isolated from yeast, plants, insects and mammals revealed 
that LDs contain a common subset of conserved proteins involved in lipid metabolism that 
maintains LD structure, expansion, and degradation (Beller et al., 2006; Bersuker et al., 
2018; Cermelli et al., 2006; Currie et al., 2014; Hamada et al., 2020; Krahmer et al., 2013; 
Pyc et al., 2017). LDs can also carry proteins involved in non-metabolic functions such 
as inter-organelles contacts and protein degradation. For example, proteomic analysis of 
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LDs isolated from Drosophila third-instar larvae fat body, revealed a list of more than 130 
proteins including lipid metabolism enzymes such as lipases, but also small GTPase of the 
Rab protein family and protein chaperones (Figure 4) (Beller et al., 2006). Unexpectedly, 
LDs isolated from Drosophila embryos can even carry histones (Cermelli et al., 2006). 
These histones carried by LDs are involved in a defense mechanism against intracellular 

bacteria (Anand et al., 2012). 
Proteins interact with LDs mainly through two types of domain: hydrophobic domains 

hairpin (Class I) or amphipathic helices (Class II) (Bersuker and Olzmann, 2017). LD-
binding proteins of Class I, include proteins first localized at the ER membrane that relocate 
to the nascent LDs, such as GPAT4, DGAT2. In contrast, LD-binding proteins of Class II 
are cytosolic proteins containing amphipathic helices, a protein secondary structure that 
segregates hydrophobic residues and polar residues on two opposite face of the helix, 
which allows specific interaction with the LD monolayer. For example, Class II proteins 
include CTP: Phosphocholine Cytidylyltransferase 1 (CCT1) and perilipins (Dhiman et al., 
2020). Perilipins are the most abundant LD-binding proteins. Perilipins act as a scaffold 
that maintains LD integrity and protects LDs from cytosolic lipases (treated in a separated 
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Figure 4�  The functions of LD-binding proteins
Schematic representation of four examples of LD-binding protein functions. (A). Enzymes of the TAG 
and phospholipid synthesis pathways are targeted to the LD surface and promote LD growth (B). 
Perilipins are the most abundant proteins at the surface of LDs and act as shield against cytosolic 
lipases such as ATGL. (C). LD-protein abundance is regulated by the Ubiquitin Proteasome System 
(UPS) including the ubiquitin ligase UBDX8 that signals proteins for degradation. (D). LDs interact 
with other organelles such as mitochondria through protein tethering complex. The proximity of 
LD and mitochondria promote FA degradation by beta-oxidation.

18



chapter). The class II also includes proteins that interact indirectly with LDs using lipid 
anchors or protein-protein interaction (Dhiman et al., 2020).

The protein content of LDs depends on the LD intrinsic properties such size, lipid 
composition and phospholipid packing but also the nature and abundance of proteins 
at the LD surface. Indeed, LD-binding proteins and phospholipids can act as surfactant 
and decrease LD surface tension (Figure 5). For instance, the packing of phospholipids 
on the LD, decreases the LD surface tension and limits the binding of proteins (Thiam et 
al., 2013a). Coat Protein complex I (COPI) act as a tension clamp that increases surface 
tension by reducing the phospholipids packing at the surface of LDs (Thiam et al., 2013a). 
In mammalian cells, the LD phospholipid monolayer contains more PC than PE, while in 
Drosophila, LDs contain more PE and less PC (Krahmer et al., 2011). The nature of the 
neutral lipids stored in the core of the droplet, sterol-esters or TAGs, also impacts the 
LD proteome (Chorlay and Thiam, 2020). Moreover, LD-binding proteins have different 
affinity for the LD surface and competition/crowding can decrease binding of weakly 
bound-proteins (Kory et al., 2015). Collectively these factors can impact the LD proteome 
within a same cell and contribute to LD heterogeneity.

In the following sections, I will discuss the most common LD-binding proteins and 
their functions in the regulation of LD growth and degradation, LD interaction with other 
organelles, and the degradation of LD-associated proteins.

Surface tension

Protein
 Crowding

PL 
Packing

High Low

COPI

Figure 5� LD surface tension
The LD surface tension is regulated by phospholipid (PL) packing and protein abundance. A low 
surface tension allows LD-binding proteins to interact with LD surface. COPI, can promote the 
formation of nano-droplets, which decreases the phospholipid packing, and thus increases the LD 
surface tension, a state that favors the recruitment of LD-protein.
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1�2�2� Local synthesis and LD fusion mediate LD growth

The growth of cytoplasmic LDs depends on the rate of neutral lipid accumulation and 
degradation. LD-binding proteins regulate two main mechanisms that are required for the 
growth of existing LDs: local lipid synthesis and LD fusion (Figure 6). Neutral lipids and 
phospholipids that are required for LD growth can be synthesized locally at the surface 
of LDs. The LD proteome reveals a number of proteins involved in TAG and phospholipid 
synthesis. For example, GPAT4, AGPAT3 and DGAT2 are isoforms of TAG synthesis enzymes 
found on the surface LDs (Wilfling et al., 2013). For continuous growth of the LD, the 
phospholipid monolayer must be extended as well, and enzymes that synthetize PC such 
as CCT1, and Lysophosphatidylcholine Acyltransferases 1 and 2 (LPCAT), are found on the 
LD surface (Krahmer et al., 2011; Moessinger et al., 2011). The lack of PC, in conditions 
such as knockdown of CCT1, increases LD surface tension and promotes LD coalescence 
and fusion (Krahmer et al., 2011; Thiam and Beller, 2017). 

The cell death-inducing DFFA-like effector (CIDE) protein family includes CIDEA, CIDEB 
and CIDEC/Fsp27 promotes FA transfer from one LD to another. They are found on the LD 
surface and, CIDEA and CIDEC, accumulate at contact sites between adjacent LDs (Gong 

et al., 2011). Loss of CIDEC in mice adipocytes induces a phenotype with numerous small 
LDs in contrast with wild type adipocytes that contain a unique giant LD (Nishino et al., 
2008). 

1�2�3� The breakdown of LDs by lipolysis and lipophagy

Lipids can be remobilized from LDs by two main mechanisms: lipolysis mediated by 
cytosolic lipases and lipophagy (Zechner et al., 2012). The first mechanism involves 
cytoplasmic lipases, such as Adipose Triglyceride Lipase (ATGL/PNPLA2) and Hormone-

Local synthesis LD fusion

CIDEC

A B

Figure 6�  Mechanisms of LD growth
Two main mechanisms promote LD growth: local lipid synthesis and LD fusion. (A) Local lipid 
synthesis is mediated by a set of TAG synthesis enzymes localized at the surface of a subset of LDs 
(B) CIDE protein family such as CIDEC promote lipid transfer between LD in contact. 
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sensitive lipase (HSL), that bind the LD surface and insure hydrolysis of TAG and lipid 
remobilization (Lass et al., 2011; Sztalryd et al., 2003). TAG lipolysis is a sequential 
process initiated by ATGL that first hydrolyzes TAGs into DAGs, which are then hydrolyzed 
by HSL and finally Monoacylglycerol lipase (MAGL) that completes the remobilization of 
the esterified FAs (Figure 7). In mammalian and insect adipocytes, lipolysis is stimulated 
by hormonal signaling. The genome of Drosophila contains homologues of ATGL and HSL, 
known as Brummer (Bmm) and dHSL respectively (Grönke et al., 2005). Other putative 
intracellular lipases have been identified such as DDHD2 in mammals and its homolog 
PAPLA1 in Drosophila (Gáliková et al., 2017). PAPLA1 is a phospholipase A1 which 
primarily hydrolyzes phospholipids but could degrade TAGs as well in Manduca sexta 
(Arrese et al., 2006).

LDs can also be degraded by a type of macro-autophagy called lipophagy. Entire LDs can 
be engulfed in autophagy vacuoles, which then fuse with lysosomes (Figure 7). Singh et al., 
demonstrated that LDs co-localize with the autophagosome reporter protein, microtubule-
associated protein 1 light chain 3 (LC3) and lysosomal protein LAMP1, in hepatocytes 
(Singh et al., 2009). Lysosomes contain lysosomal acid lipases (LALs) that degrade neutral 
lipids at acidic pH. Lipophagy is particularly important in the liver, as autophagy deficient 
Atg7 knockout mice accumulate abnormal lipid levels in hepatocytes (Singh et al., 2009).
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Figure 7� Mechanisms of LD degradation
LDs can be degraded by two main mechanisms. (A) Cytosolic lipases, such as ATGL and HSL,    
associate with LDs and promote TAG hydrolysis which generates FA and DAG. DAG can be further 
cleaved by HSL, and MAGL to liberate two more FA. (B) LDs can also be degraded by autophagy. 
LDs are recognized and engulfed by autophagosome, which then fuse to lysosomes. Lysosomes 
contain lysosomal acid lipases (LAL) that degrade the content of LDs.
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1�2�4� Regulation LD-protein abundance by the ubiquitin/proteasome 
system

Protein degradation is essential to maintain the composition of the LD proteome. 
Unnecessary or damaged proteins carrying ubiquitination sites are targeted to the 
proteasome for degradation. The protein composition of LDs is regulated by the ubiquitin-
proteasome system (UPS). For example, the LD proteome contains proteins associated 
with the ER-associated Degradation (ERAD), such as UBX-domain containing protein 8 
(UBXD8), Ancient Ubiquitous Protein 1 (AUP1) and VCP AAA ATPase (Bersuker et al., 
2018). ATGL, DGAT2 and CIDEC are among the LD-proteins that can be degraded by the 
proteasome.

Additional evidence of LD-protein degradation by the UPS are found in plants. Indeed, a 
subset of LDs is associated with UBX family protein called the Plant UBX Domain-Containing 
Protein 10 (PUX10) in Arabidopsis thaliana seeds and tobacco pollen tubes (Deruyffelaere 
et al., 2018; Kretzschmar et al., 2018). PUX10 acts as an adaptor protein that recruits 
the AAA ATPase Cell Division Cycle 48 (CDC48A) at the LD surface (Deruyffelaere et al., 
2018). CDC48A then extracts ubiquitinated proteins such as oleosins from the surface of 
LD for degradation by the proteasome (Deruyffelaere et al., 2018). Loss of PUX10, leads to 
accumulation of large LDs indicating that the UPS regulation of LD-protein abundance is 
required to maintain LD homeostasis (Kretzschmar et al., 2018).

1�2�5� Keeping in touch: the LD social network

LDs establish extensive contacts with most organelles including the ER, peroxisomes, 
mitochondria, the Golgi and lysosomes (Schuldiner and Bohnert, 2017; Valm et al., 2017). 
Valm et al. used multispectral time-lapse microscopy to investigate LD-organelle contacts 
in COS7 cells and found that the majority of LDs were in association with the ER (85%), 
mitochondria (25%) and finally peroxisomes and lysosomes (10%)(Valm et al., 2017). 
To establish contacts with other organelles, LDs require tether proteins, which interact 
with the target organelle itself or through a protein complex. Although some of these 
tether proteins have been identified for LDs in contacts with the ER and mitochondria, the 
mechanisms regulating LD-organelle contacts remain to be elucidated for the most part 
(Olzmannand Carvalho, 2019; Thiam and Dugail, 2019). 

Maintaining contact between LDs and the ER is essential for nascent LDs. In yeast, Mdm1, 
is a tether protein that maintains ER-LD contacts and recruits enzymes such as ACSL3 
homolog. Hariri et al., found that relocating Mdm1 artificially to the contact area between 
plasma membrane and ER is sufficient to change the localization of LD biogenesis in yeast 
(Hariri et al., 2019). Interestingly, the mammalian homolog of Mdm1, Sortin nexin protein 
14 (Snx14) is also associated with LD-ER contacts (Datta et al., 2019). Loss of Snx14 leads 
to a phenotype reminiscent of Seipin mutant, with an heterogenous LD size. Snx14 could 
also be part of a LD-formation complex as it recruits the FA activation enzyme ACSL3 for 
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ER microdomain of LD formation (Datta et al., 2019; Kassan et al., 2013). 
LDs are not static organelles and their association with microtubules is important 

for proper LD positioning and trafficking to other organelles. Several proteins in the LD 
proteome are associated with transport along microtubules. For example, in Drosophila 
embryos, the protein Klarschist, has been found to participate to LD mobility by interacting 
with LDs and kinesin molecular motors (Welte et al., 1998; Yu et al., 2011). 

LDs physically associate with organelles that use FA as energy source, such as 
mitochondria and peroxisomes. This interaction promotes the efficient transfer of FA 
for use in ß-oxidation and prevents lipotoxicity associated with excessive FA leakage in 
cytoplasm. LDs associate with mitochondria in muscles, and brown adipocytes (Benador 
et al., 2018; Rambold et al., 2015). Proteins that are involved in the interaction between 
mitochondria and LDs include Plin5, a member of the Perilipin family (Wang et al., 2011a). 
Alternatively, LD-mitochondria association can promote LD expansion by providing ATP 
for TAG synthesis (Benador et al., 2018, 2019). Spastin has been shown to promote the 
association of LDs with peroxisomes (Chang et al., 2019).

The fact that the proteome of LDs can vary between different tissues strengthens the 
importance of studying tissue specific LD-binding proteins. One interesting candidate 
protein family are the perilipins.

1�3� Perilipins, guardians of LD integrity

1�3�1� Discovery and structure of mammalian perilipins

Perilipins are a family of LD-binding proteins that maintain LD integrity and promote 
lipid storage (Kimmel and Sztalryd, 2016). The founding member of the Perilipin protein 
family is PLIN1 (previously known as perilipin A), and was initially found by Londos et 
al. among the fraction of phosphorylated proteins in adipocytes (Greenberg et al., 1991). 
Immunostaining revealed that PLIN1 is visible around LDs as a hollow ring in cultured 
adipocytes. Four additional genes encoding related LD-binding proteins were then 
successively discovered in mammals: PLIN2 (also known as adipose differentiation-
related protein [ADRP]), PLIN3 (also known as tail-interacting protein of 47 kDa [TIP47]), 
PLIN4 (also known as S3-12) and PLIN5 (also known as MLDP, LSDP5 or OXPAT) (Dalen 
et al., 2007; Londos et al., 1999; Wolins et al., 2003). Perilipins are characterized by two 
N-terminal domains: a PAT domain, named after the three founding members of the 
family (perilipinA, ADRP, Tip47), and a domain encoding an amphipathic helix, which 
allows the binding to the LD surface (Kimmel et al., 2010). Perilipin amphipathic helices 
are constituted of a repeated patch of 11 amino acids (11-mer) containing hydrophobic 
and hydrophilic amino acids that segregate to opposite faces, as the helix folds. Unfolded 
in the cytosol, perilipins adopt an alpha helical conformation upon LD-binding at the 
interphase between aqueous cytosol and hydrophobic LD core (Rowe et al., 2016). Lipid 
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packing defects also promote the binding of perilipins at the surface of LDs. The length 
and hydrophobicity of the amphipathic helix as well, as well as the C-terminus domain 
control the affinity of perilipins for LDs (Ajjaji et al., 2019). 

1�3�2� Perilipins: an evolutionary conserved family of LD-binding 
proteins

Functional perilipin proteins have been found in most eukaryotes examined so far 
including Dictyostellium, yeasts, Drosophila, Caenorhabditis elegans (C. elegans) and 
vertebrates, which suggest evolutionary conserved functions (Chughtai et al., 2015; Gao 
et al., 2017; Miura et al., 2002). As mentioned above, the Human genome contains 5 genes 
encoding perilipins: PLIN1-5. In contrast, Drosophila genome contains 2 genes coding 
PAT domain proteins, called dPlin1 and dPlin2 (also known as Lsd-1 and Lsd-2) (Miura et 
al., 2002). Drosophila perilipins, like their mammalian counterparts are found on the LD 
surface and share similar functions in the regulation of LD structure and turnover (Beller 
et al., 2010; Bi et al., 2012; Grönke et al., 2003, 2005).

1�3�3� Perilipins.tissue.specificity

The Human perilipins appear to have different cellular specificity and functions. PLIN1 
is mainly restricted to adipocytes. PLIN2 and PLIN3 are found ubiquitously and PLIN5 
is found in oxidative tissue (muscle, heart, brown adipose tissue) (Itabe et al., 2017; 
Yamaguchi et al., 2006). PLIN4 is found in adipocytes, skeletal and heart muscles, and 
in the brain. Interestingly, the different distribution of perilipins in tissues indicates that 
perilipins are important for tissue-specific regulation and functions of LDs. 

Drosophila perilipins have also a tissue-specific distribution. dPlin1 is mainly restricted 
to the fat body, while dPlin2 is expressed ubiquitously, at all stages of the fly life cycle: 
embryos, larvae and adults (Beller et al., 2010).

1�3�4� Perilipins functions at the LD

e� Regulation of basal and stimulated lipolysis

Perilipins are important regulators of basal and stimulated LD lipolysis (Figure 8). 
Perilipins form a protective coat around LDs that limits the access of cytosolic lipases 
to the neutral lipid core. In mammalian adipocytes, PLIN1, can prevent ATGL-mediated 
lipolysis by binding to an ATGL co-activator, named Comparative gene identification-58 
(CGI-58, also known as ABDH5) (Brasaemle et al., 2000). Upon lipolytic stimulation, the of 
PLIN1 by Protein Kinase A (PKA) releases CGI-58 and allows ATGL mediated-lipolysis to 
proceed (Arrese et al., 2008; Brasaemle et al., 2000). PLIN1 can also promote HSL docking 
at the LD surface (Wang et al., 2009). PLIN1 knockout mice have a reduced adipose tissue 
and exhibit a higher rate of basal lipolysis. plin1-/- mutant adipocytes have reduced levels 
of stimulated lipolysis as well (Tansey et al., 2001). 
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PLIN2 and PLIN3 also regulate basal lipolysis and increase lipid storage when 
overexpressed in a variety of cell types (Listenberger et al., 2007). PLIN2 and PLIN3 do 
not appear to bind CGI-58, while PLIN5 contains binding sites for HSL, ATGL and CGI-58. 
In condition of increased nutrient demand, PLIN2 and PLIN3 are degraded by chaperone-
mediated autophagy (CMA), which facilitates ATGL access to LDs and lipolysis in the liver 
of starved mice (Figure 8) (Kaushik and Cuervo, 2015). Collectively these results indicate 
that perilipins can limit lipolysis by two main mechanisms: 1) direct binding to lipases or 

lipase co-activators, 2) competition with lipases for binding at the LD-surface. 
In Drosophila, dPlin1 and dPlin2, regulate lipolysis by mechanisms that share 

similarities with vertebrate perilipins. dPlin1 and dPlin2 modulate the lipolytic activity 
of the Drosophila ATGL ortholog, Bmm (Bmm) (Beller et al., 2010; Grönke et al., 2005). In 
addition, dPlin1 was associated with the recruitment of dHSL at the LDs in starved larvae 
(Bi et al., 2012). Furthermore, the stimulation of adipocytes by adipokinetic hormone 
(AKH) induces PKA-dependent phosphorylation of dPlin1, and increases lipolysis. Flies 
lacking both, dPlin1 and dPlin2 are lean but viable and can still mobilize fat upon starvation 
(Beller et al., 2010). dPlin1 expression levels correlate with body fat levels (Beller et al., 
2010). dPlin1 null flies suffer from adult-onset obesity, and have reduced lipolysis (Beller 
et al., 2010). dPlin1 and dPlin2 are functionally redundant in wing disc (Bi et al., 2012; 
Fauny et al., 2005; Grönke et al., 2005; Teixeira et al., 2003). dPlin2 levels modulate TAG 
storage indeed, dPlin2 null mutant flies are lean and contain reduced levels of TAGs while 
flies overexpressing dPlin2 in fat body contain more TAGs (Grönke et al., 2003). 
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Figure 8� PLIN-mediated regulation of lipolysis
(A) In adipocytes, PLIN1 sequesters CGI-58, a co-activator of ATGL under basal condition. Upon 
stimulation, PKA phosphorylates PLIN1, which liberates CGI-58, and promotes ATGL-mediated 
lipolysis. dHSL can also been recruited by phosphorylated PLIN1. (B) In hepatocytes, LDs are 
covered by PLIN2 and PLIN3, which prevent ATGL binding to LDs and lipolysis. Upon stimulation, 
PLIN2 and PLIN3 are degraded by chaperone-mediated autophagy (CMA), which promotes ATGL 
binding to LD and lipolysis. CMA requires the chaperone Hsc70 and LAMP-2A on lysosomes.
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f� Stabilization of the LD structure

Perilipins are thought to act as scaffold proteins that maintain LD structure and integrity. 
For example, Drosophila fat body lacking dPlin1 contains one large unilocular LD instead 
of multiple smaller LDs, like in wild-type (Beller et al., 2010). This result indicates that 
perilipins association with LDs maintains LD morphology. Similarly, depletion of yeast 
Pet10, a putative gene encoding a PAT domain protein also leads to LD fusion (Gao et 
al., 2017). Interestingly, the binding of proteins to the LD surface, reduces the LD surface 
tension, which decreases LD fusion (Thiam et al., 2013b). Along those lines, PLIN4 which 
contains the largest amphipathic helix is an extreme example. Indeed, PLIN4 can coat 
LDs that are devoid of phospholipids and substitute for phospholipids by directly binding 
neutral lipids and stabilizing LDs (Čopič et al., 2018). Collectively, these results show that 
perilipins are involved in the stabilization of LD structure and the maintenance of LD 
integrity.

g� Other functions

Perilipins are also involved in the transport of LDs along microtubules: in Drosophila 
embryos dPlin2 interacts with Klarsicht, a regulator of kinesin-1 and dynein molecular 
motors (Welte et al., 2005).

1�4� LD, a dynamic organelle with multiple functions

LDs are important energy reserves but their content can also be used as precursor for the 
synthesis of membrane phospholipids or signaling molecules such as steroid hormones or 
lipid mediators of inflammation such as eicosanoids. In addition to these storage functions, 
LDs have emerged as important regulators of the cellular stress response (e.g. lipotoxicity, 
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oxidative stress, ER stress) (Henne et al., 2018; Welte and Gould, 2017).

1�4�1� Storage of energy and lipid precursors

LDs contain large fat reserves that can be remobilized at any time in response to cellular 
context and the energy demand of the cell. In starved animals, FA stored in LDs of the 
adipose tissue are remobilized to provide energy. The lack of nutrients also increases 
the autophagy flux to produce nutrient from existing organelles, which paradoxically 
increases LD accumulation in Mouse Embryonic Fibroblasts (MEF) (Rambold et al., 2015). 
Indeed, in starved MEFs, LDs establish physical contacts with mitochondria to channel 
FAs resulting from lipolysis directly to the mitochondria for ß-oxidation (Rambold et al., 
2015). Before reaching the mitochondria, FAs are modified by addition of carnitine and 
transported to the mitochondria matrix via Carnitine Palmitoyltransferase I and II (CPTI 
and CPTII). 

LDs can also provide precursors for the synthesis of other lipid-based molecules such 
as steroid hormones and eicosanoids. In mammals, immune cells such as leukocytes 
can accumulate LDs, which are remobilized for the synthesis of lipids mediators of 
inflammation. For example, mast cells, a tissue-resident immune cell involved in the 
first steps of inflammation, can remobilized arachidonic acid contained in LDs, by ATGL-
mediated lipolysis to provide precursor for the synthesis of eicosanoids, mediators of 
inflammation (Dichlberger et al., 2014).

1�4�2� A protective response against lipotoxicity

The accumulation of cytosolic FA in non-adipose tissues can have deleterious cellular 
consequences culminating with the dysfunctions of vital organs (Unger et al., 2010). For 
example, an excess cytosolic FA can disrupt mitochondrial membrane integrity, leading to 
oxidative stress, generation of toxic bioactive lipids (see 1.4.3), and ER stress (Chitraju et 
al., 2017; Nguyen et al., 2017). Therefore, the levels of free FAs must be controlled either 
by consuming or storing FAs inside LDs. The storage of FAs in LDs can be observed for 
example by treating cultured cells with exogenous FAs, such as oleic acid (OA). If the 
process of LD formation and TAG synthesis are inhibited, the exogenous lipid treatment 
becomes cytotoxic in Dgat1-/- fibroblasts (Listenberger et al., 2003). It also appears that 
the nature of FA has an impact on the cell ability to form LDs. For example, the treatment 
of cells with saturated FA, such as palmitic acid, induces LD formation less efficiently 
compared to OA, and triggers cellular demise. Interestingly, simultaneous treatment of 
cells with palmitic acid and OA promotes palmitate incorporation into LDs and reduces 
cytotoxicity indicating that saturated FA can also be incorporated in LDs but are less 
efficient at inducing their formation (Listenberger et al., 2003).

The importance of LDs in maintaining cellular FA homeostasis is best observed in 
condition of high autophagy. In response to starvation, autophagy is activated to break 
down existing organelle in order to produce metabolic fuel, such as FAs, which is required 
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to maintain cell viability. Interestingly, LDs accumulate in close proximity with highly-fused 
mitochondria in starved cells. In this context, LDs could act as intermediary step between 
the autophagy-dependent release of FA and mitochondrial ß-oxidation (Nguyen et al., 
2017; Rambold et al., 2015). Mitochondria are then fueled by ATGL-mediated degradation 
of LD-stores (Rambold et al., 2015). Starved cells that fail to produce LDs, accumulate 
acyl-carnitine that cause mitochondria dysfunction (Nguyen et al., 2017). These results 
indicate that LD functions in lipotoxicity is to: 1) buffer the excessive FA production and 
2) provide a safe passage for FA to be degraded without compromising the cell by physical 
association with mitochondria. 

1�4�3� Resistance to oxidative stress

Recent evidences indicate that LDs accumulate in condition of oxidative stress such 
as hypoxia and mitochondria-associated disorders (Bailey et al., 2015; Liu et al., 2015). 
Oxidative stress is caused by an imbalance between the production of reactive oxygen 
species (ROS) by mitochondria and their elimination by antioxidant enzymes. Briefly, 
ROS are predominantly produced in the form of hydrogen peroxide (H2O2), which by 
reacting with ferrous iron liberates highly reactive hydroxyl radical in the Fenton reaction. 
These radicals can oxidize most organic molecules including FAs by a process called lipid 
peroxidation (Gaschler and Stockwell, 2017). In particular, the oxidation of unsaturated 
FAs results in the non-enzymatic cleavage of the acyl chain and the liberation of short 
aldehydes, such as 4 hydroxy-nonenal (4-HNE). This reaction results in: 1) the shortening 
of the acyl chain, which affects the properties of phospholipids and membrane integrity, 
2) the generation of highly reactive short aldehydes that can damage nucleic acids and 
proteins. Short aldehydes, such as 4-HNE, can covalently modify proteins thus interfering 
with their normal functions and interaction (Hauck and Bernlohr, 2016). 

LDs can act as antioxidant by protecting sensitive lipids from oxidative damages. In 
condition of hypoxia, a known-inducer of ROS, LDs accumulate in glial cells of the Drosophila 
larval nervous system (Bailey et al., 2015). Interestingly, the accumulation of LDs is 
associated with the relocation of polyunsaturated fatty acids (PUFAs) from membrane 
phospholipids to TAGs inside LDs. In this context, LDs do not contain oxidized lipids 
indicating that undamaged PUFAs are relocating in LDs (Bailey et al., 2015). Preventing 
LD accumulation leads to increased oxidative damages including lipid peroxidation and 
4-HNE protein adducts (Bailey et al., 2015). Collectively these results indicate that LDs can 
protect PUFA from oxidation-induced damages. 

The protective effects of LDs against oxidation have also been observed in cancer cells 
(Bensaad et al., 2014; Zhang et al., 2017). Tumors constitute a highly hypoxic environment, 
and cancer cells often accumulate LDs (Cruz et al., 2020). Zhang et al., found that the 
activation of hypoxia inducible factors (HIF) induces expression of Hypoxia-Inducible 
Gene 2 (HIG2), which inhibits ATGL, and increases LD accumulation in human cancer cell 
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lines Hela and HCT116 under hypoxia (Zhang et al., 2017). Inhibition of HIG2 reduces LD 
accumulation and leads to apoptosis of cancer cells in hypoxia (Zhang et al., 2017). This 
result suggests that the downregulation of lipid catabolism promotes LD accumulation 
and protect cells from excessive cytosolic free FA and oxidative stress-associated damages.

1�4�4� Resistance to ER stress

The ER is the major site of lipid and protein synthesis. However, excessive accumulation 
of lipids or unfolded proteins in the ER, can trigger ER stress and activate the pathways of 
the unfolded protein response (UPR) (Oakes and Papa, 2015; Pineau et al., 2009; Volmer 
and Ron, 2015). The formation of LDs has been proposed to act as an “escape hatch” 
mechanisms to relieve ER stress (Ploegh, 2007). For example, LD formation alleviates 
ER stress in a cellular model of hereditary spastic paraplegia. Expression of the mutated 
form of SeipinN88S, leads to abnormal accumulation of misfolded Seipin in the ER and ER 
Stress in mouse motor-neuron cell line, NSC-34 (Hölttä-Vuori et al., 2013). Interestingly, 
LD accumulation could reduce ER stress by relocating abnormal seipin proteins to the LD 
surface (Hölttä-Vuori et al., 2013). These results support the hypothesis that LDs can act 
as an “escape hatch” to relieve the ER from overwhelming quantity of lipids or misfolded 
proteins (Ploegh, 2007).

1�5� The heterogeneity of LDs

Proteomic analysis of LDs extracted from different tissues revealed that LDs can vary in 
protein content from one tissue to the another (inter-cellular differences), but also within 
a single cell (intra-cellular differences)(Beller et al., 2020). This diversity reflects 1) 
differences in lipid metabolism between tissues (e.g. adipose tissue vs oxidative tissues), 
2) differences in types of neutral lipid stored in the core of LDs (e.g. sterol-esters or TAG), 
3) differences in the conditions in which LDs are generated (e.g. physiological or stress), 
4) functionally distinct LD subpopulations.

1�5�1� Intra-cellular LD diversity

At the single cell level, differences in LD protein composition may reflect different stages 
of LD maturation but also functionally distinct LD subpopulations. Perilipins are one 
example of proteins that are differentially distributed at the surface of LDs. In mammalian 
cells, perilipins segregate to distinct LD populations depending of the nature of the neutral 
lipid core. Perilipins abundance is modulated by exogenous cholesterol or OA treatment 
in mouse adrenocortical cells, which express all five perilipin genes (Hsieh et al., 2012). 
While Plin1, 2 and 3 were increased by both types of lipid, Plin4 and Plin5 accumulated 
only upon treatment with cholesterol or OA, respectively (Hsieh et al., 2012). Interestingly, 
Drosophila perilipins, dPlin1 and dPlin2, also have different pattern of localization. While 
dPlin1 covers most LDs, dPlin2 is only found on smallest LDs in Drosophila fat body (Bi et 
al., 2012). A similar type of segregation for Plin1 and Plin2 is found in rodents, with Plin2 
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accumulating on small nascent LDs and Plin1 on large LDs of mice 3T3 adipocytes treated 
with OA (Wolins et al., 2003). These results indicate that different perilipins associate 
differentially with LDs depending on the LD maturation stage (nascent or mature).

Subpopulation of LDs are also defined by their capacity to grow. Indeed, growing LDs 
carry a specific set of proteins, such as GPAT4 in Drosophila and mammalian cells, but also 
Ldsdh1 in Drosophila fat body (Thul et al., 2017; Wilfling et al., 2013).

Finally, subpopulation of LDs can be defined by their subcellular localization. Ugrankar 
et al. found that, Drosophila adipocytes contain a subset of LD associated with the 
plasma membrane at the cell periphery (Ugrankar et al., 2019). These peripheral LDs 
are connected with the plasma membrane by a protein called Snazarus (Snz) and their 
formation requires Lipoprotein-derived lipids rather than fatty acid synthase 1 (FASN1) 
in contrast to medial LDs (Ugrankar et al., 2019).

In summary, different LD subpopulations co-exist inside the same cell. Little is known 
about these LD subsets but their functions and localization depends on a specific set of 
LD-associated proteins.

1�5�2� Inter-cellular LD heterogeneity

A large body of knowledge on LDs has been gathered from studies in adipocytes. It 
is clear that LDs can store different types of lipids and associate with different types of 
proteins depending on the tissue considered. For example, adipocytes require a particular 
set of proteins, such as PLIN1, to mediate storage and rapid mobilization of large quantity 
of FA. Cells can be specialized in the storage of different types of neutral lipids which may 
be sequestered in LDs containing different set of LD proteins. For example, sterol-esters 
in tissues producing steroid hormones such as Drosophila ring gland, or mammalian 
steroidogenic cells of the adrenal gland. In addition, tissue-specific LD mechanisms can be 
found such as LD-mitochondria coupling in cardiomyocytes or the predominant lipophagy 
in the hepatocytes (Beller et al., 2020). 

While it is thought that all tissues can accumulate LDs, the mechanisms regulating LD 
homeostasis in the brain are not clear. Partly because it can be difficult to detect LDs in 
this lipid reach tissue. However, accumulating evidences indicate that LD homeostasis is 
impaired in neurodegenerative disorders. In the next chapter I will discuss LD-based lipid 
storage in the brain in health and disease.
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2� LD in the brain in health and disease

The human brain is a lipid rich organ, with lipids representing more than half of the 
brain’s dry weight (Hamilton et al., 2007). The brain is a complex, intricate network of 
about 100 billion interconnected neurons in close association with an equal number 
of supporting glial cells that includes astrocytes, oligodendrocytes, microglia, and 
ependymal cells (Allen and Lyons, 2018; von Bartheld, 2018; von Bartheld et al., 2016). 
Lipid homeostasis is crucial for the maintenance of neuronal membranes, synaptic 
structure, and neurotransmission (Montesinos et al., 2020). Lipids are also the principal 
component of myelin sheets, produced by oligodendrocytes, which wrap axons, and speed 
up signal transmission. Intriguingly, while little is known about lipid storage in the healthy 
brain, LD accumulation has been observed in an increasing number of neurodegenerative 
disorders including PD. The fact that LDs appear in different neurodegenerative disorders 
raises a lot of question about the contribution of LDs to these different pathologies and the 
importance of glia and neurons in the LD accumulation. In this section, I will discuss the 
current understanding of LDs in the healthy and pathological brain. 

2�1� Drosophila central nervous system: a potent neurobiology model

Drosophila have a small, yet complex brain constituted of 100 000 interconnected 
neurons and supporting glial cells tightly packed in three fused bilateral ganglia: the paired 
visual protocerebrum, the paired deutocerebrum which processes sensory information 
from the antennae, and the central tritocerebrum which integrates information from other 
systems (Edwards and Meinertzhagen, 2010). Each ganglia is organized with neuronal cell 
bodies located in periphery in an area called the cortex and project towards the neuropil, 
a zone of dense synaptic connections (Ito et al., 2014). In similar fashion to its mammalian 
counterpart, the insect brain contains populations of specialized neurons expressing 
conserved neurotransmitter including dopamine, serotonin and gamma-aminobutyric 
acid (GABA) that controls a large array of complex behaviors such as locomotion, memory, 
and complex social interactions. 

The Drosophila central nervous system (CNS) contains 5 major types of glial cells 
including: astrocyte-like, cortex, ensheathing, perineurial, and sub-perineurial glia that 
collectively recapitulate the morphological and functional features of mammalian glial 
cells (Figure 10)(Freeman, 2015; Kremer et al., 2017). 

The cortex glia surrounds the neuronal cells bodies and provides energy substrates such 
as lactate for neuronal metabolism. Ensheathing and astrocyte glia are localized around 
the neuropil and maintain the synapses homeostasis. These subtypes of glia express 
the excitatory amino acid transporter 1 (Eaat1), glutamine synthetase and glutamate 
transaminase, which are necessary to take-up, and recycle the neurotransmitter glutamate 
to prevent neuronal excitotoxicity (Rival et al., 2004). In addition, ensheathing glia are 
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also associated with axons and peripheral nerves. Perineurial and sub-perineurial glia 
surround and isolate the brain from the circulating hemolymph, establishing a structure 
sharing functional similarities with the blood brain barrier (BBB) (Schirmeier and 
Klämbt, 2015; Schwabe et al., 2005). Interestingly, some Drosophila glial cells, including 
ensheathing glia, express Draper and SIMU, and like microglia in mammals can engulf 
axonal debris and dead cells (Doherty et al., 2009; Kurant et al., 2008).

During my thesis, I used Drosophila retina to investigate neuron-glia interactions. 
Indeed, the fly eye is composed of a repeated unit called ommatidia, which contains 
photoreceptor neurons, and retina pigment cells (known also inter-ommatidial cells) with 
glia-like functions. In this manuscript, I will therefore refer to pigment cells as retina glia 
(Figure 11)
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Figure 10� The Drosophila glial cell subtypes
(A). Schematic representation of adult Drosophila glial subtypes (green). Brain structure of 
the neuropils (dark grey) and cortex (light grey). (B). Localization of astrocyte-like glia in the 
Drosophila adult brain (Eaat1>mCD8::GFP). Neuron nuclei are visible in the cortex (magenta).

Figure 11� The structure of Drosophila retina
(A) Schematic of a Drosophila compound eye. The eye is composed of about 800 repeated units 
called ommatidia (hexagonal shapes). Longitudinal sections (shown in white) of the ommatidia 
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2�2� How do lipids enter the brain

In vertebrates, neutral lipids, such as TAGs are transported to organs via the blood by 
low and very low density lipoprotein (LDL and VLDL), which are synthetized and secreted 
by the adipose tissue, the intestine and the liver. As the blood reaches the brain through 
thin capillaries, nutrient and other blood component are filtered through the Blood Brain 
Barrier (BBB) before being accessible by neurons in the CNS parenchyma. The BBB, 
isolates the brain from harmful blood substance, maintains the brain ions concentration 
and controls the supply of metabolites for neurons. To achieve these functions, the BBB is 
constituted of three cellular components: endothelial cells with tight junctions, pericytes, 
and astrocytes endfeet that connect neurons to all these cells types (Kysenius and 
Huttunen, 2016; Weiler et al., 2017). To cross the BBB, lipoproteins must be transported 
using specific transporters expressed by pericytes and astrocytes. Passive diffusion of 
FA through the BBB has also been reported and proteins important for the intracellular 
transport of FA such as FATP and fatty acid binding protein 7 (FABP7) are both expressed 
at the BBB. (Bruce et al., 2017; Hamilton and Brunaldi, 2007).

In Drosophila, a specialized type of glia called perineurial glia surrounds and isolates 
the brain from the hemolymph of the insect open circulatory system (Schwabe et al., 
2005). This barrier, completed by sub-perineurial glial cells, acts as an equivalent of the 
vertebrate BBB. Drosophila BBB cells express a large array of transporters for metabolites, 
ions, and lipoproteins such as lipoprotein receptor 1 (LpR1) (Brankatschk and Eaton, 
2010; DeSalvo et al., 2014). Lipids are transported in the hemolymph via three types of 
lipoprotein homologues of ApoB: lipophorin (Lpp), crossveinless d (Cv-d), and lipid transfer 
particle (LTP) (Palm et al., 2012). Lpp is the main fly lipoprotein, secreted by the fat body 
and loaded with lipids, mostly DAG, by the intestine (Palm et al., 2012). Lpp lipoproteins 
can cross the BBB and accumulate near neuron cell bodies and axons (Brankatschk and 
Eaton, 2010; Brankatschk et al., 2014). For example, LTP lipoproteins cross the BBB of the 
developing CNS, using the lipoprotein receptors LRp1 and Megalin, and accumulate near 
a specific subset of neurons involved in nutrient sensing called Drosophila insulin like 
peptide 2 (Dilp2)-recruiting neurons (DRN) (Brankatschk et al., 2014).

Finally, astrocytes also produce lipids de novo and transport them to neurons by 
secreting Apolipoprotein E (ApoE) lipoproteins (Wang and Eckel, 2014). Interestingly, the 
ApoE4 allele is a major AD risk factor (Farmer et al., 2019). Astrocytes also secrete high 

allows visualization of the retinal cells that span the entire width of the retina. (B) Schematic of 
a longitudinal section of one ommatidium. Each ommatidium is composed of 8 photoreceptor 
neurons (light blue), each containing one rhabdomere (dark gray), and 9 glial cells (also known 
as retinal pigment cells; red and maroon). (C) Schematic of a cross-section of one ommatidium. 
In addition to the 9 glial cells (6 secondary [red] and 3 tertiary [dark red]), each ommatidium 
contains 3 bristle cells (yellow) originating from the neuronal lineage.
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levels of ApoE and ApoJ lipoproteins in the cerebrospinal fluid.
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2�3� Fueling the brain with energy

Synaptic transmission is a process that requires a lot of energy (Harris et al., 2012; 
Yellen, 2018). Glutamate mediated neurotransmission may account for 80% of the energy 
expenditure and 80% of synapses belong to excitatory glutamatergic neurons (Bélanger 
et al., 2011). To maintain neuronal activity and synaptic transmission, the brain must 
be supplied at all time with metabolic fuel. For neurons, the fuel of choice is glucose 
rather than FA and energy in the form of ATP is provided mainly through oxidative 
phosphorylation (Schönfeld and Reiser, 2013). It is estimated that the brain is the largest 
energy consumer of the mammalian body and consumes alone 25% of ingested glucose 
and 20% of absorbed oxygen for only 2% of the total body mass (Schönfeld and Reiser, 
2013). The energy supply must be maintained constant as neurons are thought to have 
very limited energy storage. Fuel supply is orchestrated by the tight metabolic coupling 
of neurons and supporting glial cells. Indeed, glucose reaches the brain through systemic 
circulation, and must cross the BBB to reach neurons (Desalvo et al., 2011; Featherstone, 
2011). Astrocytes, which are in contact with neuronal synapses and the vascular system, 
act as metabolic hubs and are considered to be responsible for half of the brain glucose 
uptake (Bélanger et al., 2011). Astrocytes metabolize glucose through aerobic glycolysis 
and provide neurons with energy substrates such as lactate or alanine. This metabolic 
coupling between astrocytes and neurons is called the Astrocyte-Neuron lactate shuttle. 
Glial cells are mediating important functions regarding energy support and regulation of 
neuronal functions including glutamate uptake and recycling. Finally, astrocytes can also 
provide neurons with other energy substrates such as ketone bodies: ß-hydroxybutyrate 
and acetoacetate (Schönfeld and Reiser, 2013, 2017).

In Drosophila, the main source of carbohydrate is trehalose, a glucose disaccharide, and 
perineurial glial cells take up trehalose, through the specific trehalose transporter Tret1-
1, and metabolize it for neurons (Volkenhoff et al., 2015). Volkenhoff et al. found also that 
loss of glycolysis enzymes in glia but not in neurons leads to severe neurodegeneration 
(Volkenhoff et al., 2015). Furthermore, Drosophila glial cells also express chaski, a 
monocarboxylate transporter (MCT) protein involved in transport of pyruvate/lactate 
indicating that, like in mammals, glial cells provide lactate to sustain neuronal energy 
demand (Delgado et al., 2018).

Whether brain cells use lipids as energy substrates remains a topic of debate. Lipids 
are not typically used as energy substrate by neurons. However, glial cells may use lipids 
as an energy source. Indeed, the glial knockdown of Carnitine-Palmitoyltransferase 2 
(CPT2), the rate limiting enzyme of ß-oxidation, increases lipid storage in Drosophila glial 
cells (Schulz et al., 2015). This result indicates that FA, which should have been consumed 
through ß-oxidation, accumulate and are converted to TAG and LDs. Drosophila glial cells 
thus actively degrade FA through ß-oxidation and may by this mean provide neurons with 
energy substrates, is some particular conditions.
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2�4� LD in the healthy brain

Glial cells can synthesize lipids and accumulate LDs. In contrast, LDs are rarely observed 
in healthy neurons. What are the functions of LDs in healthy glial cells? In this section, I 
will discuss the functions of LDs in the healthy brain (Lee et al., 2020). 

During Drosophila CNS development, a specialized subset of glial cells accumulate 
LDs (Bailey et al., 2015; Kis et al., 2015). While these LDs are dispensable for neuroblast 
proliferation in normal environmental conditions, they provide an important antioxidant 
mechanism under condition of hypoxia (Bailey et al., 2015). Bailey et al. reported that 

LDs can protect PUFAs, contained in membranes phospholipids, from oxidative damages 
by relocating them to TAGs stored in LDs (Figure 12). Several molecular actors including 
Phospholipase D (PLD), Mdy, GPAT4, and dPlin2, are required, in glia, for PUFAs relocation 
to LDs, and protection against membrane lipid peroxidation (Bailey et al., 2015). 

In adult Drosophila, cortex glia cells accumulate LDs under normal conditions, but it 
is yet to be demonstrated if these droplets have also an antioxidant function. Indeed, as 
I mentioned, a study showed that glial knockdown of CPT2, an important protein for the 
transfer of FA to mitochondria, is associated with increased lipid storage suggesting that 
ß-oxidation actively degrades FA in glia to produce energy (Schulz et al., 2015). 

While the knowledge on LDs remains limited in the healthy mammalian glia, starvation 
or deficit in lipolysis can increase glial lipid storage suggesting that some glial cells degrade 
LDs rapidly in the brain. For example, the ependymal cells, which form the epithelial lining 
between brain ventricles and the cerebrospinal fluid (CSF), express high levels of ATGL 
(Etschmaier et al., 2011). LDs accumulate in ependymal cells of ATGL knockout mice 
(Etschmaier et al., 2011). Furthermore, a subset of ependymal cells located in hypothalamic 
area called tanycytes accumulate LDs upon palmitate treatment and degrade FA through 
ß-oxidation (Geller et al., 2019). These results suggest that LD turnover is rapid in brain 
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Figure 12� Hypoxia-induced LD in Drosophila developing CNS 
In neuroblast under hypoxia, PUFA localized in membrane are remobilized by phospholipase D 
(PLD), relocated to glia, and incorporated to LDs by action of Mdy, GPAT4 and Plin2. This process 
prevents PUFA peroxidation, and supports neuroblast proliferation. See Bailey et al. 2015.
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glial cells.
In contrast to glial cells, neurons rarely accumulate LDs in healthy animals (Pennetta 

and Welte, 2018). In culture, LDs were first observed in neurons isolated from Aplysia 
californica, a gastropod mollusk used in neurobiology for its giant neurons (Savage et 
al., 1987). In addition, treatment with OA induces LD formation in primary culture of 
hippocampal neurons (Ioannou et al., 2019). Mammalian neurons express enzymes 
required for TAG synthesis such as a specific isoforms of Lipin1 (Takeuchi and Reue, 
2009; Wang et al., 2011b). Interestingly, a small number of LDs has been found in healthy 
photoreceptor neurons in the retina of one-day old Drosophila (Van Den Brink et al., 2018). 
These results suggest that neurons have the molecular tools required LD biogenesis but 
their accumulation in normal condition may be limited due to low uptake of fatty acid, or 
high levels of TAG lipolysis that would favor LD degradation rather than accumulation. 

2�5� Lipid build-up in the aging brain

Aging is associated with accumulation of ectopic LDs in tissues such as liver in mammals 
and muscles in both mammals and insects (Greenberg and Coleman, 2011; Kirkland et al., 
2002; Yan et al., 2017). Metabolism is less active with age which could contribute to the 
accumulation of fat in tissues with high metabolic turnover. The brain is not spared by this 
phenomenon and neurons and glial cells accumulating LDs with age have been reported 
in the brain cortical and striatal parenchyma, and in the optic nerve of aging mice (Nag 
and Wadhwa, 2012; Shimabukuro et al., 2016). Shimabukuro et al. showed that neurons, 
astrocytes, and microglia cells, accumulate LDs and PLIN1 with age (Shimabukuro et 
al., 2016). As aging is the most important risk factor associated with neurodegenerative 
disorders, we can hypothesize that age-induced fat accumulation may contribute to the 
age-dependent dysfunction of neuronal and glial cells. 

Let’s focus one more time on glial cells and their roles during aging in regard to LD 
accumulation and their functions of guard keeper of brain integrity. As I mention earlier, 
microglia are the brain resident macrophages, and can thus engulf cellular debris by 
phagocytosis. Interestingly, Marshallinger et al. found that microglia accumulate LDs 
in old mice (Marschallinger et al., 2020). These LD-containing microglia contain more 
ROS and are less efficient at phagocytosis (Marschallinger et al., 2020). Ependymal cells 
of aged mice also accumulate LDs in the sub ventricular zone of the lateral ventricles 
(Bouab et al., 2011; Capilla-Gonzalez et al., 2014). LD accumulation is associated with 
other morphological changes in ependymal cells that contribute to their malfunctions 
such as loss of cilia motility and impairment of their parenchyma/CSF barrier function. 
Interestingly, the expression of myristoylated alanine-rich protein kinase C substrate 
(MARCKS) decreases with age in ependymal cells and the phenotype of LD accumulation 
in ependymal cells of old 20-month-old mice is also recapitulated by the loss of MARCKS 
in young 2-month-old mice (Muthusamy et al., 2015; Ogrodnik et al., 2019). These results 
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highlight the critical function of MARCKS in the age-dependent LD accumulation in 
enpendymal cells.

Collectively these results indicate that LDs accumulate in both neurons and glial cells 
with age. This leads to impaired cellular functions and may contribute to age-dependent 
neurodegeneration. 

2�6� LD in neurodegeneration

Neurodegenerative disorders are increasingly associated with LD accumulation. The 
lipid dysregulations observed in these diseases can be the direct consequence of mutation 
in genes involved in lipid metabolism (e.g. Hereditary Spastic Paraplegia [HSP], AD and 
PD). Lipid dysregulations can also be induced to other cellular deregulations such as 
mitochondria dysfunctions and ROS (Amyotrophic Lateral Sclerosis [ALS], Friedrich’s 
Ataxia) or autophagy (Huntington’s Disease [HD]). In this section, I will discuss the current 
knowledge on the brain cell types accumulating LDs in these disease (neuron or glia) and 
the consequences of LD accumulation on the progression of neurodegenerative disease. 

2�6�1� Mitochondria dysfunctions induce glial LDs

The dysfunctions of mitochondria is particularly damaging in neurons as these rely 
heavily on mitochondria to produce energy through oxidative phosphorylation. In 
addition, impaired mitochondria respiration leads to accumulation of ROS which can 
damage lipids and proteins (see 1.4.3). In cellular and animal models of oxidative stress, 
LD accumulation in glial cells has emerged as an important regulator of the oxidative stress 
response (Henne et al., 2018). However, it remains unclear whether glial LDs protect or 
exacerbate neuronal demise in the context of neurodegenerative disorders.

Drosophila retina has become a model of choice to study the interaction of LDs and 
oxidative stress in the adult CNS. In newly hatched flies, LDs are transiently visible in 
retinal glial cells, before being degraded within 3 days (Van Den Brink et al., 2018). Liu et 
al., demonstrated that glial LD accumulation is exacerbated by mutations in mitochondrial 
genes involved in the respiratory chain complexes (e.g sicily [homolog of NDUFAF6, 
mitochondrial complex I chaperone] and ND42 [complex I subunit]), mitochondria 
dynamics (e.g. Marf [homolog of mitochondrial fusion GTPase Mitofusin 1 and 2]), and 
mitochondrial DNA transcription and translation (e.g. Aats-Met [homolog of mitochondrial 
methionyl-tRNA synthetase 2, MARS2]) (Liu et al., 2015, 2017). As described previously, 
the fly retina is built on a repeated unit constituted of photoreceptor neurons and adjacent 
retina glial cells (also known as pigment cells). Interestingly, mitochondrial damages 
in photoreceptors were sufficient to trigger glial LD accumulation. This abnormal 
accumulation of LDs in glia is associated with the degeneration of photoreceptor neurons. 
Interestingly, preventing LD accumulation in glial cells by co-expression of ATGL ortholog 
Bmm lipase or knockdown of dFatp delayed photoreceptor degeneration indicating that 
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in these mutant lines LD accumulation could promote neurodegeneration (Liu et al., 2015; 
Van Den Brink et al., 2018). Interestingly, LDs accumulate also in astrocytes and microglia 
prior to degeneration in mitochondria complex I subunit Ndufs4 knockout mice, indicating 
that glial LD accumulation upon oxidative stress is an evolutionary conserved mechanism 
(Liu et al., 2015).

Liu et al. identified several molecular actors required in neurons and glia for glia LD 
accumulation, using a cell-specific RNAi-mediated screen (Liu et al., 2017). Briefly, 
damaged mitochondria in photoreceptors lead to ROS production, which stimulate the 
neo-synthesis and transfer of lipids to the glial cell to promote LD formation. The authors 
suggested that, in condition of damaged mitochondria, lactate transferred from glia to 
neurons via MCTs (Silnoon, Outsider and Basigin) is used as substrate for de-novo lipid 
synthesis by enzymes such as enzymes Acetyl-CoA Carboxylase (ACC) (Figure 13) (Liu 
et al., 2017). This result indicate that lactate can be used to synthesize FA in neurons.

Furthermore, these lipids produced in neurons would be transported back to glia via 
lipoprotein transfer mediated by Drosophila ApoD homologues Neural lazarillo (Nlaz) 
and Glial lazarillo (Glaz) (Liu et al., 2017). Finally, these lipids would be integrated in 
TAGs in glia, using dFatp, and acyl-CoA ligase (Van Den Brink et al., 2018). Interestingly, 
replacing Drosophila ApoD homologs Glaz and Nlaz by human ApoE allelles revealed that 
while APOE2 and APOE3 can rescue Drosophila ApoD deficiency, APOE4 could not. ApoE4, 
which is associated with an increase Alzheimer’s risk, is thus enable to transfer lipids 
between neuron and glia, under oxidative stress. 

Mitochondrial damages in glia can also induce ROS and trigger LD accumulation 
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Figure 13� ROS-induced LD in Drosophila Aats-Met mutant retina 
In Aats-Met mutant retina, photoreceptor mitochondria liberate ROS that activate the JNK 
pathway and promote the synthesis of lipids. Lactate derived from glia and transported using 
monocarboxylate transporters (MCTs), is required for lipid synthesis in neurons. Lipids are then 
transferred to glia by ApoD homologs Glaz and Nlaz, where they are incorporated into LDs. LD 
accumulation in glia precedes photoreceptor neurodegeneration. See Liu et al. 2015, 2017.
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preceding photoreceptor demise. For example, loss of metalloprotease ADAM17 is 
associated with increased mitochondria ROS and LD accumulation in the Drosophila adult 
retina (Muliyil et al., 2020). LD accumulation also precedes the photoreceptors demise 
(Liu et al., 2015; Muliyil et al., 2020). In this study, the authors showed that the cleavage 
and liberation of Eiger, the Drosophila homolog of Tumor Necrosis Factor, by ADAM17, 
inhibits oxidative stress by an unknown mechanism (Muliyil et al., 2020). In this model,  
the glial specific expression of the Bmm lipase prevented photoreceptor degeneration in 
a similar fashion to what is observed in Aats-Met mutant retina, (Liu et al., 2015; Muliyil 
et al., 2020). In contrast to Aats-Met mutant, loss of ADAM-17 leads to mitochondria-
induced ROS in glia (Figure 14). This indicates that glial LDs accumulate in response to 
neuronal but also glial ROS. Likewise, LDs accumulate in the cortex and neuropil glia in 
the glial knockdown of ND23, a Complex I subunit homolog of NDUFS8 associated with a 
neurodegenerative disease called Leigh syndrome (Cabirol-Pol et al., 2018). Collectively 
these results indicate that mitochondrial damages in glia, also lead to LD accumulation in 
both Drosophila retina and brain glial cells. 

Mitochondria dysfunction and lipid storage dysregulation have also been observed in 
Friedrich’s Ataxia (FRDA), a neurodegenerative disorder (spino-cerebellar ataxia) that 
leads to large sensory neurons degeneration. FRDA is caused by mutation of the gene 
encoding frataxin, a mitochondrial protein that is involved in the assembly Fe-S cluster 
associated with the mitochondria respiratory chain complexes (Campuzano et al., 1997). 
Interestingly, loss of frataxin leads to LD accumulation in Drosophila glial cells and to an 
increased sensitivity to oxidative stress (Navarro et al., 2010). Similar to Liu et al.’s study, 
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Figure 14� Loss of ADAM17 induce ROS and LDs in Drosophila retina
ADAM-17 is a metalloprotease that cleaves and liberates Eiger, the Drosophila ortholog of 
TNF. Eiger binds to its receptor Grindelwald (Gr) and limits ROS production by an unknown 
mechanism. In ADAM-17 mutant, ROS increase in glia, activate the JNK pathways which promotes 
LD accumulation by a mechanism that requires dFatp. LD accumulation in glia precedes the demise 
of photoreceptors. See Muliyil et al. 2020.
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expression of ApoD homolog, Glaz, can rescue lipid-associated defects indicating that lipid 
export via lipoprotein could reduce lipotoxicity in glia (Liu et al., 2017; Navarro et al., 
2010). 

Chorea Acanthocytosis (ChAc) is a neurodegenerative disorder, caused by loss of function 
mutation in vacuolar protein sorting 13 homolog A (VPS13A), which has recently been 
associated with mitochondria damages and LDs. VPS13A is found on mitochondria, ER, 
and LDs, and knockout of VPS13A leads to impaired mitochondria elongation, defective 
mitophagy and increased LD accumulation in mammalian cells (Yeshaw et al., 2019) 
Interestingly, the loss of Vps13, Drosophila homolog of VPS13A, leads to age-dependent 
locomotion impairment, premature death and LD accumulation in retina glial cells (Vonk 
et al., 2017; Yeshaw et al., 2019). At this point, it remains however unclear whether LD 
accumulation in Vps13 mutant flies is the consequence of mitochondria damages only, or 
impaired Vps13 LD-related function.

Collectively these results show that the accumulation of LDs in glial cells is an evolutionary 
conserved response to mitochondria damages and oxidative stress in the CNS. The function 
of such a response is however incompletely understood. On one hand, LD formation 
protects from oxidative damages sensitive lipids such as PUFA in Drosophila developing 
nervous system (Bailey et al., 2015). On the other hand, preventing LD accumulation by 
knockdown of dFatp or overexpression Bmm lipase in Aats-Met or ADAM17 mutant flies 
delays neurodegeneration. This raises the possibility that glial LDs could be detrimental 
in condition of high ROS (Liu et al., 2015; Muliyil et al., 2020; Van Den Brink et al., 2018). 
Additional evidences for a detrimental role of LDs are provided in experiments in which 
mice primary microglia accumulate LDs and ROS in response to LPS (Khatchadourian et 
al., 2012; Marschallinger et al., 2020). Interestingly, treatment with Triacin C, an inhibitor 
of long-chain acyl-CoA synthetase, reduces LD accumulation and ROS suggesting that LDs 
could promote ROS production in this context (Marschallinger et al., 2020). 

2�6�2� LDs in protein misfolding disorders 

HD and AD are neurodegenerative disorders associated with protein misfolding and 
formation of protein aggregates. Interestingly, several studies indicate the presence of LDs 
in post-mortem human brain which suggest that dysregulation of LD homeostasis may be 
a contributing factor in HD and AD(Gómez-Ramos and Asunción Morán, 2007; Martinez-
Vicente et al., 2010). 

HD is a genetic disorder associated with mutations in the gene encoding Huntingtin 
(Htt) that lead to an abnormal Htt proteins containing expanded poly-glutamine tract 
prone to form aggregate in neurons. Interestingly, LDs are observed in primary striatal 
neurons of 111Q-Htt knock-in mice and in brain sections of HD patients (Martinez-Vicente 
et al., 2010). In this study, Martinez-Vicente et al., suggest that LDs accumulate because of 
an impaired degradation by autophagy. 
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AD is the most common form of dementia, and has been associated with including 
protein aggregates (amyloid plaques and neurofibrillary tangles) and lipid deposition in 
glia since its earliest description by Alois Alzheimer (Foley, 2010). In AD, protein aggregates 
contain abnormally phosphorylated tau and amyloid-ß peptides, a pathogenic cleaved 
form of Amyloid Precursor Protein (APP) resulting from processing by beta and gamma-
secretase. One post-mortem analysis of AD patient brain tissue revealed the presence of 
neuronal LDs in close proximity with immunostaining of Aß-peptides in neurons (Gómez-
Ramos and Asunción Morán, 2007). LDs were also observed along brain/CSF interface in 
ependymal cells of the subventricular zone in 2-month-old -AD mice, carrying a triple AD 
mutation (Hamilton et al., 2015). Interestingly, the most important risk factor to develop 
AD is to carry a particular allele of the gene encoding the apolipoprotein E called ApoE4 
(Corder et al., 1993). As mentioned above Apolipoprotein E is the major lipid carrier in 
the human brain (Verghese et al., 2011). ApoE lipoprotein are secreted by neurons in a 
model of N-methyl-D-aspartate (NMDA)- induced excitotoxicity. In this models, lipids 
carried by ApoE lipoprotein are transferred to glia where they accumulate as lipid droplets 
(Ioannou et al., 2019). Interestingly, the transfer of lipids from neuron to glia is hindered 
in humanized flies expressing ApoE4, or in neuron-astrocyte co-culture derived from 
Apoe-/- mice, suggesting that ApoE4 is ineffective in lipid transfer (Liu et al., 2017). These 
result support that failure to export lipids via ApoE may contribute to LD accumulation in 
AD neurons.

2�6�3� Motor-Neuron Diseases: Hereditary Spastic Paraplegia 

The Hereditary Spastic Paraplegia (HSP) are a group of inherited neurodegenerative 
disorders that affect primarily the upper motor neurons of the spinal cord. HSPs are 
characterized by a progressive lower limb spasticity and weakness that can be associated 
with various other symptoms such as intellectual disabilities and motor-symptoms 
reminiscent of PD. HSPs are associated with mutations affecting more than 76 different 
genes (Spastic Paraplegia Genes [SPG1-76]). Interestingly, the most common forms of 
autosomal dominant HSP affect genes associated with LD biology including Receptor 
Expression-Enhancing Protein 1 (REEP1 or SPG31), spastin (SPAST or SPG4), Atlastin-1 
(SPG3A), and spartin (SPART or SPG20) (Figure 15)(Pennetta and Welte, 2018).

REEP1, atlastin and spastin interacts together and maintain the ER tubular morphology 
(Falk et al., 2014; Renvoisé et al., 2016). Renvoisé et al., found that reep1-/- mice have 
a severe reduction in adipose tissue, and a reduction of LD number in neurons of the 
cerebral cortex of mice (Renvoisé et al., 2016). In addition, reep1-/- Mouse Embryonic 
Fibroblasts (MEF) fail to accumulate LDs upon oleic acid treatment. Co-overexpression 
of Reep1 and Atlastin-1 induce LD accumulation in NIH-3T3, COS7 and Hela cells (Falk 
et al., 2014; Renvoisé et al., 2016). Reep1 is normally anchored at the ER by an N-term 
hydrophobic hairpin. Interestingly, missense mutations found in HSP patient affecting 
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Reep1 N-term, lead to a relocalization of Reep1 to the surface of LDs (Falk et al., 2014). The 
exact mechanism by which Reep1 could mediate LD accumulation is unclear. Interestingly, 
Reep1 can also bind to Seipin in 3T3 cells (Renvoisé et al., 2016). As described previously, 
Seipin in an important contributor to LD formation (see 1.1.2). Interestingly, mutation of 
Seipin is also associated with a form of HSP (SPG17) (Musacchio et al., 2017; Windpassinger 
et al., 2004). Collectively these results suggest that control of LD biogenesis is an important 
contributor of motor-neuron survival.

Atlastin-1, is a membrane-bound GTPase of the dynein family, which is also associated 
with HSP (Klemm et al., 2013). Atlastin modulates membrane fusion, and could increase 
LD size by promoting LD fusion in COS7 cells. Depletion of the Drosophila Atlastin (Atl) 
leads to smaller LDs in larvae fat body.

SPAST is a microtubule (MT)-severing protein found at the ER membrane. Spastin binds 
LDs in Hela cells, and (Papadopoulos et al., 2015). Interestingly, knockdown of Drosophila 
Spastin (dSpastin) increases TAG levels, LD size and number in larval fat body, muscle and 
nerve cells (Papadopoulos et al., 2015). Neural specific knockdown of dSpastin leads to 
neurodegeneration and impaired locomotion. Arribat et al. found that Spastin is involved 
in LD dispersion by shaping the ER membrane along MTs (Arribat et al., 2020).

One rare form of recessive autosomal HSP involves mutation encoding a TAG lipase 
called DDHD Domain Containing 2 (DDHD2, SPG54). Mice lacking DDHD2, recapitulates 
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Figure 15� LD-related proteins involved in HSPs
Schematic representation of the main genes involved in HSP and their LD-related functions. REEP1 
associates with Spastin and Atlastin at the ER, and could promote Atlastin localization to LD. 
Spastin is a microtubule-severing protein which promote LD dispersion. Atlastin is a LD protein 
that may promote LD fusion. DDHD2 is a TAG lipase found in neurons. Spartin is an adaptor protein, 
that recruits the ubiquitin ligase AIP4 at the surface of LD, which targets PLIN2 for proteasome 
degradation. Seipin is involved in LD formation at the ER.
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key phenotypes of HSP including locomotor and cognitive impairment, progressive 
loss of motor neurons in the spinal cord (Inloes et al., 2014; Maruyama et al., 2018). In 
addition, DDHD2-/- mice have higher TAG levels in the brain and electronic microscopy 
analysis revealed an accumulation of large LDs in neurons of but not in glial cells (Inloes 
et al., 2014). This result reinforces the idea that TAG lipolysis is regulated by different 
actors depending on the tissue (Inloes et al., 2014, 2018). These results suggest that active 
neuronal lipolysis is important for neuronal survival.

The fact that mutations in multiple genes involved LD biogenesis are associated 
with HSPs, and that animal models of HSPs show sign of LD dysregulations in neurons 
support the idea that impaired neuronal LD homeostasis is a contributing factor of 
neurodegeneration.
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3� Parkinson’s Disease, Alpha-synuclein, and Lipids

3�1� Generalities about PD

3�1�1� Epidemiology of PD: a rising pandemic

PD is the neurodegenerative disorder with the fastest growing incidence and a concern 
worldwide as both world population and life expectancy increase (Dorsey et al., 2018). 
In 2016, 6.1 million people were living with PD worldwide, which was more than the 
double of the number of affected people in 1990 and by 2040, and it is estimated that 
12 to 17 million people will be living with PD (Dorsey et al., 2018). The increase in life-
expectancy alone cannot explain the steep rise in PD incidence indicating the contribution 
of environmental and societal factors. In France, the number of people living with PD is 
projected to increase by 65% between 2010 and 2030 (Wanneveich et al., 2018).

 In addition to be a social burden for patients, which often have a reduced quality of life 
and cannot work anymore; PD represents an important financial burden for the society. 
Indeed, PD patients often need caregiver’s help for their daily life when the disease is 
progressing and the motor symptoms are rising. The cost for therapy is quite heavy as 
well. Even if there is no available treatment to stop or to slow the progression of the 
dopaminergic neuron’s degeneration, dopamine replacement therapy can be used to 
relieve motor symptoms. Indeed, dopamine agonists and levodopa are widely use as 
symptoms relieving therapies. Regarding the cost of the disease, in the United states, the 
disease-related medical costs per PD patient per year ranges from $10,378 to $14,400 and 
the total annual PD economical cost was $51.9 billion in 2017 (medical and non-medical) 
and is projected to reach $79 billions by 2032 (Rossi et al., 2018; Yang et al., 2020). As 
the global impact of PD will continue to rise, it is crucial to understand the underlying 
mechanisms of neurodegenerative processes associated with PD to find new ways to 
prevent its progression (Kalia and Lang, 2015).

3�1�2� An historical perspective: from the clinical to the cellular 
description of PD

200 years ago, James Parkinson, described “a new type of Shaking Plasya” (1817) 
characterized by locomotion and movement impairment with symptoms including 
slowness of movement (bradykinesia), postural instability, and resting tremor(Goedert 
and Compston, 2018). The description of the clinical manifestation of what is now called 
PD, has become more complex with the years. In particular, a large variety of non-motor 
symptoms are known to precede the motor phase of the disease: intestinal perturbation, 
visual troubles, and depression(Barone et al., 2017). In the late stage of the disease, PD 
patients can also develop dementia.

PD is associated with the progressive loss of dopaminergic neurons that are for most 
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part located in the substantia nigra pars compacta, project to the striatum, and are 
involved in the control of movements (Poewe et al., 2017). The main cellular hallmark of 
PD is the presence of large protein aggregates in the cytoplasm and neurites of affected 
neurons known as Lewy Bodies and Lewy Neurites respectively, named after Friedrich 
Lewy who first described them in 1912. These structures are constituted of a protein 
called alpha-synuclein (aSyn) (Spillantini et al., 1997). However, lipid stainings and recent 
correlative high resolution imaging on brain tissues from PD brain donors revealed 
that the composition of the Lewy Bodies is more complex than previously anticipated 
and contains organelle membranes and vesicular structures (Gai et al., 2000; den Jager, 
1969; Shahmoradian et al., 2019). Lewy Bodies are found initially in the olfactory bulb 
and/or the medulla (dorsal motor nucleus of the glossopharyngeal and vagal nerves); 
and progressively invade other neuronal and glial cells throughout the brain with time 
including the dopaminergic neurons of the substantia nigra (Braak et al., 2003). The 
progressive spreading of Lewy Body is correlated with the severity of the disease and 
follow a stereotypical pattern(Braak et al., 2003). Braak et al., used this pattern to define 
six PD stages. Of note, due to difficulties with identifying PD at early stages, PD is often 
diagnosed at the late stage of the disease when motor symptoms are appearing (Braak et 
al., 2003).

The identification of familial forms of PD and concomitant rise of the molecular genetics, 
have greatly contributed to the identification of genes and cellular pathways affected in 
PD.

3�1�3� A polyfactorial disease: Genetic and environmental clues

PD is a multifactorial disorder that involves complex interactions between environmental 
and genetic factors. In 10% of cases, PD is due to a mutation in a particular gene transmissible 
to the offspring, collectively referred as familial forms. Although these cases are rare, the 
identification of these mutated genes and their functions is crucial for understanding 
the pathological mechanisms involved in PD. So far, 20 genes, including aSyn have been 
associated with mutation causing familial forms of PD (Figure 16) (Poewe et al., 2017; 
Polymeropoulos et al., 1997). Most of these genes are involved in protein homeostasis 
(e.g. SNCA, GBA), mitochondria functions (e.g. PTEN-induced kinase 1 [Pink1], parkin and 
DJ-1), intracellular trafficking (e.g. VPS35, LRKK2, GBA) as well as oxidative stress and 
neuroinflammation (Abeliovich and Gitler, 2016).

In the large majority of cases, PD is sporadic (90%), and is not associated with the 
identification of any genetic mutation. The main risk factor for PD is age, as indicated by 
the steep increase in PD prevalence for people over 65 years old. Environmental factors 
such as exposure to toxic substances, or pesticides can also increase the risk to develop 
PD (Tanner et al., 2011). For example, in 1998, heroin addicts that accidently inoculated 
heroin contaminated with MPTP (1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine) rapidly 
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developed PD symptoms (Davis et al., 1979; Langston et al., 1983). Another example of 
toxic substance inducing PD is paraquat (1,1′-dimethyl-4–4′-bipyridinium), a pesticide 
closely related to MPTP, that has been widely used in agriculture and associated with PD 
contracted by European farmers (Baldi et al., 2003; Langston et al., 1983; Lee et al., 2012; 
Tanner et al., 2011). Both MPTP, and Paraquat inhibits the mitochondrial respiratory 
chain complex I highlighting the importance of mitochondria defects in PD. In addition, 
while not directly causing PD, a number of genetics variants, including in the aSyn loci, 
that increase the risks to develop PD were identified by Genetic Genome Wide Association 
Studies (GWAS). These studies thus highlight the contribution of a permissive genetic 
background to the development of sporadic PD(Klemann et al., 2017).

3�1�4� aSyn structure and conservation

Mutations and polymorphisms in the aSyn gene are associated with both familial 
and sporadic forms of PD. In the late nineties, aSyn was the first gene to be identified 
in association with familial forms of PD (Polymeropoulos et al., 1997). Indeed, missense 
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Figure 16� Genes and main cellular pathways involved in PD
Most genes associated with common sporadic and familial forms of PD, affect trafficking to the 
lysosome in the context of late endosome-to-lysosome pathways, clathrin-dependent endocytosis, 
macroautophagy or mitophagy. Wild-type α-synuclein (red) can also enter lysosomes through 
chaperone-mediated autophagy (asterisk). Scheme adapted from (Abeliovich and Gitler, 2016).
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mutations, duplication or triplication of the gene encoding aSyn (SNCA) lead to familial 
forms of PD (Chartier-Harlin et al., 2004; Ibáñez et al., 2009; Singleton et al., 2003). 
In addition, polymorphisms of the SNCA locus are associated with increased risk of 
developing sporadic forms of PD (Klemann et al., 2017). Expression of human wild-type 
and mutated forms aSyn is sufficient to induce PD-like symptoms such as dopaminergic 
loss and locomotion impairment in Drosophila and in rodents (Feany and Bender, 2000; 
Tofaris et al., 2006). Finally, aSyn accumulation as aggregates is not unique to PD but is 
also associated with other disorders classified as synucleinopathies including dementia 
with Lewy Body (DLB) and Multiple System Atrophy (MSA). Note that MSA is associated 
with glial cytoplasmic inclusions of aSyn. Collectively these results indicate that aSyn is a 
central element in PD pathology but the precise mechanism underlying aSyn neurotoxicity 
remains unclear.

aSyn is a 14kD protein, highly expressed in the brain, originally, discovered in the electric 
ray Torpedo califonica as a protein localized in both synapses and nuclei (Maroteaux et al., 
1988). If aSyn is enriched at synaptic terminals, it is also observed at different subcellular 
compartments including the plasma membrane, mitochondria, and LDs (Cole et al., 2002; 
Martinez-Vicente et al., 2010; Outeiro and Lindquist, 2003; Thiam et al., 2013a). 

aSyn is only found in the vertebrate lineage (Siddiqui et al., 2016), no synuclein 
orthologue has been identified in Drosophila. The Human genome encodes 2 other genes 
of the synuclein family: beta, and gamma-synuclein (Surguchov, 2008). The physiological 

Figure 17� Scheme of aSyn structure
(A) aSyn structure is constituted of an N-term amphipathic helix with the capacity to bind lipids, 
the NAC domain, and the C-term domain. aSyn familial mutations are all located in the amphipathic 
domain. aSyn phosphorylation in S129 is associated with increased toxicity (B) Upon biding to 
membrane or LD aSyn structure is converted from random coil to alpha-helical.
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function of aSyn is still matter of debate but evidences point to a role in synaptic vesicles 
and neurotransmitters release (Selkoe, 2017). Knockout of aSyn and triple knockout of 
alpha, beta, gamma synuclein cause alteration of synaptic structure including reduction 
in size of presynaptic button (Abeliovich et al., 2000; Bendor et al., 2013; Chandra et al., 
2004; Greten-Harrison et al., 2010; Logan et al., 2017).

aSyn contains 3 main structural domains (Figure 17). (1) a N-terminal domain containing 
11-amino acid repeats containing KTKEGV motifs typical of amphipathic helix found in 
lipid binding protein such as Perilipins, (2) a central hydrophobic domain called the Non-
Amyloid ß Component (NAC) domain and (3) an acidic C-term containing aspartate and 
glutamate that can be phosphorylated (Bisaglia et al., 2006; Bussell and Eliezer, 2003). 

To date, six aSyn mutations causing monogenic forms of PD have been identified (A30P, 
A53T, E46K, H50Q, G51D, A53E). These forms are thought to increase aSyn aggregation 
by inhibiting aSyn degradation (Cuervo et al., 2004). In addition, it is interesting to note 
that all these mutations affect the lipid-binding domain of aSyn, suggesting a particular 
importance for lipid binding in PD pathology.

3�1�5� Drosophila as a model organism to investigate PD pathology

For the last 20 years, Drosophila has been widely used to study the mechanisms of 
neurodegenerative disorders including PD (Feany and Bender, 2000). Three main models 
exist including heterologous expression of human genes using the UAS/GAL4 system, 
flies carrying mutation in PD-genes homologs or flies treated with pesticides to model 
sporadic PD. have been generated to investigate the pathogenic mechanisms associated 
with the genetic components associated with PD such as aSyn, Pink1 and Parkin. 

The brain of Drosophila and mammals shares key similarities in structure and functions 
(see section 2.1). Among the advantages of Drosophila for the study of neurodegeneration, 
we can mention the binary expression system UAS/GAL4 system, which has been 
instrumental for the heterologous expression of human genes such as aSyn(Brand and 
Perrimon, 1993; Feany and Bender, 2000). The first example of such models, published 
by Feany and Bender in 2000, established that expression of human wild-type or mutated 
aSyn in Drosophila neurons promotes neurodegeneration (Feany and Bender, 2000). 
Flies expressing aSyn show several phenotypes reminiscent of PD including progressive 
age-dependent locomotor dysfunction, loss of dopaminergic neurons and intracellular 
accumulation of aggregated forms of aSyn (Auluck et al., 2002; Chen and Feany, 2005; 
Cooper et al., 2006; Feany and Bender, 2000; Periquet et al., 2007). The severity of the 
phenotype remains variable from one study to the other and aSyn expression levels may 
be in part responsible for this discrepancy (Navarro et al., 2014). 

Major work has also been conducted using Drosophila retina, a non-essential neuronal 
tissue, that is quite useful to study neuron-glia interaction (Chouhan et al., 2016). For 
example, a transgenic Drosophila carrying an aSyn optimized for insect expression, 
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which leads to 20 times higher aSyn level than regular transgenic, is associated with an 
exacerbated phenotype including progressive retina degeneration (Chouhan et al., 2016; 
Ordonez et al., 2018; Pocas et al., 2015).

Drosophila is also a model of choice to investigate the functions of genes associated 
with PD, as 75% of human genes involved in disease have homologs in Drosophila (Bier, 
2005). The analysis of Drosophila carrying mutations in PD associated genes is crucial 
to understand the underlying pathological mechanisms associated with PD (Lessing and 
Bonini, 2009). For example, the discovery of a link between the parkin E3 ubiquitin ligase 
and the serine/threonine kinase Pink1 in mitochondria homeostasis was made using 
Drosophila (Greene et al., 2003). Indeed, loss of function of parkin or Pink1, both lead 
to severely impaired mitochondria morphology in Drosophila flight muscles and Parkin 
overexpression rescues mitochondria defects of Pink1 mutant flies (Clark et al., 2006; 
Greene et al., 2003; Park et al., 2006). 

Finally, Drosophila has also been used to investigate the contribution of environmental 
factors with chemical-induced models of PD (Nagoshi, 2018). Drosophila fed with pesticides 
such as Paraquat or Rotenone, which inhibits mitochondria complex I, are associated with 
progressive dopaminergic neuron cell death, loss of locomotion and premature death 
(Cassar et al., 2015; Coulom and Birman, 2004).

3�2�  aSyn aggregation

aSyn aggregation is a progressive multi-step process central in the pathogenesis of PD. 
In physiological conditions, different conformations of aSyn co-exist, including soluble 
monomers, oligomeric forms such as tetramers and membrane-bound alpha-helical 
monomers and multimers. However, the physiological functions and pathological relevance 
of these different aSyn conformational forms are far from understood (Bartels et al., 2011; 
Burré et al., 2014; Dettmer et al., 2013, 2017; Gould et al., 2014). In PD, the pathological 
misfolding of aSyn contributes to the formation of abnormal oligomers, aggregates and 
fibrillary structures as found in Lewy Body (Spillantini et al., 1998). The mechanisms 
mediating the conversion of physiological to pathological forms of aSyn are under deep 
scrutiny in both in vitro systems and animal models. In this section, I will discuss the 
steps of the aggregation model and how lipids can contribute to aSyn oligomerization and 
aggregation.

3�2�1� A multi-step process

The initiation of the aSyn aggregation process is a random event, which occurs more 
frequently as the organism age. This may be due to the fact that the «cleaning» mechanisms 
that control the degradation of misfolded and damaged protein, the Autophagosomal–
lysosomal system and the Proteasome-ubiquitin are less efficient during aging (Hipp et 
al., 2019). When those cleaning machineries are impaired, misfolded aSyn accumulate and 
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eventually assemble to form abnormal degradation resistant oligomers after a primary 
nucleation step (Cremades et al., 2012). would then grow by incorporating more aSyn 
monomers and assemble as ß-sheets rich fibrils that are toxic for cells (Figure 18) (Buell 
et al., 2014). Finally, fibril fragmentation, could create seeds that would amplify the 
process by generating secondary nucleation event contributing to the formation of the 
large amyloid fibrils found in Lewy Bodies (Knowles et al., 2009).

If the aggregation process is random and rare event, one could wonder how it is 
possible that the whole brain is affected in PD. One hypothesis, inspired by prion diseases, 
is that abnormal aSyn oligomers and seeds generated in a small number of neurons could 
transfer from one cell to another and convert physiological aSyn into pathological forms 
and generate new fibrils (Goedert, 2015). Fragmentation of the new fibrils would repeat 
the cycle and contribute to the progressive spreading of PD pathology throughout the 
brain (Goedert, 2015). In line with this hypothesis, intra-cerebral injections of artificially 
generated aSyn preformed fibrils (PFF), or brain extracts from symptomatic mice triggers 
aSyn pathology in wild-type mice (Luk et al., 2012; Mougenot et al., 2012).

Finally, the question which aSyn pathological form is the more toxic between misfolded 
monomers, abnormal oligomers or large fibrils remains debated. The formation of large 
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Figure 18�  The steps of aSyn aggregation
The formation of pathological aSyn oligomer is a rare event. These abnormal oligomers can 
then grow by incorporating more aSyn monomers to form fibrillary aggregates. Fragmentation 
generates seeds, that accelerate the formation of aggregates and can spread to nearby neurons. 
Filaments are the principal component of Lewy Bodies. Schematic adapted from (Goedert, 2015).
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aggregate could be a protective mechanism (Arrasate et al., 2004; Lázaro et al., 2014). The 
formation of large inclusion was associated with neuron survival in primary culture of rat 
striatal neurons expressing Htt (Arrasate et al., 2004).

3�2�2� Impact of lipids on synuclein aggregation

Research is now showing that these early steps of conformation, oligomerization and 
aggregation can be influenced by lipids and other factor such as ROS or mutations. The 
levels and nature of specific lipids can trigger and modulate the kinetic of aSyn oligomer 
and fibrils formation in vitro (Galvagnion, 2017). Upon binding to negatively charged 
phospholipids and PUFAs, the structure of aSyn is converted from random coil to alpha-
helical (Davidson et al., 1998; Sharon et al., 2001). Furthermore, aSyn oligomer and fibril 
formation is triggered by exposure monounsaturated fatty acids (MUFAs, e.g. Oleic Acid 
[OA, C18:1]) or some PUFAs (Arachidonic Acid [AA, C20:4] and Docosahexaenoic acid 
[DHA, C22:6]) in artificial aggregation experiments using recombinant aSyn and in cellular 
models (Broersen et al., 2006; Davidson et al., 1998; De Franceschi et al., 2011; Fecchio et 
al., 2018; Sharon et al., 2001, 2003). For example, prolonged exposure to DHA promotes 
the formation of toxic oligomers and fibrils in vitro, detected by Thioflavin T fluorescence. 
Collectively these studies, indicate that lipid nature (unsaturation and carbon chain length) 
but also the relative lipid quantity (lipid:protein ratio) are key contributing factors in the 
initiation of aSyn aggregation process. 

The role of sphingolipids in aSyn aggregation has been well documented as well. 
Mutations in Glucosylcerebrosidase 1 (GBA1) is a main genetic risk factor in sporadic PD 
(Clark et al., 2007). GBA1 encodes a lysosomal enzyme responsible for the hydrolysis of 
sphingolipids, such as Glucosylceramide (GlcCer) and Glucosylsphingosine (GlcSph). Loss 
of GBA1 activity leads to accumulation of GlcCer in lysosomes, abnormal clearance of aSyn 
oligomers and increase the likelihood of aSyn aggregation (Mazzulli et al., 2011). Suzuki 
and al. showed that loss of Drosophila GBA1 (dGBA1) in flies expressing human aSyn, 
exacerbates aSyn neurotoxicity (Suzuki et al., 2015). Furthermore, accumulation of GlcCer 
was associated with increase in aSyn proteinase K resistant forms in both Drosophila and 
in vitro aggregation assays (Suzuki et al., 2015). 

The fact that all known aSyn mutations associated with familial forms of PD affect aSyn 
lipid-binding domain and that lipids can trigger aSyn aggregation, strengthen the idea 
that lipids are major contributor in PD. In line with this idea, familial mutations of SNCA 
modulate aSyn binding affinity for negatively charged membrane phospholipids, impair 
the formation of physiological tetramer and increase formation of f insoluble fibrils 
(Dettmer et al., 2015; Flagmeier et al., 2016; Lázaro et al., 2014; Rovere et al., 2019; Volles 
and Lansbury, 2007). For example, the A30P mutation decreases, while E46K and A53T 
increases, the formation of cytoplasmic inclusion when co-expressed with synphilin-1 in 
human neuroglioma cells (Lázaro et al., 2014). Furthermore, mutations that aSyn charge 
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such as E46K enhance aSyn binding to lipid and propensity to aggregate in vitro (Rovere 
et al., 2019). The association of aSyn with membrane is even exacerbated in the artificially 
engineered “aSyn-3K” (E35K-E46K-E61K). Indeed, aSyn-3K increased association with 
membrane lipids is associated with a shift of aSyn conformation towards proteinase-K 
resistant monomers and formation of cytoplasmic inclusions (Dettmer et al., 2015). Mice 
expressing aSyn-3K, develop a stronger PD-phenotype than mice expressing aSyn wild 
type including progressive locomotion impairment, loss of dopaminergic neurons and 
proteinase K resistant inclusions(Nuber et al., 2018). Collectively these results strongly 
suggest that the modulation of lipid binding by increasing lipid levels or modulating aSyn 
affinity for lipids may promote the conversion of aSyn to forms prone to aggregate.

3�3� aSyn and LDs: friends or foes?

In parallel to the link between aSyn and lipids on a molecular level (described above), 
there is now also accumulating evidence that points to systemic dysregulation of lipid 
metabolism in PD. Lipids levels are modified in the brain of PD patients and animal models 
of PD (Bosco et al., 2006; Sharon et al., 2003). In addition, mutations in genes involved 
in lipid metabolism such as GBA1 (see 3.1.5), the fatty acid elongase 7 (ELOVL7) and a 
diacylglycerol kinase (DGKQ) have been associated with increased risk of PD by multiple 
GWAS studies (Chang et al., 2017; Klemann et al., 2017; Nalls et al., 2014). Diacylglycerol 
kinase controls the transformation of DAG into PA (Qiu et al., 2016). Four major lines of 
evidence indicate an association between aSyn and LDs in PD. First, aSyn can bind LDs in 
Hela cells and synthetic LDs (Cole et al., 2002; Thiam et al., 2013a). Second, expression of 
wild type and mutated forms of aSyn leads to LD accumulation in yeast and rat dopaminergic 
neuronal cell line, N27 cells (Fanning et al., 2019; Outeiro and Lindquist, 2003; Sánchez 
Campos et al., 2018; Soste et al., 2019). Third, aSyn is also also associated with increased 
TAG levels in cell culture and animal models (Fanning et al., 2019). Fourth, mutations in 
genes involved in LD biogenesis such as Seipin increase aSyn toxicity (Wang et al., 2018). 
Collectively, these results strongly suggest that aSyn is interfering with LD homeostasis, 
and vice-versa but the exact mechanism involved and their relevance for PD remain 
unclear. In yeast, the phenotype of aSyn-induced LDs is associated with elevated levels 
of intracellular unsaturated FA (Fanning et al., 2019). Interestingly, inhibition of stearoyl 
CoA desaturase 1 (SCD1), the rate-limiting enzyme of saturated to monounsaturated FA 
conversion, reduces aSyn toxicity in yeast and in human induced Pluripotent Stem Cells 
(iPSC) (Fanning et al., 2019; Imberdis et al., 2019). However, the connection between aSyn 
expression and SCD1 increased desaturase activity has not been explored. Furthermore, 
this model does not account for a putative direct action of aSyn at the LD surface. Indeed, 
aSyn binding to LDs delayed lipid remobilization, a function reminiscent of perilipins, in 
Hela cells loaded with OA (Cole et al., 2002). Interestingly, the close aSyn paralog, gamma-
synuclein is expressed in adipocytes, and may limit ATGL-mediated lipolysis (Dunn et al., 
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2015; Millership et al., 2012). Collectively these data raise the possibility that the direct 
association of aSyn and LD could promote LD accumulation in neurons. 
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4� Objectives

During my thesis, I investigated the mechanisms of formation and contribution of LDs 
in both neuron and glia in two genetic and pesticide-induced Drosophila models of PD. 

Firstly, I used flies expressing wild-type and mutated forms of aSyn in Drosophila 
retina as a model to investigate the formation of aSyn-induced LDs in neurons and the 
contribution of LDs to PD associated phenotypes. 

Secondly, I used exposure to Paraquat as a model of sporadic PD. Using this model, I 
tested the contribution of glial LD homeostasis for the resistance against paraquat-induced 
neurotoxicity.
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	 2	

Abstract	

Parkinson’s	disease	is	a	neurodegenerative	disorder	characterized	by	accumulation	of	alpha-

synuclein	(aSyn)	aggregates	and	by	abnormalities	in	lipid	storage.	To	investigate	the	potential	

pathophysiological	consequences	of	interactions	between	αSyn	and	proteins	that	regulate	the	

homeostasis	of	intracellular	lipid	droplets	(LDs),	we	employed	a	transgenic	Drosophila	model	

of	PD	in	which	human	αSyn	is	specifically	expressed	in	photoreceptor	neurons.	We	found	that	

overexpression	of	the	LD-coating	proteins	perilipin	1	and	2	(dPlin1/2)	markedly	increased	LD	

accumulation	in	the	neurons.	Perilipins	also	co-localized	with	aSyn	at	the	LD	surface	in	both	

Drosophila	 photoreceptor	 neurons	 (dPlin2)	 and	 human	 neuroblastoma	 cells	 (PLIN3).	 Co-

expression	of	aSyn	and	dPlin2	in	photoreceptor	neurons	synergistically	amplified	LD	content	

through	a	mechanism	involving	LD	stabilization,	independently	of	Brummer-mediated	lipolysis	

or	de	novo	synthesis	of	triacylglycerols.	Accumulation	of	LDs	also	increased	the	resistance	of	

αSyn	 to	 proteolytic	 digestion,	 a	 phenomenon	 associated	with	 αSyn	 aggregation	 in	 human	

neurons.	 Our	 results	 suggest	 that	 binding	 of	 aSyn	 to	 PLIN-coated	 LDs	 stabilizes	 the	 LD	

structure	 and	 may	 contribute	 to	 the	 pathogenic	 misfolding	 and	 aggregation	 of	 aSyn	 in	

neurons.	
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	 3	

Introduction	

	 Lipids	 play	 crucial	 roles	 in	 many	 essential	 cellular	 functions,	 including	 membrane	

formation,	 energy	 production,	 intracellular	 and	 intercellular	 signal	 transduction,	 and	

regulation	of	cell	death.	Fatty	acids	(FAs)	taken	up	into	or	synthesized	within	cells	are	stored	

in	discrete	organelles	known	as	lipid	droplets	(LDs),	which	consist	of	a	core	of	neutral	lipids	

(predominantly	 triacylglycerols	 [TGs]	 and	 sterol	 esters),	 surrounded	 by	 a	 monolayer	 of	

phospholipids	containing	numerous	peridroplet	proteins	(1).	Maintenance	of	LD	homeostasis	

in	 adipose	 tissue	 and	 the	 central	 nervous	 system,	 among	other	 tissues,	 has	 emerged	 as	 a	

central	 process	 for	 organismal	 health,	 and	 its	 dysregulation	 contributes	 to	 many	 human	

diseases,	such	as	obesity,	atherosclerosis,	fatty	liver	disease,	and	neurodegenerative	disorders	

such	as	Parkinson’s	disease	(PD)	(2–5).		

Several	 peridroplet	 proteins	 regulate	 the	 homeostasis	 and	 abundance	 of	 LDs	 by	

controlling	their	biogenesis,	degradation,	and/or	structural	stabilization	(1).	LD	biogenesis	is	

initiated	at	the	endoplasmic	reticulum	membrane,	where	key	lipid	metabolic	enzymes	such	as	

diacylglycerol	acyltransferase	1	and	2	(DGAT1,	DGAT2)	and	FA	transport	protein	1	(FATP1)	are	

recruited.	 These	 enzymes	 synthesize	 TGs	 that	 are	 incorporated	 into	 the	 LD	 (6–8).	 LD	

degradation	is	mediated	by	lipases	such	as	adipose	triglyceride	lipase	(ATGL)	and	hormone-

sensitive	 lipase	 (9).	 In	 turn,	 lipase	 activity	 is	 controlled	by	 a	 family	 of	 peridroplet	 proteins	

called	perilipins	(PLINs)	that	play	different	roles	in	LD	homeostasis,	including	maintaining	LD	

integrity,	limiting	basal	lipolysis,	and	interacting	with	mitochondria	(10).	The	human	genome	

encodes	five	PLIN	proteins,	PLIN1–5	(10),	whereas	the	Drosophila	genome	encodes	two	PLINs,	

Lsd-1	and	Lsd-2	(hereafter	named	dPlin1	and	dPlin2)	(11),	that	have	redundant	functions	in	

controlling	 lipolysis	 (12,13).	 dPlin1	 expression,	 like	 that	 of	 human	 PLIN1,	 is	 restricted	 to	

adipose	tissue,	while	dPlin2	and	human	PLIN2	and	3	are	expressed	ubiquitously	(14).	Although	

LDs	are	present	in	all	cells,	relatively	few	types	are	particularly	prone	to	LD	accumulation	(15).	

These	include	adipocytes	and	glial	cells,	which	have	a	higher	rate	of	FA	synthesis	and	express	

tissue-specific	 peridroplet	 proteins	 that	 promote	 the	 biogenesis	 or	 stabilization	 of	 LDs	 or	

inhibit	their	lipolytic	degradation.	About	200	peridroplet	proteins	have	been	identified	to	date	

(1,16,17),	 but	 their	 cellular	 specificity	 and	 precise	 involvement	 in	 the	 regulation	 of	 LD	

biogenesis,	stabilization,	and	degradation	are	largely	unknown.		

The	mechanisms	by	which	fat	 is	stored	and	remobilized	 in	LDs	 in	adipose	tissue	are	

relatively	well	understood	(11);	in	contrast,	less	is	known	about	the	non-lipid	storage	functions	
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of	 LDs,	 such	as	 their	 involvement	 in	 the	 regulation	of	 cellular	 stress	 and	protein	handling,	

folding,	and	turnover	(1,18).	This	situation	has	improved	in	the	last	few	years;	for	example,	

studies	 with	 Drosophila	 and	 vertebrate	 cellular	 models	 have	 begun	 to	 unravel	 the	

pathophysiological	roles	of	LDs	in	regulating	stress	in	cells	of	the	nervous	system.	Oxidative	

stress	exposure	or	excitotoxicity	induces	LD	accumulation	in	developing	or	adult	Drosophila	

and	in	mouse	glial	cells	co-cultured	with	neurons	(19–23).	In	Drosophila	larvae	subjected	to	

hypoxia,	LD	accumulation	in	glial	cells	is	thought	to	play	a	neuroprotective	role	by	enabling	

relocation	of	lipids	sensitive	to	peroxidation,	such	as	polyunsaturated	FAs,	from	membrane	

phospholipids	to	TGs	in	the	LD	core	(19).	While	LDs	are	abundant	in	glial	cells,	they	are	rarely	

detected	in	neurons	and	little	is	known	about	their	potential	pathophysiological	relevance	to	

neurological	diseases	(24).		

PD	is	characterized	by	the	neuronal	accumulation	of	misfolded	proteins,	including	α-

synuclein	 (aSyn),	 in	 cytoplasmic	 aggregates	 known	 as	 Lewy	 bodies	 (25,26).	 aSyn	 is	 a	

vertebrate-specific	14-kDa	presynaptic	protein	and	contains	an	N-terminal	domain	consisting	

of	repeated	sequences	of	11	amino	acids	that	fold	into	an	amphipathic	helix	upon	lipid	binding	

(27).	 Although	 the	 physiological	 function	 of	aSyn	 is	 still	 unclear,	 several	 lines	 of	 evidence	

indicate	that	aSyn	binding	to	phospholipid	membranes	is	important	for	vesicle	dynamics	at	

the	synapse	(28).	Importantly,	aSyn	has	been	shown	to	bind	to	LDs	and	to	contribute	to	LD	

homeostasis	 (29,30).	However,	 the	underlying	molecular	mechanisms	and	the	pathological	

consequences	of	this	interaction	are	unclear.		

We	used	a	Drosophila	model	 in	which	 the	neuronal	expression	of	human	αSyn	has	

proven	 useful	 to	 study	 the	 pathological	 mechanisms	 of	 PD	 (31–33).	 We	 investigated	 the	

effects	 of	 PLIN	 and	 aSyn	 expression	 on	 LD	 formation	 in	 photoreceptor	 neurons;	 the	

subcellular	co-localization	of	αSyn	with	LDs;	the	potential	contribution	of	αSyn/PLINs	to	LD	

homeostasis	 via	 regulation	 of	 LD	 formation,	 stabilization,	 and/or	 degradation;	 and	 the	

potential	effects	of	αSyn–LD	binding	on	the	susceptibility	of	αSyn	to	misfolding	in	the	context	

of	PD.		
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Results	
	
aSyn	synergizes	with	PLIN	proteins	to	induce	LD	accumulation	in	neurons	

	 Several	 studies	 have	 reported	 that	 expression	 of	 human	 aSyn	 dysregulates	 TG	

metabolism	and	LD	homeostasis	in	cellular	and	rodent	models	of	PD	(29,30,34–36).	As	noted	

above,	 LD	 homeostasis	 crucially	 relies	 on	 peridroplet	 proteins.	 To	 determine	whether	 the	

function	of	PLINs	in	LD	homeostasis	is	influenced	by	αSyn	expression,	we	first	established	the	

dynamics	 of	 LD	 homeostasis	 in	 Drosophila	 neurons.	 The	 Drosophila	 compound	 eye	 is	

composed	of	800	ommatidia,	each	containing	six	outer	and	two	inner	photoreceptor	neurons	

surrounded	by	nine	retina	pigment/glial	cells	(Figure	S1)	(37).	dPlin1::GFP	(12)	and	dPlin2::GFP	

(38)	were	expressed	specifically	in	outer	photoreceptor	neurons	of	flies	using	a	rhodopsin	1	

(Rh1)	driver,	and	the	abundance	of	LDs	was	assessed	by	co-labeling	of	whole-mount	retinas	

with	the	lipophilic	fluorophore	Bodipy	to	label	LDs.	This	analysis	revealed	that,	while	LDs	were	

virtually	 undetectable	 in	 the	 retina	 of	 20-day-old	 control	 flies,	 dPlin1::GFP	 or	 dPlin2::GFP	

overexpression	 led	to	accumulation	of	LDs	(measured	as	the	percentage	of	the	retina	area	

stained	 with	 Bodipy,	 Figure	 1A,	 B).	 Next,	 we	 determined	 whether	 this	 effect	 of	 dPlin	

expression	 was	 specific	 to	 neurons	 or	 also	 observed	 in	 surrounding	 glial	 cells,	 we	

immunostained	the	retina	for	the	Na+/K+	ATPase	a	subunit,	a	marker	of	the	photoreceptor	

plasma	membrane	 (39).	As	 shown	 in	 Figure	 1C,	 dPlin1::GFP	 and	 dPlin2::GFP	 labeling	 was	

visible	 as	 rings,	 characteristic	 of	 peridroplet	 proteins,	 located	 within	 the	 cytoplasm	 of	

photoreceptors	but	not	in	the	adjacent	glial	cells.	These	results	indicate	that	Rh1-driven	PLIN	

overexpression	 leads	 to	 accumulation	 of	 LDs	 only	 in	 photoreceptor	 neurons,	 and	 not	 in	

adjacent	glial	cells.		

Having	 established	 that	 PLIN	 levels	 regulate	 LD	 accumulation,	we	 next	 determined	

whether	aSyn	co-expression	affected	LD	accumulation	in	photoreceptor	neurons.	For	this,	we	

employed	 transgenic	 Drosophila	 lines	 expressing	 wild-type	 human	 aSynWT	 (31–33,40–42)	

together	with	dPlin2::GFP;	these	flies	harbor	a	relatively	low	level	of	LDs,	thereby	enabling	the	

effects	 of	 αSyn	 to	 be	 detected	 (Figure	 1D).	 Notably,	 while	 photoreceptor	 neuron-specific	

expression	of	aSynWT	induced	a	small	but	insignificant	increase	in	LD	accumulation	compared	

with	 control	 (LacZ)	 flies,	 concomitant	 expression	 of	aSynWT	 and	 dPlin2::GFP	 resulted	 in	 a	

striking	synergistic	effect,	more	than	tripling	the	abundance	of	LDs	compared	with	either	αSyn	

or	 dPlin2::GFP	 expression	 alone	 (Figure	 1D	 and	 1E).	 This	 result	 was	 confirmed	 using	
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independent	 fly	 lines	 carrying	 UAS-dPlin2::GFP	 and	 UAS-aSynWT	 transgenes	 inserted	 at	 a	

different	chromosomal	 localization	(Figure	S2).	Thus,	 these	results	 indicate	that	Drosophila	

photoreceptor	neurons	contain	few	LDs	under	normal	physiological	conditions,	and	that	LD	

content	is	significantly	increased	in	a	synergistic	manner	by	co-expression	of	dPlin2	and	aSyn.		

	

aSyn	and	PLINs	co-localize	at	the	LD	surface	in	Drosophila	photoreceptor	neurons	and	in	

human	neuroblastoma	cells	

	 Because	 PLINs	 are	 LD	 membrane-associated	 proteins,	 we	 hypothesized	 that	 the	

synergistic	 effect	 of	 aSyn	 and	 PLINs	 on	 LD	 accumulation	 in	 neurons	 might	 involve	 co-

localization	of	the	proteins	at	the	LD	surface.	 Indeed,	 immunostaining	of	αSyn	 in	flies	with	

photoreceptor	 neuron-specific	 expression	 of	 dPlin2::GFP	 revealed	 co-localization	 of	 the	

aSynWT	 and	 dPlin2	 at	 the	 LD	 surface	 (Figure	 2A).	 In	 addition,	 we	 examined	 protein	 co-

localization	in	the	human	neuroblastoma	cell	line	SH-SY5Y	(43),	which	expresses	αSyn	at	very	

low	levels	and	was	therefore	transfected	with	aSynWT.	 In	these	cells,	PLIN3	(also	known	as	

TIP47),	which	is	broadly	expressed	in	human	brain	cells	(44),	co-localized	with	aSynWT	around	

circular	vesicles,	as	detected	using	high-resolution	Airyscan	microscopy	(Figure	2B).	To	confirm	

this	finding,	we	performed	proximity	ligation	assays	(PLA),	in	which	oligonucleotide-coupled	

secondary	 antibodies	 generate	 a	 fluorescent	 signal	 when	 the	 two	 target	 protein-bound	

primary	antibodies	are	in	close	proximity	(45).	Confocal	microscopy	of	SH-SY5Y	cells	co-labeled	

with	Bodipy	and	primary	antibodies	against	aSynWT	and	PLIN3	revealed	PLA	signals	on	the	

surface	of	LDs	(Figure	2C).	Taken	together,	these	experiments	confirm	that	aSynWT	co-localizes	

with	the	LD-binding	protein	dPlin2	 in	Drosophila	photoreceptor	neurons	and	with	PLIN3	 in	

human	neuroblastoma	cells.	

	

	

	

PLINs	promote	LD	accumulation	 in	neurons	by	stabilizing	LDs,	and	not	by	modulating	LD	

formation	or	Brummer-mediated	lipolysis	

		 The	 mechanism(s)	 by	 which	 αSyn	 and	 PLINs	 might	 cooperate	 to	 promote	 LD	

accumulation	 could	 be	 mediated	 through	 effects	 on	 the	 formation,	 stabilization,	 or	

degradation	of	LDs.	 Indeed,	PLINs	are	known	to	maintain	 the	structure	of	LDs	and	protect	

61



	 7	

them	 from	 lipolysis	 (46).	We	 first	examined	how	LDs	might	be	degraded	 in	photoreceptor	

neurons	by	RNAi	interference-mediated	depletion	of	the	main	TG	lipase	Brummer	(Bmm),	the	

Drosophila	 ATGL	 ortholog	 (47)	 using	 either	 a	 pan-retinal	 (GMR-GAL4)	 or	 photoreceptor-

specific	(Rh1-GAL4)	driver.	Knockdown	of	Bmm	using	GMR-GAL4	resulted	in	LD	accumulation	

between	adjacent	photoreceptor	membranes	(Na+/K+	ATPase	a	subunit-positive),	indicating	

that	prevention	of	Bmm-mediated	lipolysis	increased	LD	accumulation	in	glial	cells	(Figure	3A,	

B).	 In	 striking	 contrast,	 photoreceptor-specific	 knockdown	 of	 Bmm	 did	 not	 increase	 LD	

abundance,	 indicating	 that	 Bmm-mediated	 lipolysis	 does	 not	 influence	 LD	 homeostasis	 in	

photoreceptor	neurons	(Figure	3A).	The	fact	that	LD	degradation	in	Drosophila	photoreceptor	

neurons	 does	 not	 involve	 Bmm,	 the	 main	 Drosophila	 lipase,	 is	 in	 contrast	 with	 what	 is	

observed	in	other	tissues	(47).	 It	also	suggests	that	αSyn	and	dPlin1/2	could	not	 induce	LD	

degradation	through	a	mechanism	involving	lipolysis.		

We	next	asked	whether	dPlins	can	enhance	LD	accumulation	by	promoting	the	activity	

of	two	canonical	enzymes	of	TG	synthesis;	dFatp	and	midway	(Mdy).	Mdy	is	a	diacylglycerol	

acyltransferase	that	is	structurally	related	to	mammalian	DGAT1	(48).	For	these	experiments,	

we	used	dPlin1:GFP	flies	because	they	produce	large	easily	quantified	LDs	in	photoreceptors	

(Figure	1C).	Whereas	pan-retinal	knockdown	of	dFatp	or	Mdy	reduced	the	accumulation	of	

LDs	 in	 glial	 cells	 induced	 by	 Bmm	 knockdown	 (Figure	 S3),	 photoreceptor	 neuron-specific	

knockdown	of	either	dFatp	or	Mdy	had	no	effect	on	LD	accumulation	in	dPlin1::GFP-expressing	

flies	 (Figure	 3C	 and	 3D).These	 results	 indicate	 that	 PLIN-induced	 LD	 accumulation	 in	

photoreceptor	neurons	probably	occurs	through	a	mechanism	independent	of	Bmm	inhibition	

or	de	novo	TG	synthesis,	and	is	thus	distinct	from	the	mechanism	of	LD	accumulation	in	glial	

cells.	

We	then	considered	that	PLINs	may	stabilize	the	LD	structure,	as	previously	proposed	

in	yeast	and	Drosophila	fat	cells	(12,49).	Therefore,	we	asked	whether	additional	LD-binding	

proteins	 might	 have	 effects	 similar	 to	 PLIN	 overexpression.	 We	 examined	 Drosophila	

expressing	a	fusion	protein	of	GFP	bound	to	the	LD-binding	domain	(LDBD-GFP)	of	the	protein	

Klarsicht,	that	is	required	for	the	intracellular	transport	of	LDs	in	Drosophila	embryos	(50,51).	

Additionally,	we	 tested	 flies	 overexpressing	CG7900,	 the	 Drosophila	 ortholog	 of	 FA	 amide	

hydrolase	 FAAH2,	 which	 contains	 a	 functional	 LD-binding	 domain	 (52).	 Notably,	

photoreceptor-specific	expression	of	LDBD-GFP	or	CG7900	(using	EP-[UAS]	insertion)	induced	

an	accumulation	of	LDs	(Figure	3E,	3F,	S4)	similar	to	that	observed	with	dPlin	overexpression.	
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Taken	together,	these	results	show	that	overexpression	of	an	LD-binding	protein	is	sufficient	

to	promote	LD	accumulation	in	Drosophila	photoreceptor	neurons,	thus	suggesting	that	PLIN	

expression	induces	LD	accumulation	by	stabilizing	the	LD	structure,	at	least	in	part.		

	

Co-expression	 of	 αSynA53T	 and	 CG7900	 proteins	 induces	 LD	 accumulation	 in	 Drosophila	

photoreceptor	neurons		

	 Given	 the	 crucial	 role	 of	 aSyn	 aggregates	 in	 PD	 and	 our	 demonstration	 of	 a	 link	

between	αSyn	and	LD	accumulation	 in	Drosophila	neurons,	we	hypothesized	that	αSyn–LD	

interactions	might	have	relevance	to	PD.	To	test	this,	we	employed	the	GMR>aSynA53T-CG7900	

Drosophila	 line,	 which	 expresses	 a	mutant	 form	 of	 αSyn	 that	 is	 not	 only	 associated	 with	

familial	PD	but	also,	like	aSynWT,	binds	to	LDs	in	HeLa	cells	and	cultured	mouse	hippocampal	

neurons	(29).	In	the	UAS-aSynA53T	transgenic	line,	the	insertion	occurs	in	the	promoter	region	

of	 CG7900	 (Figure	 4A,	 chromosomal	 position	 3R-48;	 see	 Materials	 and	 Methods).	 GAL4-

mediated	transcription	of	UAS-aSynA53T	using	the	GMR-GAL4	driver	resulted	in	overexpression	

of	both	CG7900	 and	aSynA53T	 (Figure	4A	and	4B)	and	 induced	 the	accumulation	of	 LDs,	 as	

visualized	by	Bodipy	staining	in	longitudinal	retinal	sections	(Figure	4C).	Electronic	microscopy	

of	retina	tangential	sections	of	these	flies	also	revealed	that	LDs	accumulated	in	the	cytoplasm	

of	photoreceptors	(Figure	4D).	Expression	of	RNAi	targeting	CG7900	in	the	aSynA53T-CG7900	

transgenic	line	abolished	the	accumulation	of	LDs	(Figure	S5),	indicating	that	expression	of	an	

LD-binding	protein	was	essential	to	observe	the	increase	in	LD	accumulation	in	response	to	

aSynA53T	in	photoreceptor	neurons,	as	was	also	observed	for	aSynWT-expressing	flies.		

Interestingly,	lipidomic	analyses	of	retinas	revealed	that	the	lipid	content	of	LDs	was	

identical	 in	 flies	 with	 photoreceptor	 neuron-specific	 expression	 of	 aSynA53T-CG7900	 and	

aSynWT	with	the	exception	of	TGs,	which	were	enriched	in	aSynA53T-CG7900	-expressing	flies	

(Figure	 S6).	 Consistent	with	 this,	 Bodipy	 staining	was	 abolished	 by	 overexpressing	 the	 TG	

lipase	Bmm	in	aSynA53T-	CG7900	expressing	flies	(Figure	4E).		These	results	demonstrate	that	

TG	is	the	major	lipid	in	ectopic	LD-induced	by	CG7900.	

	

LDs	promote	aSyn	resistance	to	proteinase	K	

	 In	human	neurons,	αSyn	aggregation	is	a	multi-step	process	involving	accumulation	of	

misfolded	aSyn,	a	process	that	renders	aSyn	resistant	to	mild	proteolysis	using	proteinase	K	
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(53,54).	Therefore,	we	determined	whether	αSyn–LD	interactions	might	influence	the	physical	

state/structure	of	αSyn	in	Drosophila	photoreceptor	neurons.	αSyn	resistance	to	proteinase	K	

was	evaluated	by	western	blot	analysis	of	protein	extracts	from	flies	overexpressing	aSynA53T-

CG7900,	which	accumulate	LDs	as	noted	above.	aSynA53T	from	30-day-old	transgenic	flies	was	

more	resistant	to	proteinase	K	digestion	compared	with	aSynA53T	from	6-day-old	flies	(Figure	

5A	 and	 5B),	 consistent	 with	 an	 age-dependent	 conversion	 of	 aSyn	 to	 misfolded	 forms.	

Because	LDs	also	accumulate	with	advancing	age,	we	examined	aSyn	resistance	in	aSynA53T-

CG7900	 flies	 depleted	 of	 LDs	 by	 co-expression	 of	 Bmm	 lipase	 in	 photoreceptor	 neurons.	

Indeed,	 depletion	 of	 LDs	 abolished	 the	 age-related	 difference	 in	 aSynA53T	 resistance	 to	

proteinase	K	digestion	(Figure	5A	and	5B),	providing	a	direct	link	between	LD	abundance	and	

aberrant	αSyn	folding	and/or	aggregation.	To	confirm	this	link,	we	performed	proteinase	K-

resistance	assays	on	aSynWT	from	6-	and	30-day-old	flies	in	which	LD	accumulation	is	increased	

by	dPlin2	and	aSynWT	co-expression.	We	observed	that	proteinase	K-resistance	was	increased	

when	LD	abundance	was	synergistically	 increased	by	expression	of	both	aSynWT	and	dPlin2	

compared	 to	aSynWT	 alone	 in	 6-day-old	 flies	 (Figure	 S7A	 and	 S7B).	 	 This	 indicates	 that	 LD	

abundance	had	a	crucial	influence	on	aSynWT	proteinase	K-resistance.	Taken	together,	these	

results	substantiate	our	conclusion	that	LD	accumulation	enhances	the	resistance	of	αSyn	to	

proteinase	K.		
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Discussion	

	 In	 this	 study,	 we	 investigated	 the	 mechanisms	 that	 regulate	 LD	 homeostasis	 in	

neurons,	 the	 contribution	 of	 αSyn	 to	 LD	 homeostasis,	 and	 whether	 αSyn–LD	 binding	

influences	the	pathogenic	potential	of	αSyn.	We	found	that	expression	of	the	perilipins	dPlin1	

and	dPlin2	in	Drosophila	photoreceptor	neurons	increased	LD	accumulation	and	that	this	was	

amplified	by	co-expression	of	the	PD-associated	protein	aSyn	with	dPlin2.	aSyn	co-localized	

with	 PLINs	 on	 the	 LD	 surface	 in	 both	 Drosophila	 photoreceptor	 neurons	 and	 human	

neuroblastoma	cells,	as	demonstrated	by	confocal	microscopy	and	PLA	assays.	PLIN-induced	

LD	 accumulation	 was	 not	 dependent	 on	 inhibition	 of	 ATGL/Bmm	 or	 on	 TG	 synthesis,	

suggesting	that	PLINs	act	to	stabilize	existing	LDs,	rather	than	to	promote	their	formation	or	

degradation.	 Finally,	 we	 observed	 that	 LD	 accumulation	 in	 photoreceptor	 neurons	 was	

associated	with	 an	 increase	 in	 the	 resistance	 of	 αSyn	 to	 proteinase	 K,	 suggesting	 that	 an	

increase	in	LDs	might	promote	aSyn	misfolding,	an	important	step	in	the	progression	to	PD.	

Thus,	we	have	uncovered	a	potential	novel	role	for	LDs	and	PLINs	in	the	pathogenicity	of	αSyn	

in	PD.	

Our	 understanding	 of	 the	 mechanisms	 of	 LD	 homeostasis	 in	 neurons	 under	

physiological	 or	 pathological	 conditions	 is	 far	 from	 complete.	 Neurons	 predominantly	

synthesize	ATP	through	aerobic	metabolism	of	glucose,	rather	than	through	FA	β-oxidation,	

which	 likely	 explains	 the	 relative	 scarcity	of	 LDs	 in	neurons	 compared	with	 glial	 cells	 (55).	

Nevertheless,	LD	accumulation	has	been	observed	in	cultured	primary	rat	cortical	neurons,	

rat	dopaminergic	N27	cells	expressing	αSyn,	and	SH-SY5Y	cells	exposed	to	1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine,	a	dopaminergic	neurotoxin	prodrug	that	causes	PD-like	symptoms	

in	animal	models	(34–36).	Our	results	 indicating	that	PLIN	expression	enhances	LD	content	

independently	of	Bmm	lipase	activity	is	consistent	with	previous	data	showing	that	neurons	

from	 ATGL-mutant	 mice	 do	 not	 accumulate	 LDs	 (56).	 Moreover,	 our	 observation	 that	

overexpression	of	Klarsicht	lipid-binding	domain	or	CG7900	phenocopied	the	effect	of	PLINs	

on	 LD	 accumulation,	 supports	 the	possibility	 that	 PLINs	 serve	 to	 stabilize	 LDs,	 rather	 than	

promote	 their	 degradation	 or	 synthesis.	 Stabilization	 of	 LDs	 could	 well	 be	 an	 ancestral	

function	of	PLINs,	as	reported	for	yeast	and	Drosophila	adipose	tissue	(12,49,57).	However,	

we	cannot	exclude	the	possibility	that	an	additional	lipase(s)	may	regulate	LD	homeostasis	in	

Drosophila	photoreceptor	neurons.		
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Earlier	 studies	 in	 yeast,	 rat	 dopaminergic	 neurons,	 and	human	 induced	pluripotent	

stem	 cells	 have	 proposed	 that	 aSyn	 expression	 induces	 lipid	 dysregulation	 and	 LD	

accumulation,	but	the	underlying	mechanisms	were	unclear	 (30,34,36).	Low	 levels	of	aSyn	

accumulation	 were	 thought	 to	 perturb	 lipid	 homeostasis	 by	 enhancing	 unsaturated	 FA	

synthesis	and	the	subsequent	accumulation	of	diacylglycerols	(DGs)	and	TGs.	In	the	present	

study,	we	showed	that	aSyn	expression	alone	did	not	enhance	the	accumulation	of	LDs	but	

instead	required	concomitant	overexpression	of	PLINs.	Moreover,	aSynWT	expression	alone	

had	no	effect	on	DG,	TG,	or	LD	content	in	Drosophila	photoreceptor	neurons.	Given	that	aSyn	

and	PLINs	co-localized	at	the	LD	surface	in	both	Drosophila	photoreceptor	neurons	and	human	

neuroblastoma	cells,	our	results	suggest	the	possibility	that	LD-associated	aSyn	could	have	a	

direct	 role	 in	 promoting	 neutral	 lipid	 accumulation	 by	 stabilizing	 LDs.	 Age-related	

accumulation	 of	 PLIN-bound	 LDs	 has	 been	 observed	 in	 fly	muscles	 (58);	 however,	 further	

analyses	will	be	required	to	determine	whether	this	occurs	in	neurons	and/or	whether	it	 is	

enhanced	by	aSyn.		

The	role	of	LDs	in	the	evolution	of	PD	pathology	is	the	subject	of	intense	scrutiny.	LDs	

have	been	proposed	to	protect	cells	from	lipotoxicity.	Selkoe	and	colleagues	showed	that	LD	

accumulation	in	yeast	cells	required	TG	synthesis,	protected	against	elevated	levels	of	oleic	

acid	or	DGs,	and	prevented	aSyn	toxicity	 (34).	The	results	of	 the	present	study	suggest	an	

alternative	 but	 not	 mutually	 exclusive	 role	 for	 LDs	 in	 promoting	 aSyn	 misfolding	 and	

conversion	 to	 a	 proteinase	K-resistant	 form.	 Indeed,	 increased	 LD	 surface	 could	provide	 a	

physical	platform	for	aSyn	deposition	and	conversion.	 In	support	of	this	hypothesis,	 it	was	

previously	 proposed	 that	 aSyn	 aggregation	 is	 facilitated	 in	 the	 presence	 of	 synthetic	

phospholipid	vesicles	(59).	Based	on	a	combination	of	our	results	and	these	observations,	we	

propose	a	model	of	LD	homeostasis	 in	healthy	and	diseased	neurons	 (Figure	6).	 In	healthy	

neurons,	relatively	few	LDs	are	detected	due	to	a	combination	of	low	basal	rate	of	TG	synthesis	

and	 low	 expression	 of	 peridroplet	 proteins	 that	 promote	 LD	 stabilization.	 In	 pathological	

conditions	such	as	PD,	possibly	in	combination	with	age-dependent	accumulation	of	fat	and	

PLINs	(58,60),	aSyn	and	PLINs	could	cooperate	to	promote	the	stabilization	and	accumulation	

of	LDs	in	neurons.	In	this	case,	a	pathogenic	feed-forward	mechanism	is	created	in	which	aSyn	

enhances	 PLIN-dependent	 LD	 stabilization,	which,	 in	 turn,	 increases	aSyn	 conversion	 to	 a	

proteinase	K-resistant	 form,	culminating	 in	αSyn	aggregation	and	formation	of	cytoplasmic	
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inclusion	bodies.	Collectively,	our	results	raise	the	possibility	that	aSyn	binding	to	LDs	could	

be	an	important	step	in	the	pathogenesis	of	PD.		
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Material	and	Methods	

Fly	Stocks	

All	flies	used	for	this	study	were	raised	on	regular	yeast	medium	at	25°C	on	a	12h	light/dark	

cycle.	The	fly	stocks	were	obtained	as	follows.	UAS-aSynWT	(BL8146),	UAS-aSynA53T	(BL8148),	

UAS-Mdy-RNAi	 (BL65963),	 UAS-Bmm-RNAi	 (BL25926),	 UAS-GFP-shRNA	 (BL41555),	 sGMR-

GAL4,	Rh1-GAL4	 (BL8688),	TH-GAL4	 (Alex	Whitworth/Léo	Pallanck),	UAS-CG7900	 (EY10020,	

BL17633),	UAS-LacZ	 (BL1777)	were	from	Bloomington	Drosophila	Stock	Center.	UAS-dFatp-

RNAi	 (100124),	UAS-LacZ-RNAi	 (51446)	 and	UAS-CG7900-RNAi	 (101025)	were	 from	Vienna	

Drosophila	 Resource	Center.	UAS-dPlin1::GFP	 (12),	UAS-dPlin2::GFP	 (38)	 (second	 and	 third	

chromosome	insertions),	and	UAS-Bmm	were	kindly	provided	by	R.P.	Kuhnlein	(University	of	

Graz);	UAS-LDBD-GFP	was	provided	by	M.	Welte	(51);	and	UAS-aSynWT	(second	chromosome	

insertion)	was	provided	by	M.B.	Feany.	

	

Cell	Culture	

The	human	neuroblastoma	cell	line	SH-SY5Y	was	obtained	from	T.	Baron	(ANSES,	Lyon,	France)	

and	transfected	with	1	μg	of	a	pcDNA3.1	vector	containing	human	aSynWT	cDNA	(provided	by	

T.	Baron,	Anses,	Lyon,	France)	using	Effecten	transfection	reagent	(Qiagen).	Positive	clones	

were	selected	using	geneticin	and	cultured	in	Dulbecco's	modified	Eagle's	medium	(DMEM/F-

12,	Gibco)	supplemented	with	4.5	g/L	D-glucose,	10%	fetal	bovine	serum,	100	U/mL	penicillin,	

and	 100	 g/mL	 streptomycin	 at	 37°C.	 Cells	 were	 passaged	 when	 they	 reached	 70–80%	

confluence.	

	

Bodipy	Staining	

Unless	 otherwise	 stated,	 experiments	were	 performed	 using	 20-day-old	 female	 flies.	 Flies	

were	sedated	on	ice,	decapitated,	and	the	retinas	were	dissected	in	a	drop	of	HL3	medium	

(61).	Whole-mount	retinas	were	fixed	in	4%	paraformaldehyde	(PFA),	briefly	washed	in	PBS	

supplemented	 with	 0.1%	 Triton	 X-100	 (PBS-T),	 and	 incubated	 overnight	 at	 4°C	 in	 Bodipy	

493/503	 (D3922,	Molecular	 Probes)	 diluted	 in	 PBS-T	 supplemented	with	 1:400	 phalloidin-

rhodamine	 (R415,	 Molecular	 Probes).	 The	 retinas	 were	 rinsed	 once	 in	 PBS-T	 and	 then	

mounted	 on	 a	 bridged	 slide	 in	 Vectashield	 medium.	 Samples	 were	 examined	 on	 a	 Zeiss	

LSM800	 at	 the	 LYMIC-PLATIM	 –	 Imaging	 and	Microscopy	 Core	 Facility	 of	 SFR	 Biosciences	

(UMS3444),	Lyon,	France.	
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Bodipy	Quantification	

Retina	 images	were	acquired	on	a	 Zeiss	 LSM800	 confocal	microscope	as	16-bit	 stacks	 and	

processed	for	quantification	using	ImageJ	software	(62).	Images	were	first	filtered	for	noise	

using	Gaussian	Blur	3D	(σ	=	1)	and	projected	along	the	Z-axis.	LDs	were	identified	using	the	

Otsu	thresholding	algorithm.	The	area	of	Bodipy	staining	was	measured	and	divided	by	the	

total	retinal	area	as	previously	described	(23).	

	

Immunohistochemistry	

Flies	were	sedated	on	ice,	decapitated,	and	retinas	were	dissected	in	a	drop	of	HL3	medium	

(61)	supplemented	with	D-glucose	(120	mM).	Whole-mount	retinas	were	fixed	in	4%	PFA	and	

permeabilized	in	PBS	supplemented	with	0.5%	Triton	X-100	and	5	mg/mL	BSA.	Mouse	anti-

Na+/K+	ATPase	a-subunit	(a5,	DSHB),	rabbit	anti-GFP	(A6455,	Invitrogen),	mouse	anti-aSyn	

(sc-12767,	 Santa	 Cruz	 Biotechnology),	 or	 rabbit	 anti-dPlin2	 (38)	 a	 gift	 from	 R.P.	 Kuhnlein)	

primary	antibodies	were	diluted	in	blocking	solution	and	incubated	with	the	retinas	overnight	

at	4°C.	The	samples	were	then	washed	and	incubated	overnight	at	4°C	in	blocking	solution	

containing	Alexa	Fluor-conjugated	anti-mouse	Alexa488,	anti-rabbit	Alexa488,	or	anti-mouse	

Alexa647	secondary	antibodies	together	with	phalloidin-rhodamine	to	label	F-actin.	

SH-SY5Y	cells	were	fixed	with	4%	PFA	for	15	min	and	permeabilized	with	PBS	containing	5%	

BSA	and	0.05%	saponin	for	15	min.	Cells	were	then	incubated	with	mouse	anti-aSyn	(1:2000,	

sc-12767,	Santa	Cruz	Biotechnology)	and	rabbit	anti-PLIN3	(1:500,	NB110,	Novus	Biologicals)	

primary	antibodies	at	room	temperature	for	1	h.	The	cells	were	then	washed	and	incubated	

with	 Bodipy	 493/503	 (D3922,	 Molecular	 Probes)	 and	 Alexa	 Fluor-conjugated	 anti-rabbit	

Alexa488/Alexa546	 or	 anti-mouse	 Alexa647	 secondary	 antibodies.	 Nuclei	 were	

counterstained	with	1 μg/mL	DAPI.	Slides	were	mounted	in	Mowiol	4-88	(Sigma-Aldrich)	and	

imaged	with	a	Zeiss	LSM800	confocal	microscope.	

	

	

Proximity	Ligation	Assay	(PLA)	

PLAs	 were	 performed	 using	 Duolink®	 PLA	 kits	 (Sigma)	 according	 to	 the	 manufacturer’s	

instructions.	Briefly,	cells	were	fixed	in	4%	PFA	and	incubated	with	mouse	anti-aSyn	(1:2000,	

sc-12767,	Santa	Cruz	Biotechnology)	and	rabbit	anti-PLIN3	(1:500,	NB110,	Novus	Biologicals)	
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antibodies	diluted	in	PBS	containing	5%	BSA	and	0.05%	saponin.	The	cells	were	then	incubated	

with	Duolink	probes	 (anti-rabbit	plus,	DIO88002	and	anti-mouse	minus	DIO82004).The	PLA	

signal	was	revealed	using	the	red	Duolink	In	Situ	Detection	Reagent	(DUO92008)	and	the	cells	

were	stained	with	Bodipy	493/503	(D3922,	Molecular	Probes).	Nuclei	were	counterstained	

with	DAPI	in	Mowiol	mounting	medium.		

	

Mapping	of	UAS-aSynA53T	Insertion	Site		

UAS-aSynA53T	genomic	localization	was	mapped	using	the	Splinkerette	protocol	for	mapping	

of	transposable	elements	in	Drosophila	(63).	Briefly,	genomic	DNA	was	isolated	from	one	fly	

(stock	BL8148)	and	digested	using	BstYI.	DNA	fragments	containing	 the	P-element	 flanking	

regions	were	then	amplified	using	primers	specific	for	pCaSpeR	based	P-element.	The	resulting	

DNA	 fragments	were	 sequenced	 and	mapped	 to	 the	Drosophila	 genome	 using	 the	 BLAST	

platform.	

	

Transmission	Electron	Microscopy	(TEM)	of	Drosophila	Eyes	

TEM	sample	preparation	was	performed	as	previously	described	(23).	Briefly,	Drosophila	eyes	

were	 fixed	 in	 0.1	M	 cacodylate	 buffer	 supplemented	with	 2.5%	 glutaraldehyde	 and	 2	mM	

CaCl2	 for	 16	 h	 at	 4°C.	 After	 rinsing	with	 0.1	M	 cacodylate,	 the	 tissues	were	 contrasted	 by	

incubation	in	1%	OsO4	in	0.1	M	cacodylate	buffer	for	2	h	at	room	temperature.	Tissues	were	

then	 dehydrated	 in	 acetone	 and	 mounted	 in	 100%	 epoxy	 resin	 (Epon	 812).	 After	 resin	

polymerization,	 samples	 were	 sliced	 into	 60	 nm	 sections,	 stained	 with	 lead	 citrate,	 and	

examined	with	a	Philips	CM120	TEM	operating	at	80	kV.	

	

Lipid	Extraction	and	Quantification	by	Shotgun	Mass	Spectrometry	

Ten	retinas	per	biological	sample	were	homogenized	twice	for	5	min	each	with	1	mm	zirconia	

beads	 in	 300	 µl	 isopropanol	 using	 a	 cooled	 Tissuelyzer	 II	 at	 30	 Hz.	 The	 homogenate	 was	

evaporated	 in	 a	 vacuum	 desiccator	 to	 complete	 dryness,	 and	 lipids	 were	 extracted	 as	

described	 (64,65).	 After	 evaporation,	 the	 samples	 were	 reconstituted	 in	 300	 µL	 1:2	

CHCl3:MeOH.	 To	 quantify	 sterols,	 200	 µL	 aliquots	 of	 lipid	 extracts	 were	 evaporated	 and	

acetylated	 with	 300	 µL	 2:1	 CHCl3:acetyl	 chloride	 for	 1	 h	 at	 room	 temperature	 (method	

modified	 from	 (66)).	 After	 evaporation,	 sterol	 samples	were	 reconstituted	 in	 200	µL	 4:2:1	
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isopropanol:MeOH:CHCl3	with	7.5	mM	ammonium	formate	 (spray	solution).	For	sterol	and	

lipidome	measurements,	samples	were	diluted	1:1	with	spray	solution.	Mass	spectrometric	

analysis	was	performed	as	described	(64).	

 

RNA	Extraction	and	qRT-PCR		

Total	RNA	was	extracted	from	three	sets	of	10	Drosophila	heads	using	TRI-Reagent	(T9424,	

Sigma)	 and	 RNA	 was	 reverse	 transcribed	 using	 an	 iScript	 cDNA	 Synthesis	 Kit	 (Bio-Rad)	

according	 to	 the	manufacturers'	 instructions.	Quantitative	 PCR	 reactions	were	 carried	 out	

using	FastStart	Universal	SYBER	Green	Master	mix	(Roche	Applied	Science)	on	a	StepOnePlus	

system	(Applied	Biosystems).	Primer	efficiency	(E)	was	assessed	using	serial	dilutions	of	cDNA	

preparations.	Standard	curves	were	used	to	determine	the	relationship	between	PCR	cycle	

number	 (Ct)	 and	mRNA	 abundance.	 Relative	mRNA	 quantity	 (Qr)	 was	 calculated	 as:	 Qr	 =	

E^CtRp49-Cttarget.	 Qr	 values	 were	 then	 normalized	 to	 control	 genotype.	 Experiments	 were	

performed	 using	 the	 following	 primers:	 CG7900:	 5ʹ-CTGCTCACTCTCAGCGTTCAG-3ʹ	 and	 5ʹ-

ATATGTGCGAACCAACTCCAC-3ʹ;	 Rp49:	 5ʹ-ATCGTGAAGAAGCGCACCAAG-3ʹ	 and	 5ʹ-

ACCAGGAACTTCTTGAATCCG-3ʹ.	

	

Proteinase	K-Resistance	Assay	

Fly	heads	were	homogenized	in	lysis	buffer	(50	mM	Tris-HCl	pH	7.5,	5	mM	EDTA,	0.1%	NP40,	

1	mM	DTT,	and	1%	Protease	Inhibitor	Cocktail),	incubated	for	1	h	at	25°C,	and	centrifuged	at	

13,000	rpm	for	1	min.	Supernatants	were	collected	and	 incubated	 for	30	min	at	25°C	with	

proteinase	K	 (0,	0.5,	1,	1.5,	or	2	µg/mL).	Denaturing	buffer	TD4215	4X	was	added	 to	each	

sample,	 and	 proteins	 were	 separated	 in	 4%–15%	 gradient	 acrylamide	 gels	 (Bio-Rad)	 and	

transferred	 to	 PVDF	membranes	 (Millipore).	 PVDF	membranes	 were	 fixed	 in	 4%	 PFA	 and	

0.01%	glutaraldehyde	in	PBS	for	30	min	and	then	blocked	in	3%	BSA/0.1%	Tween/PBS	for	XX	

h.	Membranes	were	incubated	with	rabbit	anti-α-Syn	(MJFR1,	ab138501,	Abcam;	1:1000)	or	

mouse	anti-β-tubulin	(T	6199,	Sigma,	1:1000)	primary	antibodies	overnight	at	4°C,	washed,	

and	 incubated	 with	 horseradish	 peroxidase-conjugated	 anti-mouse	 IgG	 or	 anti-rabbit	 IgG	

(both	from	Pierce,	1:1000).	After	washing,	membranes	were	incubated	with	SuperSignal	West	

Dura	Chemiluminescence	Substrate	 (Thermo	Scientific),	 and	 images	were	acquired	using	a	

ChemiDoc	MP	system	(Bio-Rad).	
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Statistical Analysis 

Data are presented as the means ± standard deviation (SD) of three experiments unless noted. 

Statistical analyses were performed using R software. Differences between groups were 

analyzed by t-test or ANOVA and Tukey's HSD paired sample comparison test depending on 

the number of groups, as specified in the figure legends. 
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Figure	Legends	

Figure	 1.	 aSyn	 enhances	 dPlin2-induced	 LD	 accumulation	 in	 Drosophila	 photoreceptor	

neurons.	

(A)	Longitudinal	optical	sections	of	whole-mount	retinas	from	flies	expressing	GFP	(control),	

dPlin1::GFP,	 or	 dPlin2::GFP	 in	 photoreceptor	 neurons	 (Rh1-GAL4).	 LDs	 are	 labeled	 green	

(lipophilic	dye	Bodipy	D3922)	and	photoreceptor	 rhabdomeres	are	 in	magenta	 (phalloidin-

rhodamine	labeling	of	F-actin).	Scale	bar,	10	µm.		

(B)	Quantification	of	LD	area	expressed	as	%	of	total	retinal	area.	Data	are	from	the	images	

shown	in	(A).	Mean	±	SD.	***p<0.001	by	ANOVA	with	Tukey’s	HSD	test.	

(C)	Longitudinal	optical	sections	of	whole-mount	retinas	from	flies	expressing	dPlin1::GFP	or	

dPlin2::GFP	in	photoreceptor	neurons	(Rh1-GAL4).	Photoreceptor	plasma	membranes	are	in	

cyan	 (anti-Na+/K+	 ATPase	 immunostaining)	 and	 rhabdomeres	 are	 in	 magenta(phalloidin-

rhodamine	 labeling	 of	 F-actin).	 dPlin1	 and	 dPlin2	 are	 visible	 as	 ring	 shapes	 in	 the	

photoreceptor	cytoplasm	(yellow	arrowheads).	Scale	bar,	10	µm.		

(D)	Longitudinal	optical	sections	of	whole-mount	retinas	from	flies	expressing	LacZ	(control)	

or	human	aSynWT	alone	or	 in	conjunction	with	dPlin2::GFP	 in	photoreceptor	neurons	(Rh1-

GAL4).	LDs	are	in	green	(Bodipy)	and	photoreceptor	rhabdomeres	are	in	magenta	phalloidin-

rhodamine	labeling	of	F-actin).	Scale	bar,	10	µm.	

(E)	Quantification	of	LD	area	from	the	images	shown	in	(D).	Mean	±	SD.	***p<0.001,	**	p<0.05	

by	ANOVA	with	Tukey’s	HSD	test.	

	

Figure	2.	aSyn	 co-localizes	with	PLINs	at	 the	 surface	of	 LDs	 in	Drosophila	photoreceptor	

neurons	and	human	neuroblastoma	cells.	

(A)	Longitudinal	 optical	 sections	 of	whole-mount	 retinas	 from	 flies	 expressing	aSynWT	 and	

dPlin2::GFP	in	photoreceptor	neurons	(Rh1-GAL4).	aSyn	is	in	magenta	(immunostaining)	and	

photoreceptor	 rhabdomeres	 are	 in	 red	 (phalloidin-rhodamine	 labeling	 of	 F-actin).	 White	

arrowheads	indicate	co-localization	of	αSyn	and	dPlin2	at	LDs.	Scale	bar,	5	µm.		

(B)	 High-resolution	 Airyscan	 micrograph	 of	 SH-SY5Y	 neuroblastoma	 cells	 transfected	 with	

aSynWT.	aSyn	 and	 endogenous	 PLIN3	 immunostaining	 are	 shown	 in	 magenta	 and	 green,	

respectively.	Nuclei	are	counterstained	with	DAPI	(cyan).	Arrowheads	indicate	co-localization	

of	aSyn	and	PLIN3	staining	on	LDs.	Scale	bar,	5	µm.		
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(C)	Proximity	ligation	assay	between	aSyn	and	PLIN3	in	SH-SY5Y	cells	transfected	with	human	

aSynWT.	 The	 PLA	 signal	 generated	 by	 close	 proximity	 of	 the	 two	 protein-bound	 primary	

antibodies	is	shown	in	magenta,	LDs	are	in	green	(Bodipy),	and	nuclei	are	counterstained	with	

DAPI	(cyan).	Scale	bars,	5	µm.		

	 	

	

Figure	3.	LD	abundance	in	photoreceptor	neurons	is	not	affected	by	knockdown	of	enzymes	

involved	in	TG	synthesis	(Fatp,	Mdy)	or	degradation	(Bmm).	

	(A)	Longitudinal	optical	sections	of	whole-mount	retinas	from	flies	expressing	RNAi	targeting	

Bmm	 lipase	 under	 the	 control	 of	 the	 pan-retinal	 driver	GMR-GAL4	or	 the	 photoreceptor-

specific	driver	Rh1-GAL4.	LDs	are	visible	in	green	(Bodipy)	and	photoreceptor	rhabdomeres	

are	in	magenta	(phalloidin-rhodamine	labeling	of	F-actin).	Pan-retinal	Bmm	knockdown	leads	

to	LD	accumulation	in	retinal	glial	cells	between	photoreceptor	cells	(left	panel),	but	LDs	are	

not	detected	in	flies	with	photoreceptor	neuron-specific	Bmm	knockdown	(right	panel).	Scale	

bar,	10	µm.	

	(B)	 Longitudinal	 optical	 sections	 of	 whole-mount	 retinas	 from	 flies	 with	 pan-retinal	

knockdown	of	Bmm	lipase.	dPlin2	is	shown	in	green	(immunostaining),	photoreceptor	plasma	

membrane	is	in	cyan	(Na+/K+	ATPase	immunostaining),	and	photoreceptor	rhabdomeres	are	

in	magenta	(phalloidin-rhodamine	labeling	of	F-actin).	White	arrowheads	indicate	LDs	in	glial	

cells,	juxtaposed	between	the	plasma	membrane	and	rhabdomeres.	Scale	bar,	10	μm.	

(C)	Longitudinal	optical	sections	of	whole-mount	retina	from	flies	with	photoreceptor	neuron-

specific	expression	of	dPlin1::GFP	and	LacZ-RNAi	(control),	dFatp-RNAi,	or	Mdy-RNAi.	LDs	are	

in	 green	 (Bodipy)	 and	 photoreceptor	 rhabdomeres	 are	 in	 magenta	 (phalloidin-rhodamine	

labeling	of	F-actin).	Scale	bar,	10	μm.	

(D)	Quantification	of	LD	area	from	the	images	shown	in	(C).	Mean	±	SD.	ns,	not	significant,	

*p<0.05,	by	ANOVA	with	Tukey’s	HSD	test.	

(E)	Longitudinal	optical	sections	of	whole-mount	retina	from	flies	with	photoreceptor	neuron-

specific	expression	of	LacZ	(control),	Klarsicht	lipid-binding	domain	(LDBD-GFP),	or	the	FAAH2	

ortholog	 CG7900.	 LDs	 are	 shown	 in	 green	 (Bodipy)	 and	 photoreceptor	 rhabdomeres	 in	

magenta	(phalloidin-rhodamine	labeling	of	F-actin).	Scale	bar,	10	μm.	

(F)	Quantification	of	LD	area	from	the	images	shown	in	(E).	Mean	±	SD.	***p<0.001	by	ANOVA	

with	Tukey’s	HSD	test.	
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Figure	 4.	 Characterization	 of	 the	 P{UAS-aSynA53T}CG7900	 transgenic	 line	 promoting	 	 LD	

accumulation	in	photoreceptors		

	(A)	 Schematic	 illustration	 of	 the	 genomic	 localization	 of	 the	 P{UAS-aSynA53T}	 transgene	

mapped	using	the	Splinkerette	protocol.	The	P	element	carrying	the	yeast	minimal	promoter	

UAS	upstream	of	the	coding	sequence	of	human	aSynA53T	is	inserted	in	the	promoter	region	

of	CG7900.		

(B)	qRT-PCR	analysis	of	CG7900	mRNA	 in	whole	 flies	expressing	LacZ,	aSynA53T-CG7900,	or	

CG7900	(EP-[UAS]	insertion,	EY10020)	under	the	control	of	the	pan-retinal	driver	GMR-GAL4.	

mRNA	 levels	 are	 expressed	 as	 the	mean	±	 SD	of	 triplicates	 relative	 to	 the	 level	 in	 control	

(GMR>LacZ)	flies.		

(C)	Longitudinal	optical	sections	of	whole-mount	retinas	from	flies	with	pan-retinal	expression	

of	GFP	or	aSynA53T-CG7900.	LDs	are	shown	in	green	(Bodipy)	and	photoreceptor	rhabdomeres	

are	in	magenta	(phalloidin-rhodamine	labeling	of	F-actin).	Scale	bar,	20	µm.		

(D)	TEM	images	of	ommatidia	cross-sections	from	60-day-old	flies	with	pan-retinal	expression	

of	GFP	 (top	panel)	or	aSynA53T-CG7900	 (bottom	panel).	Each	panel	 shows	a	 representative	

cross-section	of	one	ommatidium	containing	seven	photoreceptors	(false-colored	blue)	with	

central	 rhabdomeres	 (R)	 surrounded	 by	 retinal	 glial	 cells	 (false-colored	 orange).	 Yellow	

asterisks	 indicate	 LDs	 accumulating	 in	 the	 photoreceptor	 cytoplasm	 of	 flies	 expressing	

aSynA53T-CG7900.	Scale	bar,	2	μm.		

(E)	 Longitudinal	 optical	 sections	 of	 whole-mount	 retinas	 from	 flies	 expressing	 aSynA53T-

CG7900	alone	or	in	conjunction	with	Bmm	in	photoreceptors	(Rh1-GAL4).	LDs	are	shown	in	

green	 (Bodipy)	 and	 photoreceptor	 rhabdomeres	 are	 in	 magenta	 (phalloidin-rhodamine	

labeling	of	F-actin).	Scale	bar,	20	µm.		

(F).	Quantification	of	LD	area	from	the	images	shown	in	(E).	Mean	±	SD.	***p<0.001	by	t-test.	

	

	

	

Figure	5.	LD	depletion	by	expression	of	Bmm	lipase	reduces	aSyn	resistance	to	proteinase	

K.		
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(A)	aSyn	proteinase	K-resistance	assay.	Lysates	of	the	heads	of	6-	and	30-day-old	flies	with	

photoreceptor	 neuron-specific	 expression	 of	aSynA53T-CG7900	 and	 either	 LacZ	 (control)	 or	

Bmm	 lipase	 were	 digested	 with	 the	 indicated	 concentrations	 of	 proteinase	 K	 and	 then	

immunoblotted	for	αSyn	or	β-tubulin	(loading	control).		

(B)	Quantification	of	proteinase	K-resistant	aSyn,	as	analyzed	in	(A).	Resistance	is	expressed	

as	 the	 ratio	 of	 undigested	aSyn	 remaining	 after	 treatment	 with	 2	µg/mL	 of	 proteinase	 K	

relative	to	the	untreated	sample.		

	

Figure	6.	Model	of	the	contribution	of	αSyn	to	LD	accumulation	in	PD.	

Under	normal	physiological	conditions,	neurons	contain	relatively	few	LDs.	We	propose	the	

following	scenario	under	pathological	conditions	associated	with	elevated	levels	of	aSyn	and	

dPlin2:	(1)	LDs	are	stabilized	by	the	increase	dPlin2;	(2)	aSyn	binds	to	the	expanding	dPlin2-

positive	LDs,	which	further	increases	LD	accumulation;	(3)	aSyn	is	converted	to	a	proteinase	

K-resistant	form(s)	on	the	surface	of	LDs;	and	(4)	the	aberrant	form	of	aSyn	may	aggregate	at	

the	surface	of	or	in	close	proximity	to	LDs,	leading	to	formation	of	cytoplasmic	inclusion	bodies	

(67).	
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Girard et al. Figure 6
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Supplemental	Figures	

Figure	S1.	Drosophila	retinal	structure.	

(A)	Schematic	of	a	Drosophila	compound	eye.	The	eye	is	composed	of	about	800	repeated	

units	 called	 ommatidia	 (hexagonal	 shapes).	 Longitudinal	 sections	 (shown	 in	 white)	 of	 the	

ommatidia	allow	visualization	of	the	retinal	cells	that	span	the	entire	width	of	the	retina.	

(B)	Schematic	of	a	longitudinal	section	of	one	ommatidium.	Each	ommatidium	is	composed	of	

8	photoreceptor	neurons	(light	blue),	each	containing	one	rhabdomere	(dark	gray),	and	9	glial	

cells	(also	known	as	retinal	pigment	cells;	red	and	maroon).		

(C)	 Schematic	 of	 a	 cross-section	 of	 one	 ommatidium.	 In	 addition	 to	 the	 9	 glial	 cells	 (6	

secondary	[red]	and	3	tertiary	[maroon]),	each	ommatidium	contains	3	bristle	cells	(yellow)	

originating	from	the	neuronal	lineage.	

	

Figure	S2.	aSyn	and	dPlin2	synergize	to	induce	LD	accumulation	in	photoreceptor	neurons.	

(A)	Longitudinal	optical	section	of	whole-mount	retinas	from	flies	with	photoreceptor	neuron-

specific	expression	of	LacZ	(control)	or	aSynWT	(two	independent	lines	located	on	second	and	

third	chromosome,	see	Figure	1)	alone	or	in	conjunction	with	dPlin2::GFP	(independent	line	

inserted	 on	 third	 chromosome).	 LDs	 are	 shown	 in	 green	 (Bodipy)	 and	 photoreceptor	

rhabdomeres	are	shown	in	magenta	(phalloidin-rhodamine	labeling	of	F-actin).	Scale	bar,	20	

µm.	

(B)	Quantification	of	LD	area	from	the	images	shown	in	(A).	Mean	±	SD.	***p<0.001,	**p<0.01	

by	ANOVA	with	Tukey’s	HSD	test.	

	

Figure	S3.	dFatp	or	Mdy	knockdown	prevents	LD	accumulation	in	glial	cells.	

(A)	Longitudinal	optical	sections	of	whole-mount	retinas	from	flies	with	pan-retinal	expression	

of	UAS-Bmm-RNAi	in	conjunction	with	GFP-RNAi	(control),	dFatp-RNAi,	or	Mdy-RNAi.	LDs	are	

shown	 in	 green	 (Bodipy)	 and	 photoreceptor	 rhabdomeres	 are	 in	 magenta	 (phalloidin-

rhodamine	labeling	of	F-actin).	Scale	bar,	20	µm.		

(B)	Quantification	of	LD	area	from	images	shown	in	(A).	Mean	±	SD.	***p<0.001	by	ANOVA	

with	Tukey’s	HSD	test.	
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Figure	S4.	Expression	of	GFP-tagged	Klarsicht	lipid-binding	domain	induces	LD	accumulation	

in	photoreceptor	neurons.	

Longitudinal	optical	sections	of	whole-mount	retinas	from	flies	with	photoreceptor	neuron-

specific	expression	of	the	minimal	lipid-binding	domain	of	Klarsicht	fused	to	GFP	(UAS-LDBD-

GFP)	(Yu	et	al.,	2011).	GFP	localizes	to	the	ring-shaped	structures	(yellow	arrowheads)	located	

between	 photoreceptor	 plasma	 membranes	 (Na+/K+	 ATPase	 immunostaining,	 cyan)	 and	

rhabdomere	(phalloidin-rhodamine	labeling	of	F-actin,	magenta).	Scale	bar,	10	μm.	

	

Figure	S5.	Knockdown	of	CG7900	prevents	 LD	accumulation	 in	Drosophila	photoreceptor	

neurons	expressing	aSynA53T.	

(A)	Longitudinal	optical	sections	of	whole-mount	retinas	from	flies	with	pan-retinal	expression	

of	aSynA53T-CG7900	in	conjunction	with	GFP-RNAi	(control)	or	CG7900-RNAi.	LDs	are	shown	in	

green	 (Bodipy)	 and	 photoreceptor	 rhabdomeres	 are	 in	 magenta	 (phalloidin-rhodamine	

labeling	of	F-actin).	Scale	bar,	20	μm.	

(B)	Quantification	of	LD	area	from	the	images	in	(A).	Mean	±	SD.	***p<0.001	by	t-test.	

	

Figure	S6.	Expression	of	aSynA53T-CG7900	induces	TG	accumulation	in	Drosophila	retina.	

Main	lipid	classes	detected	by	shotgun	mass	spectrometric	analysis	of	retinas	from	20-day-old	

flies	with	pan-retinal	expression	of	LacZ	(control,	gray	bars),	aSynWT	(blue	bars),	or	aSynA53T-

CG7900	(red	bars).	Lipids	quantities	are	expressed	as	mole	%	within	each	species.	Data	show	

the	mean	±	SD	of	five	biological	replicates.	Expression	of	aSynA53T-CG7900	induces	a	significant	

accumulation	 of	 triacylglycerols	 (TG)	 in	 Drosophila	 retina.	 PC,	 phosphatidylcholine;	 PE,	

phosphatidylethanolamine;	PA,	phosphatidic	acid;	PI,	phosphatidylinositol;	PS,	phosphatidyl	

serine;	DG,	diacylglycerol.	

	

Figure	 S7.	 LD	 accumulation	 induced	 by	 αSyn	 and	 dPlin2	 co-expression	 enhances	 aSyn	

resistance	to	proteinase	K	in	Drosophila	photoreceptor	neurons.	

(A).	 Lysates	 of	 the	 heads	 of	 6-	 and	 30-day-old	 flies	 with	 photoreceptor	 neuron-specific	

expression	of	aSynWT	and	either	LacZ	(control)	or	dPlin2::GFP	were	treated	with	the	indicated	

concentrations	 of	 proteinase	 K	 and	 then	 immunoblotted	 for	 αSyn	 or	 β-tubulin	 (loading	

control).	
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(B)	Quantification	of	proteinase	K-resistant	aSyn	expressed	as	the	ratio	of	undigested	aSyn	

remaining	after	treatment	with	1.5	µg/mL	of	proteinase	K	relative	to	the	untreated	sample.		
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Girard et al. Figure Supplemental 2
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Girard et al. Figure Supplemental 3
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Girard et al. Figure Supplemental 4
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RESULTS

1� Neuronal lipid droplets promote a pathological conversion in 
alpha-synuclein via a feed-forward mechanism 

1�1� Girard et al� (1)

At the beginning of this project, in 2016, the putative physical or functional associations 
between aSyn and LDs was only investigated in few studies that reported that: 1) aSyn 
interacts with LDs in mammalian Hela cells (Cole et al., 2002), 2) the expression of wild-
type and familial forms of aSyn (A30P and A53T) induces LD accumulation in the yeast 
Saccharomyces cerevisiae (Outeiro and Lindquist, 2003). However, the relevance of these 
mechanisms for PD pathology remained unclear. In order to investigate the functional 
association between alpha-synuclein and LDs in neurons, in vivo, I used Drosophila as 
a model organism. Expressing human aSyn in Drosophila is particularly relevant model 
because it has previously been shown to recapitulates major features of PD pathology and 
contains evolutionary conserved genes involved in lipid metabolism and LD formation 
(Auluck et al., 2002; Feany and Bender, 2000; Heier and Kühnlein, 2018). In particular, 
Drosophila retina has recently become a model of choice to study LD formation in the 
nervous system (Liu et al., 2015, 2017; Muliyil et al., 2020; Van Den Brink et al., 2018). I 
thus decided to investigate whether the expression of human aSyn in combination with 
LD-binding proteins including perilipins could promote the formation of LDs in Drosophila 
photoreceptor neurons from the retina. I first found that expression of LD-binding proteins 
including Drosophila perilipins dPlin1, and dPlin2 was sufficient to induce LD accumulation 
in photoreceptor neurons. Perilipins-induced LD formation in photoreceptor neurons did 
not require many of the genes necessary for formation of LDs in Drosophila glial cells. I 
thus hypothesized that binding of proteins to unstable LDs in neurons contributed to LD 
stabilization and accumulation. Interestingly, simultaneous expression of aSyn and dPlin2, 
had a synergistic effect on LD accumulation and aSyn and perilipins were colocalized at 
the LD surface in Drosophila photoreceptors and human neuroblastoma cells. Finally, the 
presence of LDs in photoreceptors increased aSyn resistance to proteinase K suggesting 
that LDs are involved in the conversion of aSyn to pathological forms, i.e. aSyn aggregates 
resistant to proteinase K enzymatic digestion. I propose that aSyn pathological conversion 
and LD cytoplasmic accumulation might be linked by a feed-forward mechanism, in 
which: 1) aSyn promotes LD accumulation in neurons and 2) LDs provide a platform for 
the conversion of aSyn to proteinase K resistant forms. Collectively these results suggest 
that neuronal LDs contribute to aSyn pathological conversion and the progression of PD.
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1�2� Additional results not included in Girard et al� (1)

We showed in Girard et al. (1) that expression of a set of different LD-binding proteins 
including dPlin1, dPlin2, CG7900 and Klarsicht LD-binding domain (LDBD-GFP) induce a 
similar phenotype of LD accumulation in photoreceptor neurons of 20 day-old flies. We 
found that the accumulation of dPlin1-induced LDs does not require dFatp or Mdy in 
contrast with what is observed in glial cell accumulating LDs. In addition, we found that 
the knockdown of Bmm, the homolog of ATGL lipase, which leads to LD accumulation 
phenotype in glial cells did not lead to LDs in photoreceptors. This suggests that in neurons, 
dPlin-induced LDs did not result from inhibition of Bmm and that other lipases could be 
playing this role. We finally describe a Drosophila transgenic line co-expressing aSynA53T 
and CG7900 that induces LDs in photoreceptors. In this section of the thesis manuscript, 
I will provide additional results regarding the putative mechanisms of accumulation of 
LDs in the CG7900-aSynA53T transgenic line (Girard et al. (1) - Figure 4). I also describe 
the association between LDs induced by CG7900-aSynA53T and mitochondria in 
photoreceptors. Finally, I show that Drosophila dopaminergic neurons expressing dPlin2 
also contain LDs.

1�2�1� CG7900, the ortholog of human FAAH-2 is a new LD-binding 
protein

In mammals, Fatty Acid Amide Hydrolases 1 (FAAH-1) and FAAH-2, hydrolyze and 
inactivate bioactive endocannabinoids such as N-acylethanolamines (Khaliullina et al., 
2015). Interestingly, FAAH-2, contains an amphipathic helix and has been shown to bind 
LDs in mammalian cells (Kaczocha et al., 2010). We found that expression of CG7900 results 
in LD accumulation in Drosophila photoreceptor neurons much like over-expression of 
other LD-binding proteins, Perilipins or the LD-binding domain LDBD-GFP. Interestingly, 
Drosophila genome contains 5 predicted FAAH-2 homologs: CG5112, CG5191, CG7900, 
CG7910, and, CG8839 that share extensive sequence similarities with each other. Two 
of these genes, CG8839 and CG5112, were found in LD proteomes, of both embryos and 
S2 cells (Cermelli et al., 2006; Krahmer et al., 2013). FAAH-2 homologs are predicted to 
catalyze the hydrolysis of a broad range of bioactive lipids, including those from the three 
main classes of fatty acid amides; N-acylethanolamines, fatty acid primary amides and 
N-acyl amino acids. Most intriguingly, micromolar amounts of endocannabinoids including 
N-acylethanolamines have been found in Drosophila hemolymph by mass spectrometry 
(Khaliullina et al., 2015). This indicates that CG7900 and other FAAH family members 
may be LD binding proteins in Drosophila but their tissue specific expression or functions 
remain to be studied. 
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We previously reported that healthy one day-old flies accumulate LDs in retina glia and 
to a lesser extend in photoreceptors neurons (Van Den Brink et al., 2018). This phenotype 
was transient, and by three days, LDs could not be detected anymore in control flies 
(Figure 19 A, B). In Girard et al. (1), we found that simultaneous expression of CG7900 and 

aSynA53T using the aSynA53T-CG7900 Drosophila transgenic line induced LD 
accumulation in photoreceptor neurons of 20 day-old flies. I wondered whether the 
expression of aSynA53T-CG7900 could modulate the physiological accumulation of LDs in 
glial cells. I thus stained with Bodipy the retina of one day-old flies expressing aSynA53T-
CG7900 using a pan-retinal driver (GMR-GAL4). LDs accumulated to similar levels in one-
day old flies expressing LacZ or aSynA53T-CG7900 ((Figure 19 A, B). This suggests that the 
expression of aSynA53T-CG7900 does not impact LD accumulation in glial cells. Moreover, 
immunostaining of endogenous dPlin2 was visible as ring shapes in retina glia between 
plasma membranes of adjacent photoreceptors, in one-day old control and flies expressing 
aSynA53T-CG7900 in flies (Figure 19 C). This result indicates that expression of aSynA53T-
CG7900 does not impact the transient accumulation of glial LD in one day-old flies. 
in cytoplasm of photoreceptor expressing aSynA53T-CG7900 (white asterisks). Scale bar, 10 µm. 

1�2�2� Lipid metabolism genes involved in glial LD accumulation are not 
required. for. photoreceptors. LD. accumulation. in. of. flies. expressing.
CG7900-aSynA53T�

In an attempt to characterize the mechanisms of LD formation in photoreceptors of flies 
expressing CG7900-aSynA53T, I performed a RNA-mediated interference screen targeting 
candidate genes required for LD accumulation in retinal glial cells (Figure 20 A)(Liu et al., 

Figure 19� aSynA53T-CG7900 expression does not impact glial LD accumulation in one 
day-old.flies.
(A) Longitudinal optical sections of whole-mount retinas from one and three day-old flies 
expressing LacZ (control) or aSynA53T-CG7900 using a pan-retinal driver (GMR-GAL4). LDs are 
labeled green (lipophilic dye Bodipy D3922) and photoreceptor rhabdomeres are in magenta 
(phalloidin-rhodamine labeling of F-actin). Scale bar, 10 µm. (B) Quantification of LD area 
expressed as % of total retinal area. Data are from the images shown in (A), GMR>LacZ (grey) 
and GMR>aSynA53T-CG7900 (red). Mean ± SD. ***p<0.001 by ANOVA with Tukey’s HSD test. (C) 
Longitudinal optical sections of whole-mount retinas from one-day old flies expressing LacZ or 
aSynA53T-CG7900 in photoreceptor neurons and retina glia (GMR-GAL4). LDs are labelled green 
(endogenous dPlin2 immunolabeling), photoreceptor plasma membranes are in cyan (anti-Na+/
K+ ATPase immunostaining) and rhabdomeres are in magenta (phalloidin-rhodamine labeling of 
F-actin). dPlin2 is visible as ring shapes in glia cells between the plasma membrane of adjacent 
photoreceptor neurons (yellow arrowheads). Scale bar, 10 µm. 
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Figure 20� aSynA53T-CG7900 expression induces LD in photoreceptors independently 
the main LD biogenesis actors�
(A) Schematic illustration of possible genes required for LD accumulation in photoreceptor 
neurons based on actors required for glia LD formation in Drosophila retina (Liu et al., 2017; Van 
Den Brink et al., 2018) and additional important genes. (B) Quantification of LD area relative to 
control (GMR>aSynA53T-CG7900 + GFP-RNAi). Flies expressing aSynA53T-CG7900 in conjunction 
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2015, 2017; Van Den Brink et al., 2018). I reasoned that genes including: the canonical TAG 
synthesis enzyme at the ER (dFatp, GPAT, AGPAT, Mdy, DGAT2, Seipin), Monocarboxylate 
transporter (Silnoon, Outsiders), and, ApoD homologs, Glial lazarillo (Glaz) and Neural 
lazarillo (Nlaz) could be required for the formation of LDs in photoreceptor neurons. 
Surprisingly, none of the genes tested (indicated in the schematic view) reduced 
significantly the amount of LD accumulating in flies expressing aSynA53T-CG7900 (Figure 
20 A, B, C). In addition, I also expressed aSynA53T-CG7900 in mosaic clones for dFatp 
mutant generated using FLP-mediated FRT recombination, in which dFatp mutant clones 
are recognized by the lack of Rh1-tomato (Figure 20 D). LDs were detected in both wild 
type and homozygous dFatp mutant clones supporting that dFatp is not required for LD 
accumulation in photoreceptor. Collectively these results indicate that CG7900 expression, 
like dPlin1, does not require dFatp or Mdy to induce LDs in photoreceptors. Furthermore, 
the silencing of genes involved in lactate (Silnoon, Outsiders, and Basigin) and ApoD-
dependent lipid transport (Glaz and Nlaz) did not affect the Bodipy labelling induced by 
aSynA53T-CG7900, suggesting that neuronal LD accumulation was not dependent on the 
traffic of lactate or lipids between glia and neurons.

1�2�3� Knockdown of known lipase in photoreceptor does not 
recapitulate dPlin1-induced LD in photoreceptor

As the best described function of Perilipins is to regulate lipolysis, we hypothesized that 
the LD accumulation observed in the retina of flies expressing perilipins may be due to a 
reduced activity of cytosolic lipases. We found in Girard et al. (1) that knockdown of Bmm 
using a pan-retinal driver led to LD accumulation in retina glial cells but not in neurons 
(Girard et al. (1) – Figure 3). This result indicates that dPlin-induced LDs in photoreceptor 
do not result from Bmm inhibition. One possibility is that LD lipolysis depends on another 
lipase or a combination of lipases. To test this possibility, we also investigated dHSL mutant 
but we did not observe any LD accumulation (Figure 21, A). Finally, we knockdown several 

with RNAi targeting gene identified in the schematic illustration in (A). Mean ± SD. Not significant, 
P>0.05 by ANOVA with Tukey’s HSD test. (C) Longitudinal optical sections of whole-mount retinas 
from flies expressing aSynA53T-CG7900 in conjunction with GFP-RNAi (control) or dFatp-RNAi 
using a pan-retinal driver (GMR-GAL4). LDs are labeled green (lipophilic dye Bodipy D3922) and 
photoreceptor rhabdomeres are in magenta (phalloidin-rhodamine labeling of F-actin). Scale bar, 
20 µm. (D) Longitudinal optical sections of whole-mount retinas from flip-out mediated dFatp 
mutant clone in conjunction with expression of aSynA53T-CG7900 using pan-retinal driver (GMR-
GAL4). LDs are labeled green (lipophilic dye Bodipy D3922), wild type photoreceptors are in grey 
(FRT40A-Tomato) and rhabdomeres are in magenta (phalloidin-rhodamine labeling of F-actin). 
LDs are visible in photorecptors lacking dFatp (mutant clone surrounded by dashed line). Scale 
bar, 20 µm.
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other lipases predicted to be expressed in the eye such as PAPLA1, the homolog of DDHD1/
DDHD2 and InaE, the homolog of DAGLA (Gáliková et al., 2017; Leung et al., 2008). In 
both cases, the lipase knockdown did not lead to LD accumulation (Figure 21, B). The fact 
that lipase knockdown did not recapitulate dPlin-induced LD accumulation observed in 
photoreceptor suggests that dPlin may induce LDs by a mechanism independent of lipase 
inhibition, or alternatively dPlin may protect LDs from the redundant activity of several 
cytosolic lipases.

1�2�4� Expression of the catalytically inactive BmmS38A promote LD 
accumulation in photoreceptor 

We described that several LD binding proteins, dPlin1, dPlin2, CG7900 and the Klarsicht 
LD-binding domain (LDBD-GFP), all lead to a similar LD accumulation when expressed with 
a neuronal driver in photoreceptors (Girard et al. (1) - Figure1 and 3). This result suggests 

20µm
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F-actin
LD

F-actin
LD

GMR>LacZ GMR>PAPLA1-RNAi GMR>InaE-RNAi

Bmm1/Bmm1 dHSLb24/dHSLb24w1118

Figure 21� Lipase.inhibition.is.not.sufficient.to.induce.LD.accumulation.in.Drosophila 
photoreceptors
(A) Longitudinal optical sections of whole-mount retinas from flies carrying homozygous loss 
of function mutation in white1118, Bmm1 lipase and dHSLb24 LDs are labeled green (lipophilic dye 
Bodipy D3922) and photoreceptor rhabdomeres are in magenta (phalloidin-rhodamine labeling 
of F-actin). Scale bar, 20 µm. (B) Longitudinal optical sections of whole-mount retinas from flies 
expressing RNAi targeting LacZ, PAPLA1 (homolog of DDHD1/DDHD2 lipase) or inaE (homolog of 
DAGLA) under the control of a pan-retinal driver (GMR-GAL4). LDs are labeled green (lipophilic dye 
Bodipy D3922) and photoreceptor rhabdomeres are in magenta (phalloidin-rhodamine labeling 
of F-actin). Scale bar, 20 µm. 
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that these LD-binding proteins could stabilize unstable LDs resulting in their accumulation 
in photoreceptors. The Bmm lipase is also a LD-binding protein, which has been found at 
the surface of LDs, in LD proteome and in Drosophila tissues (Beller et al., 2010; Grönke 
et al., 2005). Interestingly, the Bmm catalytic center mutant (BmmS38A) that lost its 
ability to degrade LDs by lipolysis retains its ability to bind LDs. I thus hypothesize that if 
BmmS38A still binds LDs it may be sufficient to stabilize LDs in photoreceptors. Indeed, 
expression of BmmS38A::GFP, using pan-retinal or and photoreceptor specific drivers led 
both to LD accumulation (Figure 22). This result strengthens the idea that homeostasis 
of LD-binding protein is important to maintain healthy levels of LDs. Furthermore, 
BmmS38A::GFP provides an interesting tool to study lipolysis in photoreceptor neurons. 
For example, to determine whether simultaneous expression of aSyn and BmmS38A can 
affect the localization of Bmm at the LDs. 
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Figure 22� Expression of catalytic inactive BmmS38A induces LDs in photoreceptor 
neurons�
(A) Longitudinal optical sections of whole-mount retinas from flies expressing LacZ (control) or 
BmmS38A::GFP using pan-retinal (GMR-GAL4) or photoreceptor specific driver (Rh1-GAL4). LDs 
are labeled green (lipophilic dye Bodipy D3922) and photoreceptor rhabdomeres in magenta 
(phalloidin-rhodamine labeling of F-actin). Scale bar, 10 µm. (B) Quantification of LD area 
expressed as % of total retinal area. Data are from the images shown in (A), GMR>LacZ (grey) and 
GMR>aSynA53T-CG7900 (red). Mean ± SD. ***p<0.001 by ANOVA with Tukey’s HSD test. 

104



1�2�5� Mitochondria are in close proximity with LD in Drosophila 
photoreceptor neurons

Although the ER is the main organelle that contacts LDs, mitochondria are also often in 
contact with LDs. For example, as described in this manuscript (Introduction section), the 
physical interaction between mitochondria and LDs is important to control lipid shuttling 
and ß-oxidation in condition of nutrient starvation (Rambold et al., 2015). Alternatively, 
mitochondria can also promote LD expansion by providing extra ATP for TAG synthesis 

G
M

R>
La

cZ
G

M
R>

aS
yn

A5
3T

-C
G

79
00

mito-GFP
Lipitox

mito-GFP LipitoxF-actin

10µm

GMR>GFP GMR>aSynA53T-CG7900

A

B

1µm

Figure 23� LDs are in close proximity with mitochondria in photoreceptor neurons
(A) Longitudinal optical sections of whole-mount retinas from flies expressing mito-GFP in 
conjunction with LacZ (control) or aSynA53T-CG7900 using pan-retinal driver (GMR-GAL4). 
Mitochondria are labeled green (mito-GFP), LDs are labeled magenta (lipophilic dye Lipidtox 
633) and photoreceptor rhabdomeres are in grey (phalloidin-rhodamine labeling of F-actin). 
Scale bar, 10 µm. (B) TEM images of a photoreceptor cross-sections from 30-day-old flies 
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(Benador et al., 2018). I observed that LD accumulation was independent of most TAG 
synthesis actors, and reasoned that defects in mitochondria dependent lipid catabolism 
such as a decrease in ß-oxidation may also lead to lipid build-up in neurons. To this end, 
I first tested whether mitochondria were in contacts with LDs in photoreceptor neurons, 
using Drosophila expressing a genetically encoded mitochondrial fluorescent reporter 
mito-GFP, stained with lipidtox. Although broad mitochondrial morphology did not seem 
altered, mitochondria were detected surrounding LDs in flies expressing aSynA53T-CG7900 
(Figure 23, A). Mitochondria were also observed juxtaposed to LDs in retina tangential 
section using electronic microscopy in flies expressing aSynA53T-CG7900 (Figure 23, B).

Although neurons, are not known to use lipid as an energy substrate one possible 
explanation for the proximity of LDs and mitochondria is that photoreceptor mitochondria 
can use lipid through ß-oxidation to produce energy. I reasoned that if mitochondria 
function is impaired, failure to consume lipids could lead to LD accumulation. To 
test this hypothesis, I knocked-down the rate limiting ß-oxidation enzyme Carnitine 
Palmitoyltransferase 2 (CPT2), using either a pan-retinal, or photoreceptor specific driver. 
While lack of CPT2 solely in photoreceptor had no effect on LD accumulation, pan-retinal 
CPT2 knockdown led to LD accumulation, in a pattern reminiscent of glial LDs also seen 
with the Bmm lipase knockdown (Figure 24 A-B, Girard et al. (1)-Figure 3). Examination of 
retina stained with dPlin2 antibody and ATPase staining confirmed the glial localization of 

Figure 24� Knockdown of CPT2 induces LD accumulation in glia but not in photoreceptors�
(A) Longitudinal optical sections of whole-mount retinas from flies expressing RNAi targeting 
CPT2 under the control of the pan-retinal driver GMR-GAL4 or the photoreceptor-specific driver 
Rh1-GAL4. LDs are visible in green (Bodipy) and photoreceptor rhabdomeres are in magenta 
(phalloidin-rhodamine labeling of F-actin). Pan-retinal CPT2 knockdown leads to LD accumulation 
in retinal glial cells between photoreceptor cells (top panel), but LDs are not detected in flies 
with photoreceptor neuron-specific CPT2 knockdown (bottom panel). Scale bar, 10 µm. (B) 
Quantification of LD area expressed as % of total retinal area. Data are from the images shown 
in (A). Mean ± SD. ***p<0.001 by ANOVA with Tukey’s HSD test. (C) Longitudinal optical sections 
of whole-mount retinas from flies with pan-retinal knockdown of CPT2. dPlin2 is shown in green 
(immunostaining), photoreceptor plasma membrane is in cyan (Na+/K+ ATPase immunostaining), 
and photoreceptor rhabdomeres are in magenta (phalloidin-rhodamine labeling of F-actin). Yellow 
arrowheads indicate LDs in glial cells, between plasma membrane of adjacent photoreceptors. 
Scale bar, 10 μm.

with pan-retinal expression of GFP (left panel) or aSynA53T-CG7900 (right panel). Each panel 
shows a representative cross-section of one photoreceptor (false-colored orange) with central 
rhabdomeres (R). Mitochondria (false-colored greed) are in close proximity to LDs (false-color 
magenta) accumulating in the photoreceptor cytoplasm of flies expressing aSynA53T-CG7900. Scale 
bar, 1 μm. 
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LDs (Girard et al. (1)-Figure3; Figure 24 C). These results suggest that retina glia, actively 
degrade LDs using Bmm to produce FA that are transferred to the mitochondria through 
CPT2 to potentially fuel ß-oxidation. The fact that photoreceptor specific knockdown of 
CPT2 did not lead to LD accumulation suggest that LDs are not degraded to fuel ß-oxidation 
in neurons. It also suggests that the contacts between mitochondria and LDs observed 
in photoreceptor neurons may have a distinct purpose, which remains unclear and will 
require further investigation.

Previous reports indicated that the knockdown of CPT2 in Drosophila brain glial cells 
leads to abnormal accumulation of LDs (Schulz et al., 2015), which is coherent with our 
own observation in retina glial cells (Figure 25) . We then tested whether the knockdown 
of Bmm in the whole brain using a pan-glial driver (repo-GAL4) would also increase LD 
content in brain glia as well. We observed an increase in bodipy staining in the brain of flies 
lacking Bmm in glial cells (Figure 25) suggesting that brain and retina glial cells actively 
degrade TAG to fuel beta-oxidation.

1�2�6� Impaired PE synthesis contributes to LD formation in 
photoreceptor neurons�

Phospholipids such as PC or PE are produced by addition of choline or ethanolamine 
respectively to a DAG molecule. It has been shown that impairment of phospholipid 
synthesis can interfere with LD homeostasis. For example, lack of PC synthesis enzyme leads 
to increase TAG synthesis and LD accumulation in yeast (Vevea et al., 2015). Interestingly, 

repo>GFP-RNAi repo>Bmm-RNAi

50µm

LD

Figure 25� Knockdown of Bmm in Brain glia�
Longitudinal optical sections of whole-mount brain from flies expressing GFP-RNAi (control) or 
Bmm-RNAi with pan-glial driver (repo-GAL4). LDs are labeled grey (lipophilic dye Bodipy D3922). 
Scale bar, 50 µm. 
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knockdown of CCT1, the rate-limiting enzyme of PC synthesis, promotes LD fusion 
(Krahmer et al., 2011). In this context, a decrease in PC synthesis could reduce phospholipid 
packing at the surface of LDs and promote LD fusion. In order to investigate whether the 
lack of phospholipid synthesis could promote LD expansion in photoreceptor, I knocked-
down either CCT1 or CG7149, a Drosophila homolog of Ethanolaminephosphotransferase 
1 (EPT1) (Vacaru et al., 2013), in flies expressing aSynA53T-CG7900. While CCT1 led to 
noticeable loss of rhabdomeres integrity, LD content was not modified compared to 
control expressing GFP-RNAi (Figure 26, A). In contrast, the knock-down of dEPT1, the 
rate limiting enzyme of PE synthesis, further increased accumulation of LDs in flies 
expressing aSynA53T-CG7900 (Figure 26, A-B). I also knocked-down dEPT1 in control flies 

G
M

R>
aS

yn
A5

3T
-C

G
79

00

GFP-RNAi

Rh1>GFP-RNAi Rh1>EPT-RNAi GMR>EPT-RNAi

CCT1-RNAiEPT1-RNAi

+

F-actin
LD

F-actin
LD

A

C
0

5

10

15

EPT1-RNAi

CCT1-RNAi

GFP-RNAi

LD
 A

re
a 

(%
)

B ***

●●

●●

●●

●●

●●

●●
●●

●●

●●

●●

●●

●●
●●

●●

●●●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

10µm

10µm

Figure 26� Knockdown of dEPT1 increases LD accumulation in photoreceptors�
 (A) Longitudinal optical sections of whole-mount retinas from flies expressing aSynA53T-CG7900 
in conjunction with GFP-RNAi (control), dEPT1-RNAi or CCT1-RNAi using a pan-retinal driver (GMR-
GAL4). LDs are labeled green (lipophilic dye Bodipy D3922) and photoreceptor rhabdomeres are 
in magenta (phalloidin-rhodamine labeling of F-actin). Scale bar, 20 µm. (B) Quantification of LD 
area expressed as % of total retinal area. Data are from the images shown in (A). Mean ± SD. 
***p<0.001 by ANOVA with Tukey’s HSD test. (C) Longitudinal optical sections of whole-mount 
retinas from flies expressing GFP-RNAi (control) or dEPT1-RNAi using a photoreceptor (Rh1-
GAL4) or pan-retinal driver (GMR-GAL4)). LDs are labeled green (lipophilic dye Bodipy D3922) 
and photoreceptor rhabdomeres are in magenta (phalloidin-rhodamine labeling of F-actin). Scale 
bar, 10 µm.

109



and observed that knockdown of dEPT1 using photoreceptor or pan-retinal driver led 
also to a noticeable increase in LD accumulation (Figure 26, C). Collectively these results 
suggest that reducing PE synthesis in photoreceptor neurons, increases TAG synthesis 
and LD growth in both control and flies expressing aSynA53T-CG7900.

1�2�7� dPlin2 expression allows the detection of LDs in Drosophila 
dopaminergic neurons�

Our results suggest that expression of perilipins or several other LD-binding proteins, 
promote the accumulation of LDs in photoreceptors by a mechanism independent of 
ER-located TAG synthesis enzymes and Bmm lipase inhibition. We also show that lack 
of Bmm or CPT2 in otherwise healthy retina glial cells, leads to LD accumulation by a 
mechanism that involves Mdy and dFatp. Whether those distinct mechanisms regulating 
LD biosynthesis can also be observed in other neuronal and glial populations of Drosophila 
brain, remains a major question. I focused specifically on dopaminergic neurons as they are 
the principal neuronal population affected by PD. Photoreceptors have particularly large 
cell bodies that span the entire retina, compared to other neurons of the central brain, 
which greatly facilitates the observation of bodipy-stained LDs. For example, lipids can be 
washed away by permeabilization which considerably limits the use of immunostaining 

to localize neuronal population. To circumvent the issue of Bodipy detection in the central 
brain, I used the expression of dPlin2 with a pan-neuronal driver, associated with tyrosine-
hydroxylase (TH) immunostaining to identify whether dopaminergic neurons contained 
LDs. Co-labelling of dPlin2::GFP and TH revealed small GFP positive ring like shape in the 
cytoplasm of dopaminergic neurons (Figure 27). The small size of the LDs makes them 
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Figure 27� Drosophila dopaminergic neurons contain LDs carrying-dPlin2�
Confocal micrograph of whole mount adult brain of flies expressing dPLIN2::GFP under the control 
of dopaminergic neuron driver TH-GAL4. LDs are labeled with GFP antibody (dPLIN2::GFP, green) 
and dopaminergic neurons are labeled with an antibody against tyrosine hydroxylase (TH, red). 
LDs in the cytoplasm of dopaminergic neurons are indicated with yellow arrowheads. Scale bars: 
5µm.
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very hard to distinguish using the classical bodipy staining, it is thus difficult to determine 
whether expression of dPlin2 stabilize LD formation in these cells or if dPlin2 labelling 
reveals endogenous LDs. To test the contribution of aSyn in LD accumulation in DA, we 
could test if the combined expression of aSyn and dPlin2 increases the LD content of 
dopaminergic neurons compared to dPlin2 alone. This could thus provide a model to test 
LDs influence on aSyn-dependent PD-related symptoms such as impaired locomotion and 
dopaminergic neuron cell death.

There are interesting parallels between cell from the retina and the brain, such as the 
active degradation of FA by a mechanism involving Bmm and CPT2. The study of lipid 
storage mechanisms in the retina, are thus relevant for the brain as well. Interestingly, glial 
LDs accumulate upon oxidative stress resistance and contribute to neurodegeneration 
in the retina. We further investigated whether brain glia LDs could contribute to 
neurodegeneration in a model of pesticide-induced PD using paraquat exposure.
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2� Split-ends modulates LD content in adult Drosophila glial cells and 
protects against paraquat toxicity�

2�1� Girard et al� (2)

LD accumulation in glial cells has been shown to promote oxidative stress-induced 
neurodegeneration (Liu et al., 2015; Van Den Brink et al., 2018). In this paper, I investigated 
glial LD accumulation in a model of pesticide induced PD. Chronic exposure to Paraquat 
is associated with increased risk of PD (Lee et al., 2012). Paraquat impairs mitochondria 
respiratory chain and leads to accumulation of ROS and it is widely used to model sporadic 
PD in model organisms including flies (Cassar et al., 2015). Indeed, Drosophila treated 
with Paraquat, develop progressive motor symptoms and die prematurely. A previous 
student from the lab M. Querenet conducted a screen to identify factors express in glial 
cells important for resistance to paraquat exposure. Several candidates were identified 
including split-ends (Spen). Spen is an RNA binding proteins expressed both in glia and 
neurons that was previously characterized in our lab as a glial pro-survival factor during 
retina development (Querenet et al., 2015). Interestingly, Spen has also been shown to have 
critical function in the regulation of lipid metabolism in Drosophila fat body (Hazegh et al., 
2017). We thus investigated the functions of Spen in the resistance to paraquat exposure 
and lipid metabolism in Drosophila adult brain. We found that Spen is required specifically 
in glial cells for the resistance to paraquat-induced neurotoxicity. Moreover, knockdown of 
Spen in glia induced accumulation of LDs and is necessary to maintain Notch expression in 
adult glial cells. Collectively, these results suggest that abnormal lipid accumulation in glia 
can increase the sensitivity to paraquat exposure.
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Spen modulates lipid droplet 
content in adult Drosophila glial 
cells and protects against paraquat 
toxicity
Victor Girard1, Valérie Goubard1, Matthieu Querenet1, Laurent Seugnet4, Laurent Pays2,3, 
Serge Nataf2,3, Eloïse Dufourd1, David Cluet1, Bertrand Mollereau1,5* & Nathalie Davoust1*

Glial cells are early sensors of neuronal injury and can store lipids in lipid droplets under oxidative 
stress conditions. Here, we investigated the functions of the RNA-binding protein, SPEN/SHARP, in 
the context of Parkinson’s disease (PD). Using a data-mining approach, we found that SPEN/SHARP is 
one of many astrocyte-expressed genes that are significantly differentially expressed in the substantia 
nigra of PD patients compared with control subjects. Interestingly, the differentially expressed genes 
are enriched in lipid metabolism-associated genes. In a Drosophila model of PD, we observed that 
flies carrying a loss-of-function allele of the ortholog split-ends (spen) or with glial cell-specific, but 
not neuronal-specific, spen knockdown were more sensitive to paraquat intoxication, indicating a 
protective role for Spen in glial cells. We also found that Spen is a positive regulator of Notch signaling 
in adult Drosophila glial cells. Moreover, Spen was required to limit abnormal accumulation of lipid 
droplets in glial cells in a manner independent of its regulation of Notch signaling. Taken together, our 
results demonstrate that Spen regulates lipid metabolism and storage in glial cells and contributes to 
glial cell-mediated neuroprotection.

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the selective loss of dopaminergic 
neurons in the substantia nigra pars compacta (SN). Although the etiology of PD remains unclear, environmental 
factors combined with a permissive genetic background are thought to contribute. Epidemiologic studies have 
shown that chronic exposure to pesticides is one environmental factor involved in the development of  PD1. 
Several models of PD have been developed in Drosophila, among which the paraquat-induced model reproduces 
several important pathophysiological features of the disease, thereby enabling causal links between chronic 
pesticide intoxication and PD to be investigated in detail. In particular, oxidative stress and reactive oxygen 
species (ROS) production in the brain of paraquat-intoxicated flies has been shown to induce the degeneration 
of dopaminergic neurons, leading to severe motor disability and premature  death2–4.

In many species including Drosophila and humans, non-neuronal glial cells are early sensors of central 
nervous system  injury5. Glial cells such as microglia and astrocytes respond to neuronal damage by changing 
their morphology and proliferation and activating specific transcriptomic programs. We and others recently 
demonstrated that intracytoplasmic accumulation of lipid droplets (LDs) is a hallmark of the glial cell response 
to  stress6–10. Recent work has shown that the regulation of lipid metabolism and formation of LDs requires the 
RNA-binding protein Split-ends (spen), the Drosophila ortholog of SPEN/SHARP, in Drosophila adipose  tissue11,12. 
Spen also regulates midline glia specification and survival of glial cells in the Drosophila  embryo13 and pupal 
 retina14, respectively. However, the role of Spen in the regulation of lipid metabolism in glial cells is unknown. 
Spen proteins contain two conserved functional domains: an RNA Recognition Motif (RMM) and a Spen Paralog 
and Ortholog C-terminal (SPOC)  domain13,15–17, which mediate its biological effects through transcription, RNA 
silencing, RNA splicing, and direct interactions with  chromatin18–23.
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SPEN/SHARP can act as both a negative and positive regulator of the Notch signaling pathway, which plays 
a major role in cell fate specification in many  species24–27. A recent study showed that SPEN acts as co-repressor 
of the transcription of genes responsive to Notch  signaling25 by binding to the recombinant binding protein 
J-kappa (RBP-Jκ) during Drosophila eye  development26. Conversely, SPEN can act as a positive regulator of 
Notch signaling by recruiting the lysine methyl transferase 2D (KMT2D) co-activator complex to Notch target 
 genes27. Spen has also been shown to promote Notch receptor activation by regulating trafficking of the Notch 
ligand Delta in intestinal stem cells of adult  flies28.

Given that Spen promotes survival in glial cells of the developing Drosophila, we hypothesized that Spen 
expression in glial cells could confer neuroprotection in a model of PD. In the present study, we investigated the 
role of Spen as a potential regulator of lipid metabolism and Notch signaling in adult Drosophila glial cells, and 
determined the possible involvement of spen in the paraquat intoxication model of PD.

Results
SPEN, the human ortholog of Drosophila spen, is upregulated in the substantia nigra pars com-
pacta of PD patients. SPEN has been reported to be expressed by human  astrocytes29, but whether its 
expression is differentially regulated in the brains of patients with PD is unknown. To address this, we exploited 
the findings of a recent meta-analysis of microarray datasets obtained from the SN of PD patients compared 
with control  subjects30. From the list of differentially expressed genes (data Supplement 1), we performed  a 
tissue enrichment analysis using the TargetMine  webtool31. This analysis identified 197 genes that were both 
upregulated in the SN of PD patients and expressed in astrocytes; one which was SPEN. SPEN is known to be 
expressed by both astrocytes and neurons in the normal human  brain29 (data Supplement 2); however, it is not 
clear whether the upregulation of SPEN in the brains of PD patients occurs in glia or neurons. We also identified 
469 genes that were both downregulated in the SN of PD patients compared with control subjects and expressed 
in astrocytes (data Supplement 2). Interestingly, we detected significant enrichment of lipid metabolism-associ-
ated genes, as determined using the BioPlanet pathway enrichment  tool32, in the gene set downregulated, but not 
upregulated, in the SN of PD patients (data Supplement S3, S4, Table 1). Taken together, these analyses indicate 
that SPEN expression is upregulated in astrocytes and/or neurons of PD patients compared with normal sub-
jects, which prompted us to investigate its function in the Drosophila paraquat model of PD.

Glia-specific overexpression of spen protects Drosophila from paraquat-induced neurotoxic-
ity. We first investigated whether spen mRNA levels in the brain of adult Drosophila were altered under con-
ditions of paraquat-induced toxicity. RT-qPCR revealed a significant upregulation of spen expression in the 
brains of paraquat-treated flies compared with control flies (Fig. 1A). To obtain insights on the potential func-
tion of Spen upregulation, we examined the survival of flies heterozygous for spen loss-of-function  mutations17 
(spenk07612/+ and spen03350/+) after paraquat intoxication. Both of the spen heterozygous mutant lines exhibited 
a higher sensitivity to paraquat compared with control flies (Fig.  1B, Supplemental Fig.  S1), suggesting that 
Spen protects against paraquat-induced neurotoxicity. As previously  reported33, spen expression, as revealed by 
P-lacW inserts, was detectable in both neurons and glial cells of Drosophila adult brain (Supplemental Fig. S2). 
To determine whether the neuroprotective function of spen results from its expression in glial or neuronal cells, 
we generated flies in which spen was selectively knocked down in either cell type using a pan-glial (repo) or 
pan-neuronal (elav) driver. We found that downregulation of spen in glial cells, but not neuronal cells, increased 
the sensitivity of male flies to paraquat (Fig. 1C, Supplemental Fig. S3). Knockdown of spen in adult glia using 
an alternative genetic method, the temperature-sensitive TARGET  system45, had the same effect of increasing 
Drosophila sensitivity to paraquat (Fig. 1D). Conversely, glia-specific overexpression of spen protected against 
paraquat toxicity (Fig. 1C). Collectively, these results show that Spen expression in glial cells protects Drosophila 
from paraquat-induced toxicity.

Spen regulates the Notch signaling pathway in adult Drosophila glial cells. Because Spen/SPEN 
has been shown to positively or negatively regulate Notch signaling pathway, depending on the molecular con-
text and cell  type25,27,28, we next determined how Spen regulates Notch pathway in adult glial cells. To this end, 
we knocked down spen expression using an Eaat1 (excitatory amino acid transporter 1) driver, which is mainly 
expressed in astrocyte-like glial  cells34,35, and monitored Notch pathway activation using a reporter transgene, 
Notch Responsive Element (NRE)-GFP. This transgene carries a minimal promoter containing Su(H)-DNA 
binding sites upstream of the EGFP coding  sequence36 (Fig. 2A). As previously reported, basal expression of 

Table 1.  Genes involved in lipid metabolism that are downregulated in the substantia nigra pars compacta of 
PD patients compared with control subjects.

Pathway Human genes Adjusted P-value

Phospholipid metabolism ARF3, ASAH1, CERS6, CERK, PITPNB, PIK3R3, OCRL, MTMR4, PLD3, AGPAT4, INPP4A, PTDSS1, COL4A3BP, STS, 
SYNJ1, VAPB, OSBP, PI4KA, PIP5K1B, GPD1L, PI4K2A, CDS2 0.0003

Lipid and lipoprotein metabolism
ARF3, IDI1, ASAH1, ALAS1, CERK, PITPNB, PIK3R3, HMGCR, MTMR4, PLD3, AGPAT4, PTDSS1, COL4A3BP, STS, 
OXCT1, OSBP, PIP5K1B, PRKACB, CERS6, HMGCS1, SRD5A1, OCRL, MED7, INPP4A, ACLY, SYNJ1, VAPB, AGPS, 
PI4KA, GPD1L, PI4K2A, CDS2

0.0180

Sphingolipid metabolism COL4A3BP, ASAH1, STS, CERS6, CERK, VAPB, OSBP, B4GALT6 0.0488
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NRE-GFP, reflecting basal activity of the Notch pathway, was observed in glial cells of control flies (Eaat1 > +), 
particularly in the antennal  lobe37 (Fig. 2B,C, Supplemental Fig. S4) and the dorsal part of the central brain. 
Interestingly, however, basal activity of Notch signaling was strongly diminished in flies with glia-specific expres-
sion of spenRNAi (Fig. 2C,D). These data indicate that Spen is required for basal Notch activity in glial cells in the 
adult Drosophila brain. To extend these observations, we performed an epistasis experiment between the Notch 
intracellular domain  (Notchintra), an activator of the Notch pathway, and spenRNAi in Eaat1+ cells. As expected, 
 Notchintra expression resulted in a strong and uniform induction of NRE-GFP reporter expression; however, spen 
knockdown significantly reduced the induction of NRE-GFP by  Notchintra, indicating that Spen is necessary to 
maintain Su(H)-dependent Notch signaling in adult glia (Fig. 2D,E). The induction of NRE-GFP was not associ-
ated with a change in glial cell survival rate, as assessed by quantification of Repo-positive cells in control and 
spen knockdown flies (Fig. 2F). Collectively, these results show that Spen acts as a positive regulator of Notch 
signaling in adult Drosophila glial cells (Fig. 2G).
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Figure 1.  Glia-specific spen expression protects Drosophila against paraquat-induced lethality. (A) RT-qPCR 
analysis of spen mRNA expression in the heads of 3-day-old male Drosophila at the indicated times after 
feeding with a standard sucrose solution lacking (no treatment) or containing 10 mM paraquat for the 
indicated times (4 independent experiments). Results are expressed relative to the no-treatment condition. 
*P < 0.03 by nonparametric Mann–Whitney test. (B) Survival curves of wild-type (w1118) and spen loss-of-
function heterozygous mutant (spenk07612/ +) adult male flies fed with 10 mM paraquat. The curves represent 
one experiment with N = 16–20 flies per genotype, representative of three independent experiments. P < 0.0001 
by the log-rank Mantel–Cox test. (C) Survival curves of adult male control flies (repo-GAL4/ +) or flies with 
glial cell-specific spen knockdown (UAS-spenRNAi/ +;repo-GAL4/ +) or spen overexpression (UAS-spen/ +;repo-
GAL4/ +) fed with 10 mM paraquat. The curves represent one experiment with N = 20 flies per genotype, 
representative of three independent experiments. (a) P < 0.0001 for control vs repo > spenRNAi, (b) P < 0.0017 for 
control vs repo > spen by the log-rank Mantel–Cox test. (D) Survival curves of adult male flies with expression 
of LacZ (control) or spenRNAi restricted to adult glial cells using the TARGET  system45. Flies were fed 10 mM 
paraquat for the indicated times. The curves represent one experiment with N = 16–20 flies per genotype, 
representative of three independent experiments. P < 0.02 by the log-rank Mantel–Cox test.
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Spen regulates the number, size, and localization of lipid droplets in glial cells. Drosophila 
glial cells have been shown to accumulate LDs under conditions of oxidative  stress6,7, and Spen is known to 
control lipid metabolism in the fat body of Drosophila  larvae11. We thus investigated whether Spen expression 
affects LD expansion and/or accumulation in Drosophila glial cells. To this end, we developed an  ImageJ39 macro 
to quantify fluorescence from BODIPY staining of LDs in serial confocal sections of adult Drosophila brain. 
Quantification was based on an automated detection of BODIPY-positive particles that were distinguished from 
non-specific fluorescence by successive iterations. This new method allows not only discrimination of LDs from 
doublet foci on successive confocal stacks but also evaluation of the density, size, and circularity of LDs (see 
“Materials and methods” section for details). As visualized in the fluorescence micrographs (Fig. 3A) and quan-
tified in the antennal lobe neuropil (Fig. 3B,C), spen knockdown in glial cells induced a significant increase in 
LD number and size. A similar accumulation of LDs was seen when spenRNAi was expressed using the pan-glial 
driver repo-GAL4, but not the pan-neuronal driver elav-GAL4 (Supplemental Fig. S5). The accumulation of LDs 
induced by glia-specific knockdown of spen was also detected when LDs were visualized by staining of whole-
mount brains for  PLIN240,41, a peridroplet protein anchored to the phospholipid monolayer surrounding LDs 
(Fig. 3D). In addition to the immunostaining approach, we expressed the UAS-PLIN1::GFP genetically encoded 
LD  reporter40,41 under the control of the Eaat1-GAL4 driver and confirmed that glia-specific spen knockdown 
induced accumulation of LDs in the brain of adult flies (Fig. 3E,F). Interestingly, inhibition of the canonical 
Notch pathway in glia by knockdown of Su(H) did not affect the number or size of LDs (Supplemental Fig. S6). 
Collectively these results suggest that LD accumulation in flies with spen knockdown occurs specifically in glial 
cells and is not due to the inhibition of canonical Notch signaling.

Discussion
Several studies have reported that dysregulation of lipids, including LDs, is a component of the glial cell response 
to stress during  neurodegeneration6,8–10, including that associated with  PD42. Here, we identified SPEN/SHARP as 
an astrocyte-expressed gene that is significantly overexpressed in the SN of PD patients compared with control 
subjects. In Drosophila, spen expression in glial cells mediates the resistance of Drosophila to paraquat treatment. 
We also show that Spen is a positive regulator of Notch signalling in adult glial cells. Finally, we found that glia-
specific expression of spen regulates LD accumulation in glial cells, in a manner independent of its regulation 
of Notch signaling. Collectively, our results suggest that the regulation of lipid metabolism by Spen contribute 
to the glia stress response.

SPEN was one of many astrocyte-expressed genes found to be significantly differentially expressed in the 
brains of PD patients compared with control subjects. Interestingly, the differentially expressed genes were 
enriched in genes involved in lipid metabolism, which was of particular interest given the previously reported 
role of Spen as a regulator of lipid storage in adipocyte-like cells in Drosophila. Indeed, Spen was identified 
in two independent screens as a modulator of fat content in Drosophila larvae and  adults43,44. A more recent 
study showed that spen manipulation in adipocyte-like cells correlated with alterations in the expression of 
key metabolic enzymes, supporting a role for Spen in energy  catabolism11. In the present study, we found that 
glia-specific silencing of spen also affected lipid metabolism, as reflected by an increase in the number and size 
of LDs in Drosophila glial cells. While the mechanism underlying this effect is unclear, it is possible that spen 
downregulation may lead to a decrease in LD degradation or an increase in expression of triacylglycerol biosyn-
thesis genes. Further investigations will be required to determine if Spen acts as a positive or negative regulator 
of lipid metabolism in different physiological and pathological contexts.

Figure 2.  Spen regulates Notch signaling in Drosophila adult glial cells. (A) Schematic of the Notch reporter 
construct NRE-GFP used to monitor Notch activity in Drosophila brain. The EGFP coding sequence (green) is 
under the control of a promoter containing multiple Su(H) binding sites (dark gray). (B) Simplified schematic 
of Drosophila adult brain, showing mushroom bodies (MB) and antennal lobes (AL), which are known to 
have high Notch activity (green). OL, optic lobes. (C) Immunofluorescence confocal micrographs of whole-
mount brains from control flies (Eaat1 glial driver alone: Eaat1-GAL4/ +;NRE-GFP/ +) or flies with glia-specific 
spenRNAi (Eaat1-GAL4/UAS-spenRNAi;NRE-GFP/ +). Flies also harbored the nuclear marker mCherry-NLS 
expressed under the control of the Eaat1 driver (magenta). GFP fluorescence was detected in MB and AL lobes 
in close proximity with Eaat1 + glial cells. The NRE-GFP signal is reduced in Eaat1 > spenRNAi (Eaat1-GAL4/
UAS-spenRNAi; NRE-GFP/ +) flies compared with controls. Scale bar, 50 μm. (D) Quantification of NRE-GFP 
fluorescence in flies with driver alone Eaat1 >  + (Eaat1-GAL4/ +;NRE-GFP/ +), UAS-spenRNAi alone (UAS-
spenRNAi/ +;NRE-GFP/ +), or spenRNAi Eaat1 > spenRNAi (Eaat1-GAL4/UAS-spenRNAi; NRE-GFP/ +). N = 18 flies 
per genotype from 3 independent experiments. (E) NRE-GFP fluorescence was quantified in Eaat1 >  + (Eaat1-
GAL4/ +;NRE-GFP/ +), UAS-spenRNAi (UAS-spenRNAi, UAS-Notchintra;NRE-GFP/), or Notch intracellular domain-
overexpressing (Eaat1-GAL4/UAS-Notchintra; NRE-GFP/ +) flies alone or together with spenRNAi (Eaat1-GAL4/ 
UAS-spenRNAi, UAS-Notchintra;NRE-GFP/ +). N = 18 flies per genotype from 3 independent experiments. P < 0.001 
by the nonparametric Kruskal–Wallis test. (F) Density of Repo-positive glial cells in control (Eaat1-GAL4/ +) 
or spenRNAi flies (Eaat1-GAL4/UAS-spenRNAi). Boxes show the median and upper, and lower quartiles, and the 
whiskers represent 1.5 times the interquartile range. Repo-positive glial cells were quantified over 12 confocal 
slices across one 12 µm-thick brain section from each of Drosophila brains. Circles represent individual data 
points. (G) Simplified proposed scheme showing the Notch activator complex in adult glial cells, which includes 
the Notch intracellular domain (NICD), Suppressor of hairless (Su(H)), mastermind (Mam), and Spen. The 
Notch repressor complex includes Su(H), Hairless, and dCtBP (Drosophila C-terminal Binding Protein). 
Adapted  from38.
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Spen has been shown to function as a negative regulator of Notch signaling at the morphogenetic furrow 
during eye development in Drosophila26. Here, we showed that Spen positively regulates Notch signaling in adult 
Drosophila glial cells. Spen-dependent activation of the Notch pathway has also been observed in intestinal 
stem cells of adult  flies28, substantiating the role of Spen as a positive regulator of Notch in adult tissues. Thus, 
Spen appears to differentially regulate Notch signaling in cell type-, context-, and developmental stage-specific 
manners. The ability of Spen to differentially affect Notch signaling may be mediated via recruitment of inter-
mediate positive or negative regulatory factors, resulting in activation or repression of Notch responsive-genes 
expression, respectively.

Our results show that the accumulation of LDs induced by spen knockdown is independent of Notch/Su(H) 
signaling, as reflected by the lack of effect of glia-specific Su(H) knockdown on LD size or number. Rather, Spen 
may directly affect mRNA stability or splicing of lipid metabolism genes to promote gene expression indepen-
dently of  Notch11. Finally, it is possible that the LD accumulation may be due to increased oxidative stress in 
spen-mutant flies, as previously observed in flies with defective mitochondrial respiration or after exposure to 
 hypoxia6,7,9. Our results showing that spen-mutant flies exhibited increased sensitivity to paraquat toxicity are 
consistent with a mechanism involving oxidative stress.

Our findings are also in accord with a role for glia-expressed Spen in lipid metabolism in the context of PD 
pathophysiology. Using a data-mining approach, we found that genes differentially expressed in the SN of PD 
patients are not only enriched in astrocyte-expressed genes (e.g., SPEN/SHARP) but also include a significant 
number of genes annotated with the Gene Ontology terms “phospholipid metabolism”, “lipid and lipoprotein 
metabolism”, and “sphingolipid metabolism”. These results point to a potential pathological role for lipid metabo-
lism in PD, which is in accordance with a meta-analysis of genome-wide association studies of  PD46. Among the 
lipid-related genes identified here to be differentially expressed in the SN of PD patients are several that could 
contribute to the regulation of LD formation and/or fate. For example, AGPAT4 (1-acylglycerol-3-phosphate 
O-acyltransferase 4) is involved in the synthesis of precursors of TAGs, the major lipid component of LDs. Simi-
larly, SCD5 (stearoyl-CoA desaturase 5), a recently identified new target for PD  treatment47, catalyzes free fatty 
acid desaturation and plays an important role in the early steps of LD formation. Finally, Arf79F and schlank, 
the Drosophila orthologs of two lipid-related genes found to be downregulated in the SN of PD patients, have 
been shown to control the homeostasis of LDs in Drosophila48,49.

Taken together, our data support a central role for spen expressed in glial cells in the control of lipid metabo-
lism and resistance to paraquat-induced toxicity in Drosophila. Further studies on the function of Spen will 
contribute to our understanding of the involvement of lipid dyshomeostasis in neurodegeneration.

Materials and methods
Fly strains. Flies were maintained on standard yeast medium at 25 °C unless otherwise noted. Flies bearing 
the following mutations and transgenes were obtained from the Bloomington Drosophila Stock Center (Indiana 
University, IN, USA): w1118, repo-GAL4 (BL7415), UAS-mCherry-NLS (BL38424), tubulin-GAL80ts (BL7019), 
UAS-mCD8::GFP (BL32186), NRE-EGFP1 (referred to as NRE-GFP, BL30728), UAS-Notchintra (BL52008), an 
Eaat1-GAL434 (BL8849), elav-GAL4 (BL458). spenk07612 and spen03350 P element insertions (Drosophila Genomics 
Resource Center [DGRC] #102574 and BL11295) were previously characterized as homozygous lethal spen loss-
of-function  mutations17 and were used here as heterozygotes. UAS-PLIN1::GFP40 was obtained from RP Kuhn-
lein (University of Graz, Austria). The EP line spen-GS2279 (Kyoto DGRC Stock Center) was used to overexpress 
spen, and is referred to as UAS-spen. The UAS-spenRNAi line was a gift from KM  Cadigan50 and was previously 
characterized in studies of Drosophila retina  development14. spen mutants and transgenic flies were outcrossed 
to a w1118 control stock. We used the temperature-sensitive TARGET  system45 to restrict spen RNAi expression 
to adult glial cells. Briefly, flies carrying repo-GAL4, tubulin-GAL80ts, and UAS-spenRNAi were raised at 18 °C to 
inhibit GAL4 activity and switched to 29 °C as adults to induce expression of  spenRNAi.

RT-qPCR. Total RNA was isolated from 25 to 35 Drosophila heads using RNeasy mini kits (Qiagen) and 
reverse transcribed with oligo(dT)15 primers and the ImProm-II Reverse Transcription System (Promega) 

Figure 3.  Spen regulates lipid droplet number, size, and localization in Drosophila glial cells. (A) Fluorescence 
micrographs showing lipid droplets (LDs; white dots, BODIPY 493/503) in whole-mount brains of control flies 
Eaat1 >  + (Eaat1-GAL4/ + ) or flies expressing spenRNAi in glial cells Eaat1 > spenRNAi (Eaat1-GAL4/UAS-spenRNAi). 
Right panels show magnifications of the boxes outlined in the left panels. Orange arrowheads indicate LDs 
accumulated in the neuropil area of the antennal lobe in spenRNAi flies. Scale bar, 25 µm. (B,C) Quantification 
of LD number (B) and LD surface (C) in Eaat1 > spenRNAi flies relative to the control flies Eaat1 >  + (Eaat1-
GAL4/ +). N = 14–18 brains per genotype from 3 independent experiments. Circles represent individual data 
points. LDs were quantified using an automated ImageJ plugin (see “Materials and methods” section). P < 0.0001 
by unpaired Student’s t test. (D) Fluorescence micrographs showing PLIN2 antibody staining (green) in whole-
mount brains from control flies Eaat1 >  + (Eaat1-GAL4/ +) and spenRNAi flies (Eaat1-GAL4/UAS-spenRNAi). Brains 
were counterstained with phalloidin-rhodamine to detect F-actin (magenta). (E) Fluorescence micrographs of 
the antennal lobe of: (left panel) flies expressing the membrane reporter mCD8::GFP alone or in conjunction 
with spenRNAi under the control of the Eaat1-GAL4 driver to label astrocyte-like glial processes infiltrating 
the antennal lobe, and (right panel) flies expressing the lipid droplet reporter UAS-PLIN1::GFP (PLIN1::GFP) 
alone or in conjunction with spenRNAi under the control of Eaat1-GAL4. Scale bar, 25 µm. (F) Quantification of 
PLIN1::GFP-positive staining in Eaat1 > spenRNAi flies relative to control flies Eaat1 >  + (Eaat1-GAL4/ +) flies. 
N = 5 brains per genotype. Circles represent individual data points. *P < 0.05 by unpaired Student’s t test.
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according to manufacturers’ instructions. Quantitative PCR reactions were carried out on a StepOnePlus system 
(Applied Biosystems) using FastStart Universal SYBR Green Master (Roche Applied Science). Efficiency (E) of 
the primer sets was assessed using serial dilutions of cDNA preparations. Standard curves were generated to 
quantify mRNA abundance and PCR cycle numbers (Ct) for calculation of the relative mRNA expression level 
(Qr = E − Ct)51. Values were normalized to Rp49 mRNA levels. Primers for qPCR were: spen forward 5′-TTC 
GTT GTG GGA TAG CAG CA-3′ and reverse 5′-CGT TCG AAG CTG TTT GTC G-3′ and Rp49 forward 5′-ATC 
GTG AAG AAG CGC ACC AAG-3′ and reverse 5′-ACC AGG AAC TTC TTG AAT CCG-3′.

Immunostaining. Drosophila heads were removed and placed in a drop of fresh Hemolymph-Like 3 dis-
section  buffer52 (HL3) supplemented with d-glucose (120 mM). The proboscis was removed and the cuticle was 
opened to access the brain, and the brains were dissected and fixed overnight at 4 °C in 1% paraformaldehyde 
(PFA) diluted in HL3 medium. Fixed brains were washed 3 times for 10 min each in phosphate-buffered saline 
(PBS) containing 0.5% Triton X-100 and 5 mg/ml bovine serum albumin, and then incubated for 1 h in the same 
buffer containing 4% normal goat serum to prevent non-specific antibody binding (blocking solution). The 
brains were then incubated overnight at 4 °C with the following primary antibodies diluted in blocking solution: 
mouse anti-Repo (1:400, Developmental Studies Hybridoma Bank, 8D12), rabbit anti-GFP (1:400, Invitrogen, 
A6455), and rabbit anti-PLIN2 (1:1000, a gift from RP  Kuhnlein40). The samples were washed 3 times with 
PBS-T and incubated overnight at 4 °C with anti-mouse Alexa Fluor 647 (1:400, Invitrogen, A31571) or anti-
rabbit Alexa Fluor 488 (1:400, Invitrogen A11008) secondary antibodies diluted in blocking solution. Samples 
were washed 3 times and then mounted in Vectashield mounting medium (AbCys) on a bridge slide to prevent 
tissue flattening. Samples were stored at − 20 °C until visualized.

For experiments with the NRE-GFP-expressing Drosophila line, the heads were removed and placed in a drop 
of fresh PBS. The brains were dissected and fixed in 4% PFA/PBS for 20 min at room temperature. The brains were 
then washed in PBS and mounted directly in Vectashield medium (AbCys). As controls for the NRE-GFP experi-
ments, brains from Drosophila not expressing GFP were also processed to evaluate background fluorescence.

Image processing. Images of whole-mount brains were acquired at the LYMIC-PLATIM Imaging and 
Microscopy Core Facility of SFR Biosciences (UMS3444, ENS de Lyon, France). For PLIN1::GFP, Repo, and 
BODIPY fluorescence, images were acquired on a Zeiss LSM800 confocal microscope and analyzed with the 
 ImageJ39 software (see section below). For NRE-GFP fluorescence, images were acquired on a Leica epifluores-
cence microscope. In each experiment, the mean GFP fluorescence of control brains (Eaat1-GAL4/+) was used 
to normalize the results. The NRE reporter is a synthetic construct with three copies of SPS sites taken from the 
E(spl) regulatory  region36. SPS (Su(H) paired sites) are binding sites for the Notch activity-dependent transcrip-
tion factor Su(H).

Automated image analysis. We developed an ImageJ macro (https ://gitbi o.ens-lyon.fr/dclue t/Lipid 
_Dropl ets) to identify fluorescent particles on confocal stacks using Drosophila brains stained with the lipid-
binding dye BODIPY 493/503 (Molecular Probes, D-3922) or labeled with the glial cell-specific marker Repo. 
The program requires  ImageJ39 v1.49 g or higher and is based on an iterative detection of the brightest particles 
followed by removal of “doublets” of the same particle over the stack. Briefly, the program first delineates the 
brain region of interest and then identifies particles within that region along the stack. The signal is intensified 
using the Gaussian blur function and the maximum entropy treatment. The “Max-Entropy” threshold  method53 
is then applied to detect the particles of interest. The detected particles are stored in a transient matrix and 
removed from the image. The next iteration is able to detect less bright particles. Finally, the program removes 
all doublets of the same particle along the z-dimension of the stack (keeping the largest candidate as the best) 
to enable optimal counting of labeled particles. The program can calculate multiple parameters, such as particle 
density, size, and circularity.

Paraquat-induced PD model. Paraquat medium was prepared fresh shortly before each experiment. 
Paraquat (Sigma, 36541) was added at 10 or 20 mM to PBS (as indicated in the corresponding figure legends) 
containing 0.8% low-melting agarose (Sigma, A9414) and 10% sucrose (Sigma, S0389). Three-day-old male flies 
were fasted for 4 h on 0.8% agarose medium and then transferred to 10 or 20 mM paraquat-containing medium 
for 5–7 days for survival experiments or the indicated times for RT-qPCR analysis. At least three independent 
experiments were performed, each with n ≥ 20 flies per condition per experiment.

Lipid droplet staining. Heads were removed from 6-day-old flies and placed in a drop of fresh HL3 dis-
section buffer supplemented with d-glucose (120 mM). Brains were dissected and fixed overnight at 4  °C in 
1% PFA/HL3 medium. Fixed brains were washed 3 times for 10 min each in PBS/01.% Triton X-100 and then 
incubated overnight at 4 °C with 15 mg/ml BODIPY 493/503 (Molecular Probes, D-3922) diluted in the same 
buffer. The brains were washed 3 additional times with PBS/0.1% Triton X-100, mounted in Vectashield medium 
(AbCys) on a bridge slide, and stored at − 20 °C until imaged.

Statistical analysis. Data are presented as the means ± standard deviation from three independent experi-
ments unless noted. Statistical analyses were performed using R (R Core Team) and Prism software (GraphPad, 
San Diego, CA). The statistical tests applied are given in the figure legends.
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Figure S1. spen heterozygous mutant flies are more sensitive to paraquat-induced lethality.
Survival rate of spen loss of function heterozygous mutants (P{lacW}spen[03350]/+) adult flies fed 
with paraquat (10 mM). spen03350 heterozygous flies are more sensitive to paraquat than wild-type 
flies (w1118). Log-rank Mantel-Cox test, P<0.0001.

Girard et al, Supplemental Figure 1
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Girard et al, Supplemental Figure 2

Figure S2. spen is expressed in both glia and neurons in Drosophila adult brain.
(A) spen expression domain in adult brain was assessed by immunostaining of LacZ (green) reporter 
gene  in whole mount brain of 2 enhancer trap lines: P{lacW}spen[03350], (A) and P{lacW}spen[k07612], 
(B). Glial cell nuclei are visualized using Repo staining (magenta) and neuron nuclei using Elav staining 
(cyan). Expression of spen in glial cells is indicated with yellow arrowheads. Scale bar: 25µm.
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Figure S3. Knockdown of spen in neurons does not enhance the fly sensitivity to paraquat 
treatment.
Survival curves of adult male control flies (elav-GAL4/+;;) or flies with glial cell-specific spen 
knockdown (elav-GAL4 ;UAS-spenRNAi /+;) fed with 20 mM paraquat. The curves represent the sum 
of three independent experiments with each N=20 flies per genotype. P=0.1166, not significant, 
by the log-rank Mantel–Cox test. 

Girard et al, Supplemental Figure 3

P = 0.1166 
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Figure S4. Notch signaling is activated in adult Eaat1+ glial cells .
Confocal microscopy of whole-mount brain of flies carrying Notch activation reporter NRE-GFP 
(green) expressing LacZ (magenta) under the control of glial driver Eaat1-Gal4 (A) and repo-Gal4 (B). 
NRE-GFP and LacZ co-localisation in glial cells Eaat1 or repo positive is indicated with white 
arrowheads. Scale bar: 25µm.

Girard et al, Supplemental Figure 4
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Figure S5. Lack of spen in glia but not in neurons promotes lipid  droplet accumulation in 
adult Drosophila brain.
Lipid droplets labelled with BODIPY 493/503 (white dots) in whole-mount brain of flies expressing  
spenRNAi specifically  in glia (A, repo-GAL4) or neurons (B, elav-GAL4) compare to their respective 
control. As shown in the close-up, lipid droplets are accumulating in the neuropil area of the 
antennal lobe only flies lacking spen in glia but not in neurons. Scale bar: 25µm.
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Girard et al, Supplemental Figure 5
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Girard et al, Supplemental Figure 6

Figure S6. Su(H) knockdown do not modify glial cell lipid droplet in adult Drosophila brain.
(A) Lipid droplets labelled with BODIPY 493/503 (white dots) in whole-mount brain of control flies 
Eaat1>+ (;Eaat1-GAL4/+;) and flies expressing spenRNAi in glial cells Eaat1>spenRNAi 

(;Eaat1-GAL4/UAS-spenRNAi;) was compared to flies expressing two different Su(H)RNAi (RNAi-1 : 
HMS05110 , RNAi-2: KK101550). As shown in the close-up, lipid droplets are accumulating in the 
neuropil area of the antennal lobe in spen knockdown but not in Su(H) knockdown. Scale bar: 
25µm. (B) Quantification of BODIPY 493/503 labelled lipid droplets. Data are presented as the fold 
change in lipid droplets number (B) relative to control flies Eaat1>+ (;Eaat1-GAL4/+;). n=5 brains 
per condition. Droplets were quantified using an automated ImageJ plugin described in the mate-
rial and methods section. Non-parametric Kruskal-Wallis test, * P<0.05. Scale bar: 50µm.
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2�2� Additional results not included in Girard et al� (2)

2�2�1� Glial cells lacking spen show signs of lipid peroxidation

We found that knockdown of spen increased lipid storage in glial cells and fly sensitivity 
to paraquat intoxication. This result is coherent with previous reports indicating that loss 
of spen increased lipid storage in a cell-autonomous manner in Drosophila larvae fat body 
(Hazegh et al., 2017). Hazegh et al., found that spen promotes lipid catabolism as lack of 
spen reduced the expression of enzymes involved in lipolysis and ß-oxidation (Hazegh et 
al., 2017). We hypothesized that if spen is involved in lipid catabolism in glia as well, glial 
cells lacking spen may accumulate abnormal levels of lipids. Lipid overload can damage 
mitochondria and lead to lipid peroxidation in non-adipose tissue (Nguyen et al., 2017). To 

test this hypothesis, we stained brains for 4-HNE adduct, a product of lipid peroxidation 
previously shown to increase during oxidative stress (Bailey et al., 2015).

While the brain of control flies did not show any noticeable level of 4-HNE adducts, the 
brain of glial Spen knockdown flies showed an increase in 4-HNE staining in glial cells 
labelled by repo immunostaining. Moreover, cells with high 4-HNE signal were located 
around the neuropil, in a way reminiscent of the cells accumulating LDs (Girard et al. 

Ea
at

1>
+

Ea
at

1>
sp

en
RN

Ai

4-HNE

1

1

2

2

1 2

1

2

repo

10µm 10µm

Figure 28�  4-HNE protein adducts accumulate in glial cells knockdown of spen�
Longitudinal optical sections of whole-mount brain from 6 day-old flies expressing spen-RNAi in 
astrocyte glia (Eaat1-GAL4). 4-HNE protein adducts are labeled in green (4-HNE immunostaining) 
and glial nuclei are in magenta (repo immunostaining). Scale bar, 10 µm.
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(2) Figure 3). From these results, we hypothesize that loss of Spen in glia increases lipid 
peroxidation. Collectively these results indicate that glial cells lacking Spen already show 
signs of lipid peroxidation, which may increase their sensitivity to paraquat-induced 
oxidative stress and their subsequent precipitated death. 
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DISCUSSION

During my thesis, I investigated the mechanisms underlying LD accumulation in both glia 
and neurons and their contribution to the progression of PD pathology using Drosophila 
as a model system.

1� How do LD-binding proteins promote LD accumulation in neurons?

LDs are rarely seen in healthy neurons, but strikingly mutation in genes important for 
lipid metabolism and regulation of LD homeostasis are associated with neurodegenerative 
disorders including HSPs, AD and PD. In addition, neurons containing LDs can be detected 
in the brain of aged mice, indicating that LDs can appear in neurons during normal 
aging (Shimabukuro et al., 2016). We found that, in young flies, LDs could be observed 
in photoreceptor neurons, suggesting that Drosophila retina could be a suitable model to 
study neuronal LD formation in vivo (Van Den Brink et al., 2018). I found that expression 
of dPlin1 and dPlin2 induce long-term LD accumulation in adult Drosophila photoreceptor 
neurons (20 day-old and beyond). This phenotype was specific to neuronal cells as I 
did not observe any LD in glial cells in 20 day-old flies. The accumulation of LDs in cells 
overexpressing perilipins is in agreement with previous reports indicating that human 
perilipins increase lipid storage in murine fibroblast and yeast (Brasaemle et al., 2000; 
Imamura et al., 2002; Jacquier et al., 2013). While perilipins are known to limit lipolysis, 
and in particular ATGL-mediated TAG hydrolysis, they can also maintain LD integrity by 
acting as scaffolds and are required for the maturation of LDs (Beller et al., 2010; Bulankina 
et al., 2009; Gao et al., 2017; Listenberger et al., 2007; Skinner et al., 2009). Interestingly, 
the silencing of Bmm lipase did not recapitulate the phenotype of LD accumulation seen 
in flies expressing dPlin1 or dPlin2 suggesting that Bmm inhibition is not sufficient to 
induce LDs in neurons. This result also further supports that the accumulation of LDs 
in neurons induced by Plins occurs independently of lipolysis inhibition but possibly by 
another mechanism, such as the maintenance of LD stability. To support that hypothesis, 
I found that expression of several other LD-binding proteins (LDPs) including CG7900, 
Klarsicht LD-binding domain (LDBD::GFP) and BmmS38A induce a similar phenotype of LD 
accumulation in Drosophila photoreceptor. The fact that this phenotype of LD accumulation 
is induced by 1) several non-related proteins sharing only a LD-binding domains and 2) 
LDBD::GFP, a LD-binding domain fused to GFP, strongly suggest that this phenotype involves 
the LD-binding itself rather than a specific protein function. I will therefore refer to the 
mechanism of LD accumulation in photoreceptor expressing LDPs as, LDP-induced LDs.

LD formation requires either an increased synthesis (at the ER or at the surface of 
LDs), or a decreased degradation of neutral lipids. My results strongly suggest that ER-
resident TAG synthesis enzymes, dFatp and Mdy, are dispensable for LDP-induced LDs in 
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photoreceptors in clear contrast with LD accumulation in retina glial cells. If the induction 
of LDs in photoreceptor neurons does not require canonical actors of the LD formation 
at the ER or Bmm inhibition, one could wonder by which mechanism TAG-filled LDs can 
accumulate in neurons? We thus propose three non-exclusive hypotheses to explain LDP-
induced LDs in photoreceptors: 1) an increase of local TAG synthesis at the surface of 
LDs, 2) a decrease in lipolysis mediated by specific neuronal lipases distinct from Bmm 
3) an increase in neutral lipid accumulation dependent on the scaffolding properties of 
LDPs. Indeed, LDPs such as perilipins could be sufficient to stabilize existing unstable 
LDs. These stabilize LDs could then expand with the influx of neutral lipids carried by 
circulating lipoproteins. 

Neutral lipid accumulating in LDs can be synthesized either within the ER membrane or 
locally at the surface of LDs. I found that knockdown of dFatp and Mdy, which are required 
for LD accumulation in glia, are dispensable for LDP-induced LDs in photoreceptor neurons. 
In glia, these enzymes located at the ER, produce the TAG necessary for the formation of 
new LDs. The second mechanism of TAG synthesis involves specific isoforms of the TAG 
synthesis pathway such as GPAT4 and DGAT2, which have been found on the surface of 
a subset of growing LDs (Wilfling et al., 2013). In Drosophila, the gene encoding DGAT2 
is triplicated which precludes an easy ablation of all three DGAT2 genes to determine 
the contribution of TAG synthesis in LD formation (Heier and Kühnlein, 2018). Because 
I was only able to do individual knockdowns (Figure 20), I cannot completely rule out a 
contribution for DGAT2-mediated local TAG synthesis at the LD surface. To assess if an 
increase in TAG synthesis is sufficient to induce LDs in photoreceptor, I artificially increased 
TAG synthesis and measured LD accumulation in photoreceptors. One possible way is to 
ablate phospholipids synthesis. Indeed, in condition of impaired PC synthesis, DAG are 
converted to TAG and LDs in yeast (Vevea et al., 2015). Interestingly, I found that knockdown 
of dEPT1, the rate limiting enzyme of PE synthesis, but not CCT1, the rate limiting enzyme 
of PC synthesis led to a small increase in LD accumulation in photoreceptors of control flies 
in which they are otherwise absent. In addition, knockdown of dEPT1 also exacerbated 
LDP-induced LDs in photoreceptors which already contained abundant LDs (Figure 26). 
These results suggest that in conditions of limited PE synthesis, DAG are converted to 
TAG in photoreceptors likely through DGAT enzymes. Importantly, LDs induced by the 
knockdown of dEPT1 alone never reached the size of LDP-induced LDs (Figure 26). This 
indicate that even though TAG can accumulate in dEPT1 knockdown, the resulting LDs 
may be unstable compared to LDs carrying LDPs. These results further suggest that TAG 
synthesis alone is not sufficient to explain LDP-induced LDs in photoreceptors. In support 
of this result, it was found that yeast deficient for TAG synthesis enzymes and expressing 
human Perilipins could accumulate LDs when treated with exogenous DAG (Jacquier et al., 
2013). Collectively, these results support a structural function of LDP, which promote LD 
accumulation through stabilization by a scaffold function at the LD rather than an increase 
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in TAG synthesis in photoreceptor neurons. 
Perilipins expression has been associated with a decrease lipolysis rate in Drosophila 

and mammals. ATGL is the main TAG lipase in most cell types examined, however it seems 
that neurons could express other cytoplasmic lipases. Indeed, mutation in the lipase gene 
DDHD2 involved in HSP, leads to accumulation of LDs in mice neurons whereas ATGL 
knockout does not (Etschmaier et al., 2011; Inloes et al., 2014). Interestingly, Drosophila 
genome encodes a possible DDHD2 homolog called Phosphatidic Acid Phospholipase 
A1 (PAPLA1). I thus knocked-down PAPLA1 in photoreceptors, but did observe any LD 
accumulation phenotype in the retina (Figure 21). Likewise, the knockdown of inactivation 
no afterpotential E (inaE), another lipase expressed in photoreceptors, did not lead to LD 
accumulation neither. These results suggest that individual lipase knockdown does not 
lead to LD accumulation in photoreceptors. However, I cannot exclude that LDP could 
shield LD from other photoreceptor-specific lipase or multiple lipases acting redundantly 
in photoreceptors.

I also investigated whether LD accumulation in neurons requires the transfer of 
metabolites between neuron and glial cells, previously described(Ioannou et al., 2019; 
Liu et al., 2017). Neurons have been shown to exhibit an increase de-novo synthetize of 
FA, in condition of oxidative stress or excitotoxicity (Ioannou et al., 2019; Liu et al., 2015, 
2017). In these models, neuronal lipids are transferred via ApoE/ApoD-dependent lipid 
transport from neurons to glia, where they accumulate in LDs. Liu et al., reported also that 
neuronal de novo FA synthesis requires lactate imported from glia (Liu et al., 2017). Indeed, 
they hypothesized that lactate transferred from glia to neurons, by MCT transporters, is 
used as substrate for de-novo lipid synthesis in neurons through a mechanism requiring 
Citrate Synthase and Acetyl-CoA Carboxylase. These lipids are then transferred to the 
adjacent glial cells by ApoD homologs Nlaz and Glaz (Liu et al., 2017). My results indicate 
that the LDP-induced LDs are not reduced by simultaneous knockdown in glia and 
photoreceptors of Glaz, Nlaz or MCT transporters (Silnoon, Outsider and Basigin) (Figure 
20). Moreover, neither Citrate Synthase nor Acetyl-CoA Carboxylase knockdown prevented 
LD accumulation (Figure 20). Collectively these results indicate that LDP-induced LDs in 
photoreceptor neurons accumulate by a mechanism independent of the lactate shuttle, 
neuronal de-novo FA synthesis, and ApoD-dependent FA transport, which is strikingly 
different from retina glia LDs. 

If de-novo FA, and TAG synthesis are not required for LDP-induced LD formation in 
photoreceptor neurons, neutral lipids may enter photoreceptors already in the form of 
DAG or TAG. In Drosophila, DAG and TAG are transported in the hemolymph to organs as 
lipoprotein complexes secreted by fat body (Palm et al., 2012). Adult flies contain fat body 
in contact with the brain and the retina called the pericerebral fat body, thus the physical 
proximity of these structures may facilitate the transfer of lipids to the central nervous 
system (Hwangbo et al., 2004). It was previously shown by the team of Susan Eaton that 
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lipoproteins can cross Drosophila BBB to reach brain cells (Brankatschk and Eaton, 2010). 
Neurons need high levels of lipids as membrane recycling a very important process to 
maintain neuronal integrity. This is especially important for photoreceptors, which 
contain a large amount of membrane microvilli packed in rhabdomeres that are constantly 
recycled for proper light detection (Thakur et al., 2016). Thus, in normal condition 
neutral lipids carried by lipoproteins could enter photoreceptors, aggregate transiently as 
cytoplasmic unstable LDs, and being then used as substrate to produce membrane lipid 
for rhabdomeres recycling. In this context, some of these unstable LDs might be captured 
by increased levels of intracytoplasmic LDPs, that could act as surfactant and stabilize 
LDs (Čopič et al., 2018). Demonstrating that lipids accumulating in photoreceptors came 
from circulation would require additional experiments such as the expression of LDP in 
Drosophila photoreceptors lacking both lipoprotein receptors LRP1 and LRP2. Collectively 
my results support of a stabilization of LDs by LDP, which would support the progressive 
expansion of LDs.

2� Aging, aSyn, and the formation of neuronal LDs in PD

aSyn has been shown to impact LD homeostasis in yeast and mammalian cells (Cole et al., 
2002; Fanning et al., 2019; Outeiro and Lindquist, 2003; Sánchez Campos et al., 2018). In 
Girard et al. (1), we show that aSyn and dPlin2 act in synergy to promote LD accumulation 
in photoreceptor neurons in adult Drosophila. aSyn was detected on the surface of LDs 
in close proximity with Drosophila Plin2 and human PLIN3 in Drosophila photoreceptor 
and human neuroblastoma cells SH-SY5Y, respectively. Interestingly, it was previously 
hypothesized that aSyn binding to LDs could delay lipolysis, a function reminiscent of 
perilipins (Cole et al., 2002). In contrast, Fanning et al., found that aSyn-induced LDs rely 
on the synthesis of TAG in yeast. Specifically, they showed that aSyn promotes an elevated 
activity of SCD-1, that leads to accumulation of monounsaturated Oleic Acid (OA), which 
are rapidly converted to DAG and TAG to form LDs (Fanning et al., 2019). However, the 
mechanism by which aSyn expression increases SCD1 levels and whether aSyn binding 
to LDs is involved in this mechanism remains unclear. Here, we provide evidence that the 
expression of LD-binding proteins promotes the accumulation of LDs in photoreceptors, 
and that aSyn binds LDs in Drosophila photoreceptors and human neuroblastoma cells. 
These results suggest that the physical binding of aSyn to LDs could also directly contribute 
LD accumulation in neurons. Indeed, accumulation of LDPs such as aSyn may compete at 
the surface of LDs with other proteins involved in the utilization/degradation of neutral 
lipids.

In our model, aSyn expression alone did not increase LD accumulation and required 
co-expression of another LDP. As it has been observed that LD-binding is dependent on 
LD properties such as size, nature of the stored FA, phospholipid packing and protein 
abundance (Chorlay and Thiam, 2018; Kory et al., 2015; Thiam et al., 2013a; Thul et al., 
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2017). For example, aSyn binding to LDs was reduced in condition of high phospholipid 
packing on synthetic LDs (Thiam et al., 2013a). In Girard et al. (1), we hypothesized that 
without a priming step of stabilization induced by dPlin2, LDs might be too small or 
unstable to favor association with aSyn. Interestingly, aSyn binds on large LDs in wild-
type yeast loaded with lipids but not on smaller LDs found peroxisome–deficient mutant 
yeast (Wang et al., 2013). 

During aging, age-dependent changes in metabolism are associated with LD 
accumulation in non-adipose tissues including in neurons and glial cells(Shimabukuro 
et al., 2016). While age-dependent fat accumulation is associated with a decrease in the 
rate of FA consumption, recent evidences indicate that the LDP abundance dysregulation 
may also be involved (Yan et al., 2017). Indeed, both the autophagy and the proteasome, 
which are associated with perilipin degradation, are impaired in old organisms (Hipp et 
al., 2019; Kaushik and Cuervo, 2015). For example, impaired dPlin2 degradation leads 
to ectopic LDs in flight muscles of aged Drosophila (Yan et al., 2017). Furthermore, PD 
is also associated with impaired protein degradation mechanisms which contributes to 
increase aSyn levels in neurons (Cuervo et al., 2004). Collectively, these data suggest that 
perilipins proteins levels may increase in aging and in the brain of PD patients. I thus 
propose that an elevation of perilipins levels during aging could disrupt LD homeostasis 
in neurons, and provide a platform for aSyn deposition. Validating this hypothesis would 
require to compare perilipins levels in the brain of wild-type, aging flies and fly models of 
PD. Alternatively, animals lacking perilipins, may modulate aSyn-induced neurotoxicity.

3� LDs, mitochondria and aSyn

PD is tightly associated with defects in mitochondria morphology and functions. Indeed, 
mutation in genes involved in the selective degradation of mitochondria by mitophagy, 
are associated with familial forms of PD. Loss of pink1 and parkin are associated with 
accumulation of damaged mitochondria, increased ROS production and can ultimately 
neuronal death in animal models of PD (Wang et al., 2006; Yang et al., 2006). Furthermore, 
neurotoxins such as MPTP or Paraquat, which inhibit the mitochondria respiratory chain 
complex I are also associated with increased PD risks (Tanner et al., 2011). Interestingly, 
aSyn has been observed in proximity with mitochondria and could also contribute to their 
dysfunction in PD. Indeed, aSyn could directly bind to cardiolipids at the mitochondrial 
membrane, or to mitochondrial proteins such as TOM20 (Di Maio et al., 2016). In our 
model, we found a close association between LDs and mitochondria in photoreceptor 
neurons expressing aSynA53T-CG7900. It raises several questions such as what is the 
physiological function of LD-mitochondria contacts? and whether aSyn is involved in 
this contact. Previous reports indicate that aSyn can affects mitochondria dynamics and 
functions. For example, aSyn can bind alpha-spectrin, which interferes with the actin 
cytoskeleton, and impairs mitochondria morphology in Drosophila photoreceptors 
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(Ordonez et al., 2018). Other report, indicate that only abnormal aSyn can associate with 
mitochondria (Wang et al., 2019), which could indicate that this association is one of the 
consequence of aSyn aggregation. While we did not find any sign of obvious morphological 
defect of the mitochondria of flies expressing aSynA53T-CG7900, we did not investigate 
mitochondria respiratory chain activity. One possible explanation for LD-mitochondria is 
that LDs provide FA for energy production. However, it seems unlikely that photoreceptor 
use lipid as an energy source, as photoreceptor knockdown of ß-oxidation rate limiting 
enzyme CPT2, did not lead to LD accumulation. Our model of induced neuronal LD could 
contribute to the investigation of the interaction between LDs, mitochondria and aSyn in 
PD. For example, is aSyn co-localized with LDs, and required for LD-aSyn binding? Does 
the association between LDs and mitochondria affects mitochondria functions? Could LDs 
be involved in mitochondria recycling?

4� A feed-forward loop contributing to aSyn aggregation

We found that in conditions of high LD accumulation in photoreceptors, such as co-
expression of aSynA53T and CG7900 or co-expression of aSyn and dPlin2, aSyn was more 
resistant to mild proteolysis using proteinase K. It has been shown with a misfolded 
conformation of aSyn (Cremades et al., 2012; Miake et al., 2002; Neumann et al., 2002). 
Interestingly, lipid vesicles trigger recombinant aSyn aggregation in vitro (Galvagnion et 
al., 2015). We thus hypothesized that aSyn may be converted to pathological forms more 
prone to aggregate at the surface of LDs. Indeed, it has been suggested that aggregates 
may localized preferentially in proximity with lipid droplets (Dettmer et al., 2017). 
Although we did not directly demonstrate aSyn forms aggregates in our model, there is 
a tight association between increase resistance to proteinase K and aSyn aggregation. 
aSyn is converted to compact oligomers resistant to proteinase K degradation is as step in 
the formation of aggregation (Cremades et al., 2012). In addition, oligomers resistant to 
digestion are toxic in primary cultures of rat neurons. Additional experiments are required 
to demonstrate that proteinase-K resistant aSyn forms aggregates in our system. Several 
approaches could be used to detect aggregates in situ, such as fluorometric dyes like 
Thioflavin S that recognize amyloid deposition or conformation specific aSyn antibodies 
(Olsen and Feany, 2019; Periquet et al., 2007). Other promising methods, have recently 
been developed such as bimolecular fluorescence complementation (BiFC) to detect aSyn 
oligomerization and aggregation in vivo (Prasad et al., 2019). This method is based on the 
reconstitution of a Venus fluorescent protein, which is dependent on the interaction of 
two aSyn proteins fused to two complementary Venus fragment (Prasad et al., 2019). We 
could then verify whether these aggregates form are indeed in proximity to lipid droplets 
as it has been previously suggested (Dettmer et al., 2017).
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5� Spen and LD formation in glial cells

LD content in glia is highly dynamic and has been shown to increase in response to 
neuronal injuries, such as oxidative stress and excitotoxicity in insect and mammals 
(Bailey et al., 2015; Ioannou et al., 2019; Liu et al., 2015, 2017). In contrast to retina glial 
cells that contain LDs only transiently, brain glial cells of healthy adult flies contain LDs, 
especially in the cortex area surrounding neuronal nuclei of healthy adult flies (Figure 
25). We found that LD content increased in brain glial cells by knocking-down Spen using a 
pan-glial (repo-GAL4) or an astrocyte-like glia driver (Eaat1-GAL4). Interestingly, LDs did 
not accumulate uniformly, and were increased in the area surrounding the dense synaptic 
zones of neuropils suggesting that astrocytes are particularly sensitive to the loss of Spen. 
Astrocytes may be associated with a specific lipid storage regulation that require Spen. 
Collectively, these results suggest that Spen could either limit lipid synthesis or promote 
LD degradation in glial cells. As a RNA binding protein Spen can modulate expression of a 
large variety of genes. For example, Spen was shown to regulate the expression of genes 
involved in lipid catabolism in Drosophila fat body (Hazegh et al., 2017). In particular, loss 
of Spen in fat body reduces the expression of lipases and several ß-oxidation enzymes 
(Hazegh et al., 2017). The fact that loss of spen also increased lipid storage in adult 
glia, suggest that Spen promotes lipid catabolism in glial cells as well. Inhibition of lipid 
catabolism in adult glia using knockdown of Bmm lipase or CPT2 leads to LD accumulation 
in both retina and brain glia (Figure 24, Figure 25, (Schulz et al., 2015). Importantly in 
these latter, LDs accumulated uniformly in contrast to LDs localized around the neuropil 
area in Spen knockdown. This specific localization of LDs suggests that LD accumulation 
in Spen-deficient glia are not simply the result of a global impaired ß-oxidation. One 
explanation is that Spen is required for lipid catabolism in glia subtype surrounding the 
neuropil such as astrocytes. 

Another possible explanation to explain the accumulation of LDs in Spen mutant is that 
loss of Spen increases oxidative stress in glial cells. Indeed, impairment mitochondrial 
respiratory chain complex I in glia using knockdown of ND23, the homolog of NDUFS8 led 
to a phenotype of LD accumulation reminiscent of Spen (Cabirol-Pol et al., 2018). This is 
in agreement with the fact that overexpression of Spen was protective against paraquat-
induced oxidative stress and neurodegeneration (Girard et al. (2) - Figure 1). In addition, 
we showed that Spen-deficient glia had increased level of 4-HNE an indicator of oxidative 
damages and lipid peroxidation, which further support that oxidative stress is induced 
in Spen mutants (Figure 28). Indeed, increased 4-HNE has been observed in larvae CNS 
in hypoxia (Bailey et al., 2015). Collectively these results indicate that loss of Spen, could 
induce LD though a mechanism involving an increase oxidative stress. 

Alternatively, Spen could also impair other astrocyte-specific functions leading to LD 
accumulation. Indeed, astrocyte glia, are especially important to recapture glutamate at 
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the synapse to prevent neuronal excitotoxicity and failure to do so results in excitotoxicity 
and glial LD accumulation (Ioannou et al., 2019). Indeed, Ioannou et al. showed that in 
mammalian glia-neurons co-culture, neurons treated with glutamate agonist NMDA, release 
ApoE lipoprotein that are recaptured by glia and induce accumulation of LDs (Ioannou 
et al., 2019). In Drosophila, astrocyte glia that express the glutamate receptor Eaat1, are 
located around the neuropil and project processes inside this dense zone of synaptic 
connections (Rival et al., 2004). Interestingly, GRLD-1, a member of the Spen RNA binding 
protein family in C. elegans, maintain the abundance of α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)-type glutamate receptors, GRL-1, in a subset of neurons, 
by regulating alternative splicing of grl-1 transcript (Wang et al., 2010). It is thus possible 
that lack of Spen could impair expression of neurotransmitter receptors in glial cells as 
well. This would impair the recapture of glutamate, resulting in neuronal excitotoxicity 
and LD formation in glia. Further experiments would be required to investigate whether 
Spen regulates the abundance of receptors such as Eaat1 in Drosophila astrocyte-glia.

Spen is an RNA binding protein that can act as a regulator of transcription, a splicing 
factor and a nuclear export factor of transcripts. As such, Spen regulates the expression 
of a large variety of genes in different pathways (Andriatsilavo et al., 2018; Hazegh et 
al., 2017). Identifying the differentially regulated genes in glia using RNA-seq, would be 
required to identify Spen targets in this particular tissue as it was performed in fat body 
and intestinal stem cells (Andriatsilavo et al., 2018; Hazegh et al., 2017).

6� The contribution of glial LDs to PD

PD is a complex neurodegenerative disorder that involves neurons but also glia. As the 
primary sensor of neuronal injury, glial cells activate the inflammatory response, engulf 
neuronal debris, and buffer stress by accumulating LD. In PD, astrocytes have been shown to 
take up aSyn secreted by neurons, and contribute to the disease spreading. Also, Lewy Body 
can be observed in astrocytes and have been shown to participate to neurodegeneration 
in Multiple System Atrophy (Tu et al., 1998). Furthermore, simultaneous expression of 
aSyn in neuron and glia, exacerbates neurotoxicity in Drosophila, indicating that glia a 
involved in aSyn-induced neurodegeneration (Olsen and Feany, 2019). Importantly, the 
status of neuronal mitochondria could be a putative link between neuronal dysfunction 
and glia LD accumulation (Ioannou et al., 2019; Liu et al., 2015; Van Den Brink et al., 
2018). In Girard et al. (2), we found that flies lacking Spen in glia accumulate LDs and 
have an exacerbated sensitivity to paraquat, a toxin targeting mitochondria respiratory 
chain. These results suggest that accumulation of LDs in glia may exacerbate the toxicity 
associated with paraquat-induced mitochondria damages. This observation is coherent 
with the fact that preventing LD accumulation, by dFatp knockdown, or Bmm lipase 
overexpression, delays neurodegeneration in Aats-Met mutant photoreceptor neurons 
(Liu et al., 2015; Muliyil et al., 2020; Van Den Brink et al., 2018). In contrast, accumulation 
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of LDs in absence of mitochondrial damages was not associated with neurodegeneration 
in flies overexpressing dFatp retina glial cells (Van Den Brink et al., 2018). Collectively 
these results suggest that the LD content in glia could be detrimental for neuronal survival 
in conditions of damaged mitochondria. Thus, it would be important to test whether 
remobilization of LDs in Spen mutant flies, using expression of Bmm lipase, would be 
sufficient to increase the resistance to paraquat of Spen mutant flies. In addition, if LDs, 
by themselves, increase cells sensitivity to oxidative stress, we could hypothesize that flies 
lacking the lipase Bmm, which accumulate high levels of LD, would be more sensitive to 
paraquat-induced toxicity as well.

Collectively my result support that both glial and neuronal LD accumulation contribute 
to the progression of PD. 
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CONCLUSION

During my thesis, I investigated the mechanisms of LD formation in glia and neurons 
in two Drosophila models of PD. I found that LDs in neurons and glia contribute both to 
different aspects of PD. 

Firstly, I found indication that expression of LD-binding proteins and aSyn increase 
the accumulation of LDs in neurons. Neuronal LDs accumulated independently of TAG 
synthesis enzyme and Bmm inhibition. In addition, neuronal LDs increase aSyn resistance 
to proteinase K, a hallmark of pathological forms of aSyn. I propose that LDs may be 
involved in a feed-forward mechanism with aSyn: aSyn promotes LD accumulation on 
one hand, and LDs provide a platform for aSyn deposition and conversion to pathological 
forms.

Secondly, is associated with increase Drosophila resistance to Paraquat-induced 
neurotoxicity. Specifically, I found that Spen, a RNA-binding protein whose expression is 
increased in PD, restricts abdnormal LD accumulation in Drosophila glia. Lack of Spen in 
glia was associated with LD accumulation and increase sensitivity to Paraquat.

Collectively, my findings indicate that LD accumulation in glia and neurons both 
contribute to the progression of PD.
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MATERIAL AND METHODS OF ADDITIONAL RESULTS NOT INCLUDED IN 
PAPERS

1� Drosophila Stocks

All flies used for this study were raised on regular yeast medium at 25°C on a 12h light/
dark cycle. The fly stocks were obtained as follows.

Genotype Stock Reference
; dHSLb24/Cyo; (Bi et al., 2012)

; Eaat1-GAL4; BDSC#8849 (Rival et al., 2004)

Rh1-Gal4, ey-FLP; FRT40A Rh1-tomatoninaC/Cyo; (Gambis et al., 2011)

FRT40A dFatpk10307/Cyo (Gambis et al., 2011)

y1 sc* v1; P{ TRiP.HMS01230}attP2 (ACC-RNAi) BDSC#34885 (Liu et al., 2017)
P{KK108281}VIE-260B (CCT1 RNAi) VDRC#100575
P{KK113284}VIE-260B (CG1941 RNAi) VDRC#106800
P{KK112067}VIE-260B (CG1946 RNAi) VDRC#108495
y1 sc* v1 sev21; P{ TRiP.HMS02556}attP40 (GPAT4 RNAi) BDSC#42863
y1 sc* v1; P{ TRiP.HMS01631}attP40 (CS-RNAi) BDSC#36740 (Liu et al., 2017)

P{KK106488}VIE-260B (dEPT1 RNAi) VDRC#102304

P{KK109140}VIE-260B (DGAT2 RNAi) VDRC#107788

P{KK104809}VIE-260B (Fatp RNAi) VDRC#100124
(Van Den Brink et al., 

2018)
y1 sc* v1 sev21; P{VALIUM20-EGFP.shRNA.1}attP40 (GFP RNAi) BDSC#41555
P{KK106377}VIE-260B (Glaz RNAi) VDRC#107433 (Liu et al., 2017)
y1 sc* v1; P{TRiP.HMC05758}attP40 (InaE RNAi) BDSC#64885
P{KK108334}VIE-260B (LPCAT RNAi) VDRC#104570
y1 sc* v1 sev21; P{TRiP.HMC06242}attP40/CyO (Mdy RNAi) BDSC#65963 (Bailey et al., 2015)
P{VSH330126}attP40 (Minotaur RNAi) VDRC#330126
P{KK107553}VIE-260B (Nlaz RNAi) VDRC#101321 (Liu et al., 2017)
y1 sc* v1; P{TRiP.HMS05671}attP40 (Outsider RNAi) BDSC#67858 (Liu et al., 2017)
y1 v1; P{TRiP.HMJ30172}attP40 (PAPLA1 RNAi) BDSC#63605
y1 sc* v1; P{ TRiP.HMS01292}attP2 (Plin2 RNAi) BDSC#34617 (Bailey et al., 2015)
y1 sc* v1; P{TRiP.HMS01643}attP40 (Seipin RNAi) BDSC#37501
P{KK104306}VIE-260B (Silnoon RNAi) VDRC#109464 (Liu et al., 2017)
UAS-Spen-RNAi Cagan R.

Rh1-GAL4;; BDSC#8688

;; UAS-aSynA53T-CG7900 BDSC#8148 (Auluck et al., 2002)

y1 v1; P{TRiP.HMJ23935}attP40/CyO (CPT2 RNAi) BDSC#62455 (Schulz et al., 2015)

;; Bmm1/TM3 Kuhnlein RP (Grönke et al., 2005)

;sGMR-GAL4, UAS-mito-GFP/Cyo; BDSC#8842

;; UAS-Bmm-RNAi/TM3, sb BDSC#25926

;; Repo-GAL4/TM3, sb BDSC#7415
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y1 v1; P{ TRiP.HMC03195}attP40 (Basigin RNAi) BDSC#52110 (Liu et al., 2017)

VDRC: Vienna Drosophila Resource Center. BDSC: Bloomington Drosophila Stock Center.

2� 4-HNE detection

Flies were sedated on ice, decapitated, and brains were dissected in a drop of HL3 
medium supplemented with d-glucose (120 mM) (Stewart et al., 1994). Whole-mount 
brains were fixed in 1% PFA overnight at 4°C and permeabilized in PBS supplemented 
with 0.5% Triton X-100 and 5 mg/mL BSA (blocking solution). Primary antibodies mouse 
anti-Repo (8D12, DSHB) and rabbit anti-4-HNE protein adduct were diluted in blocking 
solution and incubated with the retinas overnight at 4°C. The samples were then washed 
and incubated overnight at 4°C in blocking solution containing Alexa Fluor-conjugated 
anti-mouse Alexa647, anti-rabbit Alexa488 secondary antibodies.
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APPENDIX: ADDITIONAL PAPER

1� Physiological and pathological roles of FATP-mediated lipid 
droplets in Drosophila and mice retina

At the time when I integrated Bertrand Mollereau’s research team, former members of 
the team had identified Drosophila Fatp (dFatp), as an important regulator of photoreceptor 
survival (Dourlen et al., 2012). FATP, predominantly known to be involved in fatty acid 
activation and can form a complex with DGAT2 to facilitate the expansion of LDs in C. elegans 
(Dourlen et al., 2015; Xu et al., 2012). In 2015, Liu et al. showed that Drosophila retina glial 
cells accumulate LDs in condition of oxidative stress, but whether dFatp was important 
for this process was not known at the time (Liu et al., 2015). The team thus started to 
investigate whether dFatp is involved in LD formation in the retina. Importantly, we found 
that LD accumulation naturally occurred in both retina glial cells and to a lesser extend 
in photoreceptor neurons in young flies. Moreover, knockdown of dFatp in retina glial 
cells prevented physiological but also oxidative stress-induced LD accumulation. Finally, 
loss of dFatp in retina glial cells alone, led to progressive photoreceptor degeneration 
while overexpression of dFatp had no effect. Working as a part of this project helped me 
learn the technics of LD staining and Drosophila retina dissection, that will later be used 
extensively for my thesis projects.
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Abstract

Increasing evidence suggests that dysregulation of lipid metabolism is associated with neu-

rodegeneration in retinal diseases such as age-related macular degeneration and in brain

disorders such as Alzheimer’s and Parkinson’s diseases. Lipid storage organelles (lipid

droplets, LDs), accumulate in many cell types in response to stress, and it is now clear that

LDs function not only as lipid stores but also as dynamic regulators of the stress response.

However, whether these LDs are always protective or can also be deleterious to the cell is

unknown. Here, we investigated the consequences of LD accumulation on retinal cell

homeostasis under physiological and stress conditions in Drosophila and in mice. In wild-

type Drosophila, we show that dFatp is required and sufficient for expansion of LD size in

retinal pigment cells (RPCs) and that LDs in RPCs are required for photoreceptor survival

during aging. Similarly, in mice, LD accumulation induced by RPC-specific expression of

human FATP1 was non-toxic and promoted mitochondrial energy metabolism in RPCs and

non-autonomously in photoreceptor cells. In contrast, the inhibition of LD accumulation by

dFatp knockdown suppressed neurodegeneration in Aats-metFB Drosophilamutants, which

carry elevated levels of reactive oxygen species (ROS). This suggests that abnormal turn-

over of LD may be toxic for photoreceptors cells of the retina under oxidative stress. Collec-

tively, these findings indicate that FATP-mediated LD formation in RPCs promotes RPC

and neuronal homeostasis under physiological conditions but could be deleterious for the

photoreceptors under pathological conditions.
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Author summary

Lipids are major cell constituents and are present in the membranes, as free lipids in the

cytoplasm, or stored in vesicles called lipid droplets (LDs). Under conditions of stress, lip-

ids stored in LDs can be released to serve as substrates for energy metabolism by mito-

chondria. However, lipid storage is dysregulated in many degenerative disorders such as

age-related macular degeneration, Parkinson’s and Alzheimer’s diseases. Thus, it is

unclear whether accumulation of LDs is protective or toxic for neuronal cells. To address

this question, we examined the consequences of removal or enforced LD accumulation on

the health of retinal cells in flies and mice. Like humans, fly and mouse retinas contain ret-

inal pigment cells (RPC) that support the functions of neighboring photoreceptor cells.

We found that overexpression of the fatty acid transport protein (FATP) in RPCs induced

accumulation of LDs in both transgenic flies and mice. Moreover, LD accumulation in

RPCs was not harmful for juxtaposed photoreceptors during aging, but was toxic under

stress conditions. We propose that lipid storage promotes cellular communication that

affects photoreceptor health.

Introduction

Photoreceptor neurons are among the highest energy consumers in the body. They are sus-

tained by a layer of retinal pigment epithelial cells (here termed retinal pigment cells [RPC], S1

Fig) that provide photoreceptors with a constant supply of substrates for energy production by

mitochondrial oxidation via the tricarboxylic acid (TCA) cycle. An inability of RPCs to per-

form this role leads to photoreceptor death and is associated with diseases such as age-related

macular degeneration (AMD), the most prevalent cause of blindness in developed countries

[1].

Injury to RPCs, whether through disease or as part of the normal aging process, is accompa-

nied by an accumulation of lipid deposits, named drusen, in the RPC itself or in the adjacent

Bruch’s membrane [2–4]. A common cause of injury is reduced blood flow to the retina,

which causes hypoxia and a subsequent metabolic shift that results in accumulation in RPCs of

intracellular lipid droplets (LDs) composed of neutral lipids, such as triacylglycerides (TAGs)

and sterol esters. In AMD, lipids are also deposited extracellularly, further compromising the

functions of RPCs and photoreceptors [5]. However, it is not clear whether lipid accumulation

is a cause or a consequence of AMD pathology.

Work in Drosophila models has contributed greatly to our understanding of the mecha-

nisms of LD biosynthesis and physiological functions [6, 7]. For example, LDs have been

shown to play an antioxidant role in the developing Drosophila nervous system by protecting

polyunsaturated fatty acids from peroxidation under conditions of hypoxia [8]. In contrast, in

Drosophila carrying mutations with mitochondrial dysfunction, oxidative stress induces glial

cells to accumulate LDs that are toxic to the neighboring photoreceptor cells [9]. Thus, LDs are

not simply cytoplasmic lipid storage organelles with critical roles in energy metabolism; they

also have dynamic functions in regulating the response to stress of many cell types, including

those in the nervous system [10–12].

LDs are synthesized on the endoplasmic reticulum membrane by a protein complex com-

posed of diacylglycerol acyltransferase (DGAT-2) and fatty acid transport protein (FATP) [12,

13]. The FATP family (also known as solute carrier family 27 [SLC27]) [14, 15] are acyl-CoA

synthetases involved in the cellular import of FAs [16] as well as other processes. FATPs inter-

act physically and functionally with DGAT-2, an enzyme that catalyzes the conjugation of a

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse

PLOSGenetics | https://doi.org/10.1371/journal.pgen.1007627 September 10, 2018 2 / 25

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

169



fatty acyl-CoA to diacyl glycerol to produce TAGs, which are then incorporated into expand-

ing LDs in C. elegans [13]. An important role for FATP in TAG storage has also been demon-

strated in mammals. In Fatp1 knockout mice, the uptake of FA and the size of LDs in the

brown adipose tissue are reduced compared with wild-type (WT) mice, resulting in defects in

non-shivering thermogenesis [17]. The FATP1 gene is conserved from yeast to humans, where

there are six proteins with different tissue distributions and substrate preferences. Drosophila
Fatp (dFatp) shows a high degree of sequence similarity to human (h)FATP1 and hFATP4,
which have broad expression profiles that include the brain and retina [16, 18, 19].

The Drosophila retina is composed of approximately 800 ommatidia, each of which com-

prises eight photoreceptors surrounded by a hexagonal lattice of nine RPCs (six secondary and

three tertiary pigment cells, S1 Fig) [20]. Drosophila RPCs (dRPCs) differentiate during the
pupal stage and superfluous cells are eliminated by apoptosis [21, 22]. The survival of dRPCs

requires cues that are provided by cell-to-cell communication from neighboring cone and pri-

mary pigment cells during pupal development [23, 24]. In adult flies, dRPCs have similar func-

tions to mammalian RPCs; that is, they are also juxtaposed to photoreceptor cells and supply

metabolites for energy metabolism and other functions [25, 26, 27].

In Drosophila, dFatp is expressed in both photoreceptors and dRPCs [28], but its physiolog-

ical role in LD formation in dRPCs and its impact on photoreceptor homeostasis remains to

be investigated. Here, we examined the role of FATP in LDs formation and in cellular retinal

homeostasis in Drosophila and in mice. We find that, although the architecture of the mamma-

lian and insect retina are different, RPCs in both organisms play conserved roles in lipid and

photoreceptor homeostasis. We show that FATP plays a crucial role in regulating LD produc-

tion in RPCs and, in turn, RPC-derived LDs affect differentially photoreceptor viability in

physiological and pathological conditions.

Results

dFatp is necessary and sufficient for LD expansion inDrosophila retina
under physiological and pathological conditions

To investigate the role of dFatp in LD formation and expansion in WT flies and in flies overex-

pressing dFatp (using the pan-retinal GMR-Gal4 driver), we first measured the uptake of BOD-

IPY500/510-C12, a fluorescent long-chain FA analog. We observed an accumulation of LDs

(visible as green foci) in the retina of 1-day old WT flies and this accumulation was greatly

increased when dFatp was overexpressed (Fig 1Aa, 1Ab and 1C). Importantly, expression of

brummer, a gene encoding a TAG lipase (referred to here as Bmm-lipase) [29], reduced BOD-

IPY500/510-C12 accumulation further demonstrating the lipid nature of the detected droplets in

both WT and dFatp-overexpression conditions (Fig 1Ac, 1Ad and 1C). To overexpress dFatp,
we also used the 54C-Gal4 driver, which was previously used as RPCs specific driver in several

publications [9, 24, 27]. dFatp overexpression with the 54C driver induced an important accu-

mulation of LDs similar to the GMR driver (Fig 1Ae, 1Af and 1C). We verified the expression

pattern of the 54C driver (54C-Gal4,UAS-GFP) and confirmed that 54C driver is strongly

expressed in dRPCs (primary, secondary and tertiary pigment cells), although low levels of

GFP expression were also observed in one or two photoreceptors per ommatidium, rarely in

cone cells and not in bristle cells at 42h after puparium formation (APF) (S2A and S2B Fig).

The developmental expression of the 54C driver suggests that overexpression of dFatp during
pupal development could account for the observed accumulation of LDs in adult fly retina. To

confirm that the accumulation of LDs induced by 54C-dependent overexpression of dFatp is
truly RPC specific, we concomitantly expressed Gal80 the inhibitor of Gal4with Repo, a pan-
glial driver that is expressed in RPCs [30]. Repo-Gal80 completely abolished the accumulation

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse
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of BODIPY493/503 induced by the overexpression of dFatp with the 54C driver (54C-Gal4,UAS-
dFatp) confirming that the induction of LD by 54C is RPC-specific (S2C and S2D Fig). In this

experiment, we used the lipophilic probe BODIPY493/503 on fixed tissue instead of the BOD-

IPY500/510-C12 on live tissue. Because we see increased dFatp-induced BODIPY staining in

both cases (compare Fig 1Ae and 1Af with S2Ca and S2Cb Fig), this shows that dFatp overex-
pression mediates both the active uptake of BODIPY500/510-C12 into LD (Fig 1A) and the

increase total LD stores revealed with BODIPY493/503. Similar to the GMR driver, the accumu-

lation of BODIPY500/510-C12, induced by overexpression of dFatp with the 54C driver was sup-

pressed by Bmm-lipase concomitant overexpression (Fig 1Ag, 1Ah and 1C). We finally

examined if the accumulation of LD due to dFatp expression requires Vitamin A, a precursor

of retinal that is important for dFatp function in the regulation of Rh1 in photoreceptors [28].

As previously shown, we observed that the Vitamin A-deficient diet rescued photoreceptor

degeneration in dFatp whole eye mutant clone ([28] and S3A Fig), but that the accumulation

of LD induced by dFatp did not require Vitamin A (S3B and S3C Fig). This result suggests

dFatp functions in LD biogenesis and in Vitamin A-dependent regulation of Rh1 are two dis-

tinct processes.

Fig 1. dFatp is required for lipid storage inDrosophila retina. (A) LD labeled with BODIPY500/510-C12 (green) were revealed using confocal
microscopy in horizontal sections of whole mount retinas from one-day-old flies expressingUAS-LacZ (control),UAS-dFatp and/orUAS-Bmm-lipase
under the control of a pan-retinal (GMR-Gal4) (a–d) or a dRPC-specific (54C-Gal4) (e–h) driver. Photoreceptors were counterstained with phalloidin-
rhodamine (red). (B) BODIPY500/510-C12 (green) uptake in horizontal sections of whole eye wild-type (FRT82B-wild-type) and mutant (FRT82B-Aats-
metFB) clone generated with the GMR-hid/FLP-FRT technique [49] from one-day-old flies in the absence (a, b) or presence of dRPC-specific (driven by
54C-Gal4)UAS-dFatp-RNAi[GD16442] (c, d). Photoreceptors were counterstained with phalloidin-rhodamine (red). Scale bar, 25 μm. (C) Quantification
of BODIPY500/510-C12 uptake into lipid droplets from the images shown in (A) and (B). Data are presented as the fold change in fluorescence intensity
(dots/μm2) compared with the FRT82B-wild-type flies. The boxes represent the median and lower and upper quartiles, and the whiskers represent the
1.5 interquartile range. N = 6–41 retinas per condition. Blue and red statistical stars indicate significant differences between wild type and retina
overexpressing dFatp or Bmm with GMR-Gal4 or 54C-Gal4, respectively. Log adjusted values: �p<0.05, ��p<0.01, ���p<0.001 by Tukey’s HSD paired
sample comparison test.

https://doi.org/10.1371/journal.pgen.1007627.g001

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse
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We then examined the requirement of dFatp in LD accumulation in retina of WT and Aats-
metFBmutant flies, which accumulate LD due to high mitochondrial ROS levels. As previously

observed [9], BODIPY500/510-C12 uptake into LDs was increased in the Aats-metFBmutant

compared with the WT retina (Fig 1Ba, 1Bb and 1C). Expression of dFatp-specific dsRNA
(RNAi) with the 54C-Gal4 driver abolished BODIPY500/510-C12 uptake in the WT flies and

strongly reduced it in the Aats-metFBmutants (Fig 1Bc, 1Bd and 1C). Furthermore, BOD-

IPY500/510-C12 staining was completely abolished in dFatp whole eye mutant clones, confirm-

ing the specificity of dFatp dsRNA and the role of dFatp in LD formation (S3D Fig).

Collectively, these data demonstrate that dFatp is necessary for LD accumulation in the Dro-
sophila retina under physiological and pathological conditions.

To examine the subcellular localization of LDs in the retina, we performed transmission

electron microscopy (TEM) of flies overexpressing dFatp using GMR or 54C drivers. LDs were

typically visible as homogeneous structures surrounded by a monolayer membrane in dRPCs

and, to a much lesser extent, in photoreceptor cells (Fig 2A and 2B). Interestingly, dFatp over-
expression significantly increased the size, but not the number, of LDs in both cell types (Fig

2A–2C). Finally, the expression Bmm-lipase with 54C-Gal4 caused a striking reduction in the

number of LDs, not only in dRPCs but also in photoreceptors (Fig 2B and S4 Fig). This indi-

cates that the monolayer membrane-encapsulated vesicles observed by TEM are indeed LDs.

The TEM images also indicated the expansion of LDs induced by dFatp overexpression
concomitantly caused a significant decrease in the size of mitochondria in the photoreceptors

(Fig 2D). We confirm that this reduction of mitochondrial size was correlated with LDs accu-

mulation in a dFatp-dependent manner since co-expression of dFatp and Bmm-lipase pre-
vented the decrease in photoreceptor mitochondrial size compared with expression of dFatp
alone (Fig 2D). Notably, despite the reduction in size, the morphological integrity of mito-

chondria was preserved, suggesting that their function may remain intact and that accumula-

tion of LD is not toxic to photoreceptors. Collectively, these results show modulating LD levels

by increasing LD biogenesis (54C>dFatp) or LD lipolysis (54C>Bmm) in dRPCs affects LD

and mitochondrial sizes in photoreceptor cells.

Evidence of vesicle transfer from RPCs to photoreceptors

TEM images of retina showed various stages suggestive of the transfer of vesicles from dRPCs

to photoreceptors in both wild-type and retina overexpressing dFatp with the 54C driver. Vesi-

cles can be seen within the dRPCs (i), in the process of being internalized into the photorecep-

tor by a process resembling endocytosis (ii), and fully internalized into the photoreceptor,

where they appear surrounded by a double membrane (iii) (Fig 3). These vesicles were compa-

rable in size to LDs (~0.25 μm2) but appeared slightly more electron dense. Due to their double

membrane and localization at the proximity of the plasma membrane, these vesicles were dis-

tinguished from LD present in the cytoplasm of photoreceptors. These vesicles were seen jux-

taposed to one or more mitochondria, which suggests that they contribute to or benefit from

mitochondrial energetic function (Fig 3A and 3A’). These results suggest that the non-autono-

mous transfer of material contributes to the relay of information between dRPCs and

photoreceptors.

Expression of hFATP1 in mRPC increases lipid storage and energy
metabolism in the mouse retina

To determine whether the function of dFatp is conserved, we first asked whether the loss of

photoreceptor cells observed in dFatp-/- mutant retinas [28], could be rescued by the expres-

sion of the human homolog hFATP1 in Drosophila. Indeed, photoreceptor-specific expression

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse
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Fig 2. Lipid droplets are mainly localized in dRPCs and are increased by dFatp overexpression inDrosophila
retinas. (A) TEM of ommatidia from one-day-old flies expressingUAS-LacZ (control) orUAS-dFatp under control of
the pan-retinal (GMR-Gal4) or dRPC-specific (54C-Gal4) drivers. One ommatidium in each panel shows seven
photoreceptors (false colored green) with central rhabdomeres surrounded by dRPCs (false colored pink). Lipid
droplets are mainly located in dRPCs (black arrowheads) but can also be observed in photoreceptors (black arrows).
Lipid droplet size was increased by dFatp overexpression (b, d, d’) compared to control conditions (a, c, c’). Scale bars,
2 μm (a–d), 1 μm (c’, d’). m, mitochondria; R rhabdomeres. (B) Quantification of lipid droplet density (number per
surface area) in dRPCs and photoreceptors in flies with dRPC-specific expression (54C-Gal4) ofUAS-LacZ (control),
UAS-dFatp, orUAS-Bmm-lipase. Means ± SD of n = 4 eyes. (C) Quantification of lipid droplet size (area in m2) in
dRPCs of flies with dRPC-specific (54C-Gal4) expression of UAS-LacZ (control) orUAS-dFatp. (D) Mitochondrial size
(area in m2) in photoreceptors of flies with dRPC-specific expression of UAS-LacZ (control) or UAS-dFatp. The boxes

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse

PLOSGenetics | https://doi.org/10.1371/journal.pgen.1007627 September 10, 2018 6 / 25

173



of hFATP1 (driven by the rhodopsin 1 [Rh1] promoter) strongly reduced the loss of photore-

ceptors observed in dFatp-/- mutant retinas (S5 Fig). This result supports the conservation of

hFATP1 and dFatp function in retinal homeostasis. To investigate the role of hFATP1 in lipid

storage in the mammalian retina, we employed our previously described transgenic mice, in

which hFATP1 is overexpressed using the mammalian RPC-specific VDM2 promoter

(referred to as hFATP1TG mice) [31]. LDs in the retinas of WT (C57BL/6J) and hFATP1TG
(Fig 4A and 4B) mice were detected by staining of neutral lipids with Nile Red. Notably, trans-

genic expression of hFATP1 significantly increased neutral lipid staining, visible as red foci, in

the mRPCs of hFATP1TG mice compared with WTmice (Fig 4A–4C). Moreover, lipid profil-

ing of dissected mRPCs by gas-chromatography revealed that levels of sterol esters and TAGs,

both of which are components of LDs, were higher in the hFATP1 mRPCs compared with WT

mRPCs (Fig 4D). We also observed that Nile Red staining largely co-localized with perilipin, a

represent the median and lower and upper quartiles, and the whiskers represent the 1.5 interquartile range. N = 4 to 5
flies, from which we analyzed>150 fields of view. Log adjusted values: �p<0.05, ���p<0.001 by Tukey’s HSD paired
sample comparison tests.

https://doi.org/10.1371/journal.pgen.1007627.g002

Fig 3. Transfer of vesicles from dRPCs to photoreceptors. Low (left) and high (right) magnification of retina
tangential views visualized by TEM in one-day-old flies expressing (A and A’) UAS-LacZ or (B and B’)UAS-dFatp
under the control of 54C-Gal4 driver. A dRPC (false colored pink) is visible sandwiched between two photoreceptors
(false colored green). Arrowheads indicate lipid droplet-like vesicles entering an endocytotic invagination in the
photoreceptor plasma membrane. Arrows indicate vesicles within photoreceptors surrounded by a double membrane.
(A’) shows vesicles in close association with mitochondria (m) in a photoreceptor. (B’) shows various stages of the
vesicle transfer from dRPC to photoreceptor. A vesicle within the dRPC (i) is taken up by the photoreceptor (ii), and
surrounded by a double membrane once internalized within the photoreceptor (iii). Note the position of mitochondria
(m) close to the vesicle. Scale bars, 1 μm (A and A’) and 0.5 μm (B and B’).

https://doi.org/10.1371/journal.pgen.1007627.g003

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse
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Fig 4. hFATP1 overexpression in mouse RPCs increases neutral lipid accumulation andmitochondrial
respiration. (A, B) Nile Red staining of neutral lipids (red) in mRPCs of a flat-mounted eye cup from wild-type
(C57BL/6J) mice (A) and hFATP1 transgenic mice (B). Nuclei are stained with DAPI (blue). Scale bars, 10 μm. (C)
Quantification of Nile Red staining in wild-type (WT) and hFATP1 transgenic (hFP1) mRPCs (as shown in A and B).
Mean ± SD of n = 19 and 20 animals, respectively. (D) Quantification of sterol esters (SE) and triacylglycerides (TAG)
in mRPCs fromWT and hFATP1 transgenic mice. Mean ± SD of n = 5 and 7 animals, respectively. (E–E”) mRPCs in

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse

PLOSGenetics | https://doi.org/10.1371/journal.pgen.1007627 September 10, 2018 8 / 25

175



protein associated with LD membranes (Fig 4E–4E”), supporting the notion that the Nile Red-

stained foci were indeed neutral lipid-containing LDs. The presence of LDs was also observed

in mRPCs of hFATP1TG mice by TEM (Fig 4F and 4G). Taken together, these data indicate

that hFATP1 expression in mouse RPCs leads to accumulation of LDs, consistent with our

findings in Drosophila RPCs.
Immunofluorescence staining for the mitochondrial marker ATP synthase revealed that

LDs and mitochondria were in close proximity in the RPCs of both WT and hFATP1TG mice

(Fig 4H–4I’), suggesting the possibility that LDs serve as an energy source in mRPCs. To test

this hypothesis, we measured the mitochondrial respiratory rate in permeabilized mRPCs by

monitoring O2 consumption after activation of different pathways (β-oxidation and Cx I + II).

We found that hFATP1 increased all respirations tested after addition of ADP to stimulate

ATP production (EIIImo β-ox and EIIImpgso CxI+CxII) (Fig 4J). Consistent with this, the

activities of the TCA cycle enzymes isocitrate dehydrogenase, 2-oxoglurarate dehydrogenase

(OGDH), and fumarase were all significantly increased in retinal extracts from hFATP1TG
mice compared with WTmice (Fig 4L–4N). This increased respiration rate in transgenic

mRPCs is unlikely to be due to an increase in mitochondrial mass because the activity of citrate

synthase was unaffected by hFATP1 overexpression (Fig 4K). Taken together, these data dem-

onstrate that hFATP1 overexpression in mRPCs increases the size of LDs and suggests that

they are substrates for energy production in the mitochondria.

Next, we asked whether hFATP1 expression and enhanced lipid storage in mRPCs could

non-autonomously affect the physiology of juxtaposed neural retinal cells, which includes pho-

toreceptor cells. mRPCs and the neural retina can be dissociated during dissection, which

enables the effects of mRPC-specific hFATP1 expression on the isolated photoreceptor cells to

be examined. Lipid profiling of the neural retina revealed that sterol ester and TAG levels were

higher while phospholipids levels remained unchanged in the neural retina of transgenic mice

compared with WTmice (Fig 5A and 5B). Moreover, the magnitude of the increase was simi-

lar to that seen in isolated mRPCs (compare Fig 5A with Fig 4D). These results suggest a non-

autonomous effect of mRPC-specific hFATP1 expression similar to the observed phenotype in

Drosophila. Next, analyses of the mitochondrial respiratory rate and TCA cycle enzyme activi-

ties in neural retinas showed a similar enhancement of O2 consumption (Fig 5C) and enzyme

activities (Fig 5D–5G) in tissue isolated from hFATP1TG mice compared with WTmice.

Taken together, these results indicate that hFATP1 expressed in mRPCs not only increased

lipid storage and mitochondrial respiration in the mRPCs themselves, but also in the neural

retinal cells.

whole-mount retinas fromWTmice double-stained with Nile Red (E) and anti-perilipin (green, E’). The merged
image (E”) shows extensive overlap between Nile Red and perilipin stainings. Scale bars, 5 μm. (F, G) TEM images of
mRPCs from wild-type (C57BL/6J) mice (F) and hFATP1 transgenic mice (G). am: apical membrane, Bruch mb:
Bruch membrane, me: melanosome, mi: mitochondria, p: phagosome. (H–I’) mRPCs in whole-mount retinas of WT
(H) and hFATP1 transgenic (I, I’) mice double-stained with Nile Red and anti-ATP synthase antibody (green, localized
to mitochondria). (I’) Magnification of the box in (I) shows the juxtaposition of mitochondria and neutral lipid stores.
Scale bars, 5 μm (H, I’), 10 μm (I). (J) Quantification of mitochondrial respiratory function (O2 consumption) in RPCs
isolated fromWT and hFATP1 transgenic mice. EIImo, basal respiratory rate; EIIImo, β-oxidation, EIIIMPGSO,
global respiratory chain function of mitochondrial complexes I and II. The boxes represent the median and lower and
upper quartiles, and the whiskers represent the 1.5 interquartile range. N = 21 and 10WT and transgenic animals,
respectively. (K–N) Activities of the TCA cycle enzymes, citrate synthase (K), isocitrate dehydrogenase (DH) (L),
oxoglutarate dehydrogenase (OGDH) (M), and fumarase (N) in RPCs isolated fromWT and hFATP1 transgenic mice.
Mean ± SD of n> 10 mice for each condition. �p<0.05, ��p<0.01, ���p<0.001 for WT vs transgenic groups by two-
sample t-test.

https://doi.org/10.1371/journal.pgen.1007627.g004

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse
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Genetic modifications of LD accumulation perturb retinal homeostasis

We next examined the consequences of LD accumulation caused by overexpression of FATP
for the viability of RPCs in mice and Drosophila. TEM analyses showed that mRPC-specific

expression of hFATP1 induced vacuolization of the mRPCs and thickening of both mRPC and

Bruch’s membranes in 3-month-old mice (Fig 6A–6D). Similarly, pan-retinal or dRPC-specific

expression of dFatp caused a moderate loss of dRPCs (one to two missing dRPCs in most

ommatidia), resulting in perturbation of the ommatidia organization in Drosophila retina (Fig
6E and 6F). In contrast to dRPCs, photoreceptor cell survival (visualized by expression of

Rh1-GFP) was unaffected by dFatp overexpression or by the knockdown of the Bmm-lipase
which induced the accumulation BODIPY493/503 similar to dFatp overexpression (Fig 6G and

6H and S6 Fig). These results in Drosophila retina are in agreement with our previous findings

in mouse retina showing that photoreceptor layers were unaffected when hFATP1 was overex-

pressed in mRPCs [31]. Therefore, FATP-mediated LD accumulation in RPCs does not appear

to be deleterious to photoreceptor cells under physiological conditions.

In contrast, knockdown of dFatp with the 54C driver, which is associated with a diminution

of LD content, resulted in late onset photoreceptor degeneration in the Drosophila retina

Fig 5. Cell non-autonomous effect of mRPC-specific hFATP1 overexpression on the lipid content and respiratory rate in the neural retina.
(A) Quantification of sterol esters (SE) and triacylglycerides (TAG) in the neural retina of 3-month-old WT and hFATP1 transgenic mice. (B)
Quantification of total phospholipid content in the neural retina of WT and hFATP1 transgenic mice. Mean ± SD of n = 5 and 7 retinas,
respectively. (C) Quantification of mitochondrial respiratory function in the neural retina of WT and hFATP1 transgenic mice. EIImo, basal
respiratory rate; EIIImbgso, β-oxidation; EIIImpgso, global respiratory chain function of complexes I and II. The boxes represent the median
and lower and upper quartiles, and the whiskers represent the 1.5 interquartile range. N = 12 and 14WT and transgenic retinas, respectively.
(D–G) Activities of citrate synthase (D), isocitrate dehydrogenase (DH) (E), oxoglutarate dehydrogenase (OGDH) (F), and fumarase (G) in
neural retinal extracts fromWT and hFATP1 transgenic mice. Mean ± SD of n> 9 retinas. �p<0.05, ��p<0.01, ���p<0.001 for WT vs
transgenic groups by two-sample t-test.

https://doi.org/10.1371/journal.pgen.1007627.g005

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse
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Fig 6. Consequences of FATP-dependent accumulation of LDs on RPCs and photoreceptors inDrosophila and mice. (A) TEM
images of horizontal sections from 3-month-old wild-type (C57BL/6J) and hFATP1 transgenic mice. Abundant vacuoles (v) and
thickened Bruch’s membrane (mb, dashed lines) are evident in the aged hFATP1 mice. me: melanosome, mi: mitochondria, n:
nucleus. Scale bars, 500 nm. (B–D) Quantification of Bruch’s membrane width (B), mRPC width (C), and vacuole density in mRPCs
(D) from the images shown in (A). Mean ± SD of n = 14 and 18WT and transgenic animals, respectively. (E) Cornea neutralization
method of the retinas using confocal fluorescence microscopy (dRPC autofluorescence) of 30-day-oldDrosophila expressing (a, c)

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse
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(Fig 6Gc, 6Gd and 6H). Importantly, this photoreceptor degeneration induced by expression

of dFatp-RNAi with the 54C driver was suppressed by Gal80 expression in dRPCs with the

Repo driver (Fig 6J). In contrast, blocking the expression of dFatp-RNAi specifically in photo-

receptors (elav-Gal80) did not inhibit photoreceptor degeneration (Fig 6J). This supports the

fact that dFatp-dependent accumulation of LD in dRPC is non-autonomously required for

photoreceptor viability. In agreement with the idea that LD are required for photoreceptor via-

bility, we also observed a late onset photoreceptor degeneration similar to dFatp knockdown,
by forcing LD lipolysis by overexpressing the Bmm-lipase or inhibiting LD biogenesis by

expressing a RNAi againstmidway (mdy), a diacylglycerol acyltransferase (DGAT) that func-
tions in the formation of TAG (Fig 6I and S6 Fig).

Next, we examined the effect of Vitamin A-deficient diet on photoreceptor degeneration

induced by 54C>dFatp-RNAi. As previously shown [28], the Vitamin A deficient diet

strongly suppressed photoreceptor degeneration in dFatp mutant (S3A Fig). In contrast,

we only observed a modest rescue of photoreceptor degeneration in flies expressing dFatp-
RNAi in dRPCs with this diet supporting the idea that a Vitamin A independent dRPC role of

dFatp in photoreceptor degeneration is predominant (Fig 6K). Collectively, these results indi-

cate that dFatp-dependent LDs support photoreceptors viability during the normal aging

process.

Finally, we asked whether LD accumulation in dRPCs was beneficial or deleterious to pho-

toreceptors under stress conditions. For this, we examined young (5-day-old) Aats-metFB

mutant flies, in which dFatp RNAi prevents LD accumulation (see Fig 1B and 1C). Impor-

tantly, dFatp RNAi alone does not induce photoreceptor degeneration in 5-day-old flies [28],

but the mutation Aats-metFB itself causes some degeneration, allowing us to examine the con-

sequence of dFatp RNAi in Aats-metFBmutant on photoreceptor survival. We analyzed the

apical/distal position of photoreceptor nuclei, which are normally clustered apically in the WT

retina but are mislocalized under conditions associated with photoreceptor death [28]. Moni-

toring of mislocalized nuclei is a useful readout of cell death in situations where photoreceptor

rhabdomeres are difficult to count due to their rapid degradation, as is the case for Aats-metFB

mutants. We observed an increase in the number of nuclei mislocalized between the proximal

and distal part of the retina in Aats-metFBmutants compared with WT flies (Fig 7Aa, 7Ac and

7B), consistent with previous reports for this mutant [9]. However, the mislocalization was

completely reversed by dRPC-specific dFatp RNAi (Fig 7Ad and 7B). These results indicate

that FATP-mediated LD accumulation in dRPCs is harmful to photoreceptors under condi-

tions of pathological oxidative stress (Aats-metFBmutants), in stark contrast to the beneficial

effect under physiological conditions.

UAS-LacZ (control) or (b, d) UAS-dFatp throughout the retina (GMR-Gal4) or in dRPCs alone (54C-Gal4). Arrows show loss of
dRPCs resulting in disorganization and loss of typical hexagonal ommatidial shape (dashed outline) upon dFatp overexpression. Scale
bars, 10 μm. (F) Quantification of ommatidia with missing dRPCs (affected ommatidia) in retinas shown in (E). Mean ± SD of n = 5
and 8 control and transgenic flies, respectively. Black bars, GMR-Gal4; pink bars, 54C-Gal4. (G) Visualization of retinas of 40-day-old
Rh1-GFP-expressing flies by the cornea neutralization method with dRPC-specific expression of (a)UAS-LacZ (control), (b) UAS-
dFatp, (c) UAS-LacZ RNAi (control-RNAi), or (d)UAS-dFatp-specific RNAi (dFatp-RNAi[GD9406]). (b) dFatp overexpression in
dRPCs does not affect photoreceptor survival, as indicated by intact rhabdomeres (dashed outlines). (d) dFatp-RNAi[GD9406]

expression induces the loss of rhabdomeres (arrows). Scale bars, 10 μm. (H) Quantification of ommatidia with one or several missing
photoreceptors (affected ommatidia), as shown in (G). (I) Quantification of affected ommatidia with missing photoreceptors in 7, 21
and 30 day-old flies expressingUAS-LacZ, UAS-dFatp orUAS-Bmm under the control of 54C-Gal4. (J) Quantification of affected
ommatidia with missing photoreceptors in 30 day-old flies expressingUAS-LacZ, orUAS-dFatp under the control of 54C-Gal4
combined with repo-Gal80 (white bar), elav-Gal80 (pink bar) or wild-type (green bar). (K) Quantification of affected ommatidia with
missing photoreceptors in 30 day-old flies expressingUAS-LacZ or UAS-dFatp-RNAi under the control of 54C-Gal4 in normal (yellow)
or Vitamin A deficient (blue) diet. Mean ± SD of n = 5–7 flies/condition. �p<0.05, ��p<0.01, ���p<0.001 by two-sample t-test.

https://doi.org/10.1371/journal.pgen.1007627.g006
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Discussion

Here, we studied the consequences of dysregulated lipid storage in RPCs on photoreceptor

structure and function in both Drosophila and mouse retinas. Our results show that the FATP
dependent-mechanisms of lipid storage and communication between RPC and photoreceptor

layers are largely conserved in flies and mice. We made several novel observations in this

study. We showed that FATP expression is required for LD formation in mouse and Drosoph-
ila RPCs. Interestingly, FATP has an acyl-CoA synthetase activity that is thought to facilitate

cellular uptake of FAs (reviewed in [16]). FATP also interacts with DGAT-2 on the endoplas-

mic reticulum, where it has been show to function in LD expansion in C. elegans [13]. The fact
that dFatp overexpression increases LD size but not number also suggests that the role of

FATP in LD expansion is conserved in Drosophila. Interestingly, retinal LD accumulation

induced by FATP overexpression resembles one of the key hallmarks of AMD pathology; that

is, the accumulation of lipids in RPCs and of drusen in Bruch’s membrane [32]. We also found

that mRPC-specific hFATP1 expression increased non-autonomously neutral lipids, β-oxida-
tion, TCA enzyme activity, and mitochondrial respiration in photoreceptors. The fact that

overexpression of FATP promotes both catabolic (mitochondrial respiration, TCA cycle, β-
oxidation) and anabolic (increase of TAG and SE) functions that are distinct processes could

be interpreted as followed. First, FATP promotes the import of fatty acids, which are used for

different metabolic function including catabolism and anabolism within the cell. And second,

FATP carries an acyl-coA synthase activity that is central in lipid metabolism for lipid elonga-

tion, unsaturation but also β-oxidation [16]. In flies, we did not evaluate the mitochondrial res-

piration rate due to the technical difficulty of dissociating RPCs from photoreceptor cells.

However, mitochondria were intact by TEM and frequently observed juxtaposed to LDs in

both flies and mice. The proximity between LD and mitochondria suggests that release of

TAGs from LDs mediated by lipases could provide an energy source for the mitochondria.

This hypothesis is supported by studies showing that physical proximity between LDs and

mitochondria is important for β-oxidation of FAs [33].

Fig 7. dRPC-specific knockdown of dFatp suppresses Aats-metFB-induced photoreceptor degeneration inDrosophila retina. (A)
Epifluorescence microscopy of retinal sections on whole eye clones generated with the GMR-hid/FLP-FRT technique [49] from 5-day-old FRT82B-
wild-type (a, b, control) or FRT82B-Aats-metFBmutant (c, d) flies expressing UAS-dFatp-RNAi[GD16442] (b, d) orUAS-Lac-RNAi (a, c) under the
control of 54C-Gal4. In Aats-metFBmutant (c), nuclei (stained with DAPI, white) are mislocalized between the distal and proximal part of the retina
(red arrows), indicative of dying photoreceptors. dRPC-specific expression ofUAS-dFatp-RNAi[GD16442] markedly reduces the number of dying
photoreceptors in Aats-metFBmutant (d). Scale bars, 100 μm. (B) Quantification of mislocalized nuclei, as shown in A. Mean ± SD of n> 6 retinas.
��p<0.01 by two-sample t-test.

https://doi.org/10.1371/journal.pgen.1007627.g007
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In flies, we used the 54C driver, which is strongly expressed in dRPCs to examine the non-

autonomous role of dFatp on adjacent photoreceptor as previously described [27]. Because the

54C driver also showed a low level of expression in few photoreceptors during pupal develop-

ment, we took advantage of the Gal80 system to show that photoreceptor degeneration

observed in flies carrying 54C>dFatp-RNAi is due to the expression of dFatp-RNAi in dRPCs

but not in photoreceptors. These results support a non-autonomous role of dFatp in fly RPCs

as it is observed in the mouse. Altogether, we have shown that both the function of FATP in

RPCs and its effect on photoreceptor cells are largely conserved between flies and mammals.

Although our data demonstrate that FATP-mediated LD accumulation in RPCs provides a

metabolic signal to photoreceptors, it is not clear whether the signal itself is a lipid or another

signaling molecule. Recent work proposed that in mutants that carry dysfunctional mitochon-

dria, the accumulation of LDs in RPCs requires transfer of lactate from RPCs to photorecep-

tors [27]. The increased lactate levels in photoreceptors enhanced the activity of the TCA cycle

and synthesis of FAs, which then underwent apolipoprotein-mediated transfer back to RPCs

and induced LD formation [27]. A similar mechanism was described in mouse neuronal/glial

co-cultures, raising the possibility that it may also be operating in the retina of hFATP1TG
mice [27]. Our ultrastructural analysis supports the possibility of an exchange of electron

dense material between RPCs and photoreceptor cells in Drosophila. Indeed, electron dense

vesicles—similar in appearance and size to LDs—were observed in contact with dRPCs, as

invaginations in the photoreceptor membrane, and finally as double-membraned structures in

close proximity to the mitochondria in photoreceptors. Associations between LDs and mito-

chondria have also been observed in skeletal and heart muscle, where it was proposed to facili-

tate β-oxidation [34, 35, 33]. Although further studies will be required, our ultrastructural

findings provide a hint that vesicle transfer could be a route of communication between RPCs

and photoreceptors. Collectively, our results demonstrate that crosstalk between RPCs and

photoreceptors is crucial for normal photoreceptor homeostasis and that its breakdown may

contribute to retinal pathologies.

In our previous work, we showed that dFatp is expressed at higher levels in dRPCs than in

photoreceptors, and that loss of dFatp led to a cell-autonomous photoreceptor degeneration

[28]. We had proposed that degeneration of photoreceptors in the dFatpmutant is due to a

failure to degrade Rh1, which accumulates to toxic levels and triggers apoptosis. Indeed, pho-

toreceptor loss was rescued by down-regulating Rh1 levels in a Vitamin A-deficient diet [28].

We now show that photoreceptor undergo degeneration in flies expressing dFatp-RNAi in
dRPCs even if fed in a Vitamin A-deficient diet. This indicates that dFatp expression in dRPCs

also contributes to photoreceptor viability via its role in LD biosynthesis. This is further sup-

ported by our results showing that forcing LD lipolysis or inhibiting LD biogenesis induced

late onset photoreceptor degeneration similar to dFatp knockdown. Therefore, dFatp would
have two distinct functions in photoreceptors and dRPCs. In photoreceptors, dFatp is required
for optimal Rh1 metabolism, presumably due to its role in phosphatidic acid synthesis and

Rh1 trafficking [16, 36, 37]. In dRPCs, dFatp is required for expansion of LDs, which can then

be metabolized for energy production. Finally, hFATP1 has been shown to directly interact

with visual cycle enzymes in RPC to regulate retinyl-ester-dependent RPE65 isomerase neces-

sary for production of 11-cis-retinal and rhodopsin [38, 39]. In Cubizolle et al., we have also

shown by HPLC that retinyl esters accumulate in mRPC of transgenic mice expressing

hFATP1 [31]. We had proposed that the accumulation of retinyl ester could be due to either

the inhibition of RPE65 or to an increase of long-chain fatty acids (LCFA) induced by hFATP1
expression, which results in increased retinyl esters. Indeed, incorporated LCFA can form

phosphatidyl choline (PC), which serves in the esterification of all-trans-retinol to form all-

trans-retinyl esters in a reaction catalyzed by the Lecithin retinol transferase (LRAT) [40].
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Together, our results show that in addition to the role of FATP in the regulation of visual cycle

precursors in mouse RPC [31] and in the regulation of Rh1 levels in Drosophila photoreceptor

[28], FATP has a conserved RPC-specific function in lipid storage that promotes the increase

of neutral lipids in photoreceptors and the overall energy metabolism by the mitochondria in

RPC and photoreceptor layers.

Our results show that the ectopic accumulation of LDs in RPCs induced by overexpression

of FATP is not toxic to photoreceptors in either Drosophila (this study) or mice [31], and that

physiological levels of LD are protective for Drosophila photoreceptors during aging. The loss
of photoreceptors following depletion of LDs may therefore be due to the dwindling supply of

energy, especially since photoreceptors have high-energy demands [5]. This hypothesis is sup-

ported by the proximity of LD and mitochondria that is observed in both mouse and fly retina

that overexpress FATP. It is also supported by the increased mitochondrial respiration and β-
oxidation rates measured in both RPC and PR layers of mice retina that overexpress hFATP1.
Another non-exclusive hypothesis supported by recent reports, is that de novo LD biogenesis

protects against lipotoxicity under conditions of low nutrient supply or high-energy demand

as it was shown in adipocytes and mouse embryonic fibroblasts [41, 42]. Collectively, these

results indicate that lipid storage in LDs is physiologically required for photoreceptor health

during aging. In addition to acting as an energy source, LDs may also reduce the cellular sensi-

tivity to ROS. The latter possibility is supported by the finding that ROS induced by light expo-

sure, which promotes the accumulation of photo-damaged proteins and lipids [43], enhances

photoreceptor degeneration to a greater extent in dFatp mutant flies than in WT flies [28].

Similarly, LD accumulation in glia protects against ROS-induced damage of the developing

nervous system of Drosophila upon exposure to hypoxia [8]. Moreover, LDs are not uniform

structures but exist in various forms with differing potential functions, such as storage of phos-

pholipids, vitamin E, and cellular toxins [10].

Our data establish that LDs are not toxic to retinal cells under physiological conditions, but

that they can contribute to neurodegeneration under some stress conditions as shown here

with the Aats-metFBmutants (model in Fig 8). In these mutants, suppression of LD accumula-

tion in dRPCs is neuroprotective, suggesting that the LDs non-autonomously promote photo-

receptor cell death under conditions of oxidative stress. This is consistent with studies of flies

with mitochondrial defects that cause high ROS levels in neurons, which demonstrated that

removal of LDs by dFatp knockdown rescued retinal degeneration in sicily (Drosophila homo-

log of the human nuclear encoded mitochondrial gene NDUFAF6) andmarf (Drosophila
homolog of the mitochondrial fusion GTPases, Mitofusin 1 and 2) mutants and that ectopic

expression of Bmm-lipase rescued photoreceptors in Aats-met mutants [9, 27]. One possible

explanation as proposed by Liu et al. [27], is that high levels of ROS induce an abnormal initial

raise followed by a decrease of LD as the pathology progresses. This perturbed turnover could

override LD beneficial role and enhances lipid peroxidation and photoreceptor death. Collec-

tively, our findings and those of others suggest that LDs may play a protective or beneficial

role under physiological conditions and be deleterious under pathological conditions.

In conclusion, despite the difference in mouse and fly retinal architecture, RPCs appear to

be functionally homologous in both species with respect to providing metabolic support for

adjacent photoreceptors. Drosophila RPCs form a tight barrier between the hemolymph and

photoreceptors, similar to the mammalian outer retina [44], implying that dRPCs, like mam-

malian RPCs, may play an active role in metabolite exchanges with photoreceptors [32]. Simi-

lar to dRPCs, it was recently shown that Drosophila cone cells, which are also accessory cells of

photoreceptors, express glial cell markers and are important to maintain photoreceptor func-

tion in the adult fly [45]. Thus, combined with our data, these results support that both types

of accessory cells- dRPCs and cone cells- carry glial functions similar to the support functions
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of Müller glia and retinal pigment epithelium (here mRPC) in the vertebrate retina. We pro-

pose that the RPC–photoreceptor interaction is a conserved paradigm between Drosophila and
mammalian that will be a useful model to investigate mammalian RPC disorders, such as

AMD, particularly given Drosophila genetic tractability.

Material andmethods

Ethics statement

Experiments were carried out in accordance with the European Communities Council Direc-

tive of 24 November 1986 (86/609/EEC) and the French Ethical Committee (CEEA-LR-12141)

guidelines for the care and use of animals for experimental procedures.

Drosophila genetics

The fly stocks used in this study were: 54C-Gal4 (BS#27328) [24], GMR-Gal4, Rh1-Gal4 [46],
UAS-dcr2; eyeless-Gal4 (ey-Gal4),GMR-Gal4, Rh1-GFP (gift from Claude Desplan), UAS-
dFatp, FRT40A dFatpk10307 [28], Rh1-Gal4, eyflp; FRT40A Rh1-TdTomatoNinaC ; UAS-GFP
[47], UAS-bmm [29], UAS-dFatp-RNAi (VDRC stocks GD16442 and GD9604), UAS-bmm-
RNAi (BS#25926); UAS-Mdy-RNAi (VDRC stock GD1749 #6367), FRT82B Aats-metFB

(BS#39747), and Rh1-GFP [48]. Repo-Gal80 and Elav-Gal80 (gift from Laurent Seugnet,

CRNL, Lyon, France). Mitotic whole eye mutant clones for dFatpk10307 and Aats-metFBwere
generated using GMR-hid/FLP-FRT technique by crossing a mutant line carrying the FRT-

containing chromosome with a line containing ey-flp and FRT40A GMR-hid (for dFatpk10307)

Fig 8. Schematic of the role of FATP in the metabolism of lipid droplets and communication between RPCs and photoreceptors under physiological and
pathological conditions.Under physiological conditions, FATP is involved in the maintenance of LD and their presence in RPCs is required and beneficial for
photoreceptor health. Indeed, the removal of LD by expression of dFatp-RNAi, Mdy-RNAi or Bmm induces a progressive photoreceptor degeneration in flies.
Overexpression of FATP in RPCs expands the cellular LD content, which has a cell non-autonomous stimulatory effect on neighbouring photoreceptors that
increases LD (in flies), neutral lipids, mitochondrial respiration and β-oxidation (in mice). LD accumulation in condition of overexpression of FATP in RPCs is not
toxic for photoreceptors and could be considered beneficial through increased mitochondrial function and nutrient availability in these cells. Under conditions of
oxidative stress (e.g., Aats-metFBmutant flies, in which ROS levels are elevated in photoreceptors), LD are no longer beneficial. In this scenario, LD could be
considered as detrimental which could be due to their abnormal turnover under high ROS leading to enhanced lipid peroxidation.

https://doi.org/10.1371/journal.pgen.1007627.g008
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or FRT82B GMR-hid (for Aats-metFB) [49]. Human FATP1 cDNA, a gift from Celine Haby

(IGBMC, Strasbourg), was cloned via BamHI and EcoRI into a pUAST-w+-attB transgenic

vector. Transgenic lines were generated by Best Gene (Chino Hills, CA, USA) using PhiC31

integrase-mediated transgenesis [50] at the same site used for dFatp (65B2). Flies were main-

tained on standard corn medium at 25˚C or on Vitamin A-deficient medium. Vitamin A-defi-

cient medium contained yeast (12 g), agar (1,5 g), sucrose (7,5 g), cholesterol (0,03 g), sodium

methyl-4-hydroxybenzoate (1.15M, 3.75 mL) and propionic acid (0.72 mL) in distilled water

(150 mL) as described [28].

Lipid droplet staining using BODIPY lipid probes

The retinas of 1-day-old flies were dissected in ice-cold HL3 medium [51] according to [28].

Tissues were then processed for staining with either C1-BODIPY
500/510-C12 (D-3823) or BOD-

IPY493/503 (D-3922; both acquired from Life Technologies) as stated in figure legends.

For BODIPY500/510-C12, dissected retinas were warmed to 25˚C and directly incubated for

30 min with 1.5 μg/mL BODIPY500/510-C12 (D-3823), washed three times in HL3 medium,

fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences) for 15 min at room tem-

perature (RT), washed three times in wash buffer (PBS containing 0.1% Triton-X100), and

incubated for 16 h at 4˚C in wash buffer supplemented with 25 ng/mL phalloidin-TRITC

(Sigma).

For BODIPY493/503, dissected retinas were fixed first in 4% PFA for 15 min at RT, washed

three times and then incubated with 75 ng/mL BODIPY493/503 and 25 ng/mL phalloidin-

TRITC for 16 hours at 4˚C.

Subsequently, samples were washed three times in wash buffer, mounted on a bridge slide

in Vectashield (Vector Laboratories), and stored at −20˚C until analysis. 16-bit image stacks

were acquired on a Zeiss LSM800 microscope and processed for quantification using ImageJ2

software [52]. Images were filtered for noise using Gaussian Blur 3D (σ = 1), after which a Z-

projection was made. LDs were identified by thresholding the images, and the integrated den-

sity of the signal and total retinal area were measured. The integrated density of BODIPY stain-

ing divided by the total area of the retina was normalized to the control for each experiment.

Statistical analysis

Statistical analyses were performed using R. Group differences were analyzed by t-test or

Tukey’s HSD paired sample comparison test, as specified in the figure legends.

Imaging of photoreceptors and RPCs by the cornea neutralization method
in living flies

Living flies, maintained for 30 days at 25˚C on a 12h light/dark cycle, were anesthetized using

CO2, embedded in 1% agarose covered with cold water [53], and imaged using a Leica SP5

upright confocal microscope. RPCs were visualized by pigment autofluorescence (excitation

514 nm, detection 530–630 nm) and photoreceptors were identified by Rh1-GFP expression

(excitation 488 nm, detection 500–570 nm) as described [24, 47, 53]. Ommatidia lacking one

or several RPCs lose their lozenge shape and are counted as affected ommatidia. Photoreceptor

rhabdomeres were quantified using Fiji cell counter tool.

Transmission electron microscopy of Drosophila eyes

Dissected Drosophila eyes were fixed in 0.1 M cacodylate buffer, 2.5% glutaraldehyde, and 2

mM CaCl2 for 16 h at 4˚C. After rinsing with 0.1 M cacodylate buffer at RT, the eyes were
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incubated with 1% OsO4 in 0.1 M cacodylate buffer for 2 h at RT. Tissues were then progres-

sively dehydrated in acetone at RT and mounted in 100% epoxy resin (Epon 812) in silicone-

embedding molds. After resin polymerization for 48 h at 60˚C, samples were sliced into 60 nm

sections, which were stained with lead citrate and examined with a Philips CM120 transmis-

sion electron microscope (TEM) operating at 80 kV. For quantification, only LDs were consid-

ered that were clearly localized within either dRPC or photoreceptors. Vesicles surrounded by

double membrane layers were excluded.

Mice

Transgenic mice overexpressing human FATP1 (hFATP1TG) specifically in the RPCs (driven

by the RPC-specific VDM2 promoter) were generated on a C57BL/6J genetic background as

previously described [31]. The hFATP1TG mice were maintained on a standard 12 h light (90

lux)/12 h dark cycle at ~22˚C and were fed ad libitum with a standard rodent diet. Mice were

housed in facilities accredited by the French Ministry of Agriculture and Forestry (B-34 172 36

—March 11, 2010). Mice were euthanized by cervical dislocation and the eyes were enucleated

and dissected.

Co-staining of lipids, perilipin, and ATP synthase

Nile Red staining of lipids [54] was used alone or in conjunction with fluorescent protein

immunostaining. The eyes of 3-month-old mice were enucleated and the retina was sepa-

rated from the RPC/choroid layer to obtain an empty eyeball [31]. The eyes were fixed in 4%

PFA for 1 h at RT, washed with PBS, and permeabilized with 0.1% sodium dodecyl sulfate.

They were then incubated for 20 min at RT in blocking buffer (10% fetal calf serum in

PBS), and incubated overnight at 4˚C with a mouse anti-mouse ATP synthase (Millipore

MAB3494, 1:500) or rabbit anti-mouse perilipin (D1D8, Cell Signaling Technology # 9349,

1: 200) primary antibody. The tissues were then incubated for 4 h at RT with Alexa Fluor

488-conjugated anti-rabbit or anti-mouse secondary antibodies diluted in blocking buffer.

The immunostained eyeballs were gently rinsed in PBS, incubated with Nile Red solution

(10 μg/ml) for 30 min at RT in the dark, washed twice in PBS for 5 min at RT, and incubated

with 40,6-diamidino-2-phenylindole (DAPI, 1:1000) for 5 min at RT. The eyeballs were

finally rinsed 5 times in PBS for 5 min at RT and mounted in Dako mounting medium. Con-

focal imaging was performed with a Zeiss LSM 5 LIVE DUO Highspeed/Spectral Confocal

system. Images were acquired with Zeiss Zen software, and LDs were counted with ImageJ

software.

Quantification of neutral lipids in mouse retina

Mice were euthanized by vertebral dislocation, the eyes were enucleated, and the neural retina

was removed from the eye cup. Neural retinas were directly frozen in liquid nitrogen. The

RPC/choroid was scraped and collected in PBS, and the samples were centrifuged to remove

the PBS. Tissues were stored dry at −80˚C.
Lipids were extracted and analyzed as previously described [55]. Total lipids were extracted

twice from tissues with ethanol/chloroform (1:2, v/v). Before extraction, internal standards

were added. The organic phases were dried under nitrogen and lipid classes were separated by

thin-layer chromatography on silica gel G using a mixture of hexane-ethyl ether -acetic acid

(80:20:1 v/v/v). Lipids were transmethylated and the fatty acid methylesters were analyzed by

gas chromatography. Briefly, samples were treated with toluene-methanol (1:1, v/v) and boron

trifluoride in methanol. Transmethylation was carried out at 100˚C for 90 min in screw-

capped tubes. After addition of 1.5 mL, 10% K2CO3 in water, the resulting fatty acid methyl
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esters were extracted with 2 mL of isooctane and analyzed by gas chromatography, using an

HP6890 instrument equipped with a fused silica capillary BPX70 SGE column (60 × 0.25 mm).

The vector gas was hydrogen. The temperatures of the Ross injector and the flame ionization

detector were set at 230˚C and 250˚C, respectively.

Oxygen consumption

Respiration was measured on RPC/choroid and neural retinas permeabilized by incubation

for 2 min with 15 μg digitonin per mg and resuspended in a respiratory buffer (pH 7.4, 10 mM

KH2PO4, 300 mMmannitol, 10 mM KCl and 5 mMMgCl2). The respiratory rates were

recorded at 37˚C in 2 ml glass chambers using a high-resolution Oxygraph respirometer (Oro-

boros, Innsbruck, Austria). Assays were initiated in the presence of 5 mMmalate/0.2 mM octa-

noyl carnitine to measure state 2, basal respiration (EIImo basal). Complex I-coupled state 3

respiration was measured by adding 0.5 mMNAD+/1.5 mM ADP (EIIImo β-ox). Then, 5 mM

pyruvate and 10 mM succinate were added to reach maximal coupled respiration (EIIImpgso

CxI+CxII), and 10 μM rotenone was injected to obtain the CII-coupled state 3 respiration. Oli-

gomycin (8 μg/mL) was added to determine the uncoupled state 4 respiration rate. Finally, car-

bonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (1 μM) was added to control the

permeabilization of the tissues.

Mitochondrial enzymatic activities

The activities of the mitochondrial citrate synthase (CS), oxoglutarate dehydrogenase

(OGDH), isocitrate dehydrogenase (IDH) and fumarase were measured in 5 μl RPC/choroid
and neural retina homogenates (sonicated in 50 μl PBS) at 37˚C using a Beckman DU-640B

spectrophotometer (Beckman Coulter) or a CLARIOstar (BMG LabTech) [56]. Briefly, citrate

synthase activity was measured using 0.15 mMDTNB reagent (SIGMA Aldrich) which inter-

acts with CoA-SH to produce TNB. The formation of TNB was followed for 1.5 min at wave-

length of 412 nm. IDH and OGDH activities were determined in the presence of respective

substrates isocitrate and α-ketoglutarate, by monitoring for 3 min the change in NAD+ to

NADH which absorbs light at 340 nm. Fumarase activity was determined by measuring the

conversion of L-malate to fumarate, monitoring the increase in absorbance at 250 nm. The

optical density variation per minute is calculated from the curve and the enzymatic activity

expressed as nmol of product formed/minute/mg protein.

Electron microscopy of mouse RPCs

The eyes of 3–6 month-old hFATP1TG mice were rapidly enucleated, the corneas were

removed, and the eyeballs were fixed by immersion in 2.5% glutaraldehyde in Sorensen’s phos-

phate buffer (0.1 M, pH 7.4) overnight at 4˚C. The tissues were then rinsed in Sorensen’s buffer

and post-fixed in 1% OsO4 for 2 h in the dark at RT. The tissues were rinsed twice, dehydrated

in a graded series of ethanol solutions (30–100%), and embedded in EmBed 812 using a Leica

EM AMW (Automated Microwave Tissue Processor for Electronic Microscopy). Sections (60

nm thick) were cut near the optic nerve (Leica-Reichert Ultracut E), counterstained with ura-

nyl acetate, and examined using a Hitachi 7100 TEM (Centre de Ressources en Imagerie Cellu-

laire de Montpellier, France). The thickness of Bruch’s membrane was determined by

measuring both the thickest and the thinnest parts of 5 fields throughout the retinal section

per mouse. Data are presented as the median value per eye. We also enumerated the vacuoles

in 5 fields of retinal sections per mouse at 10,000×magnification.
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Supporting information

S1 Fig. Schematic of the mouse andDrosophila retina. (A) Mouse retinal pigment epithelial

cells (mRPCs, pink) support photoreceptor rods and cones (green) by providing them with

nutrients, transported across Bruch’s membrane from the underlying vasculature. (B) Tangen-

tial (top) and horizontal (bottom) views through a Drosophila ommatidium (of ~800 in total)

showing Drosophila retinal pigment cells (dRPCs, primary, secondary and tertiary pigment in

pink), bristle cells (cone cells are not represented on these drawings) organization around the

photoreceptors. In contrast, to mRPCs that are only in contact with photoreceptor outer seg-

ments containing disk-filled of opsins (equivalent to rhabdomeres in flies), dRPCs are in con-

tact with the cell bodies of photoreceptors and have a large zone of exchange.

(TIF)

S2 Fig. dFatp overexpression with the 54C-Gal4 driver induces a specific accumulation of

LDs in dRPCs. (A-A” and B-B”) Expression pattern of 54C-Gal4 driver. Expression of the

UAS-GFP is driven by the 54C-Gal4, GFP is visualized by confocal fluorescence microscopy on

a pupal eye disc at 42 h after puparium formation (AFP). (A) merge, (A’) anti-GFP (A”) and

anti-Elav antibody stainings. (A-A”) A strong expression of the GFP in secondary and tertiary

pigment cells (dRPCs, arrows), and a weak expression in photoreceptors (Elav positive, arrow-

heads) at the level of Elav positive nuclei in the apical part of the pupal retina. (B-B”) A strong

expression of GFP in six secondary (false color in brown) and three tertiary (false color in

blue) pigment cells per ommatidium at the basal part of the eye disc. The position of bristle

cells that lack GFP expression is shown (�) in A and B. GFP staining in primary pigment cells

located above the photoreceptor layer is not apparent in these optical sections. (C) LD labeled

with BODIPY493/503 (D3922) are revealed by confocal microscopy in horizontal sections of

whole retinas from one-day-old flies expressing (a, c) UAS-LacZ (control) and (b, d) UAS-
dFatp under the control of 54C-Gal4 driver alone (a, b) or concomitantly with repo-Gal80 (c,
d). Photoreceptors are counterstained with phalloidin-rhodamine (red). (D) Quantification of

BODIPY493/503 (D3922) from the images shown in (C). Data are presented as the fold change

in fluorescence intensity (dots/μm2) compared with the LacZ-control flies. Log adjusted values:
�p<0.05, ��p<0.01, ���p<0.001 by Tukey’s HSD paired sample comparison test.

(TIF)

S3 Fig. Vitamin A is not required for dFatp-dependent accumulation of LD. (A) Quantifi-

cation of the substantial loss of photoreceptors in whole-eye dFatpk10307 clone, quantified as %

affected rhabdomeres. Whole-eye dFatpk10307mutant flies were generated using the GMR-hid/

FLP-FRT technique [49] with the following genotype FRT40A- P{LacW}dFatpk10307/
FRT40A-GMR-hid; ey-Gal4,UAS-FLP/TM6B. For control flies a FRT40A-wild type chromo-

some was used. Control and dFatp mutant flies were fed on a Vitamin A deficient diet, which

rescued photoreceptor degeneration in dFatp mutant. (B) LDs labeled with BODIPY493/503

(green) were revealed by confocal microscopy in horizontal sections of whole retinas from

one-day-old flies expressing UAS-dFatp (b) or UAS-LacZ (a) under the control of 54C-Gal4
driver in flies fed with Vitamin A deficient diet. Photoreceptors are counterstained with phal-

loidin-rhodamine (red). Under vitamin A deficient diet (a, b), accumulation of LDs still

occurs. (C) Quantification of BODIPY493/503 from the images shown in (B). Data are presented

as the fold change in fluorescence intensity (dots/μm2) compared with the LacZ-control flies.
Log adjusted values: ��p<0.01, by Tukey’s HSD paired sample comparison test. (D) The

dFatpk10307 loss of function allele eliminates LD content in the Drosophila retina of flies fed
with a regular diet. Horizontal sections of wild-type (Control) or dFatpk10307mutant retinas,

stained with BODIPY500/510-C12 (green) to visualize LDs. Retinas of one-day-old flies were
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used, photoreceptors rhabdomeres were stained with phalloidin-rhodamine (red) and images

were acquired by confocal fluorescence microscopy (scale bars 25 μm). Whole-eye dFatpk10307

mutant flies were generated using the GMR-hid/FLP-FRT technique with the following geno-

type FRT40A-P{LacW}dFatpk10307/FRT40A-GMR-hid; ey-Gal4,UAS-FLP/TM6B. For control
flies a FRT40A-wild type chromosome was used.

(TIF)

S4 Fig. TEM of retina from flies overexpressing the Bmm lipase. TEM showing ommatidia

from one-day-old flies expressing UAS-Brummer under control of the dRPC-specific
(54C-Gal4) driver. One ommatidium in each panel shows seven photoreceptors (false colored

green) with central rhabdomeres surrounded by dRPCs (false colored pink). Scale bars, 2 μm
(a–d), 1 μm (c’, d’). m, mitochondria; R rhabdomeres; arrowhead, small round shaped vesicles

with an irregular shape and clear content that are distinct from LD.

(TIF)

S5 Fig. dFatp is a functional ortholog of human FATP1. (A, B) Confocal fluorescence micros-

copy of retinas from dFatp-/- (dFatpk10307) mutant flies without (A) or with (B) photoreceptor-

specific expression of human FATP1 (dFatp-/-;Rh1>hFATP1). hFATP1 rescues the loss of pho-

toreceptors in dFatp-/- mutant clones. Retinas were generated using the Tomato/GFP-FLP/FRT

technique [47], in which all photoreceptors are marked by GFP, and homozygous mutant

mosaic retina is marked by the absence of TdTomato. dFatpk10307-mutant tissue shows loss of

photoreceptors at 15 days of age (A). Scale bars, 10 μm. (C) Quantification of affected rhabdo-

meres, as shown in (A) and (B). Mean ± SD of n = 12 retinas. ���p<0.001 by two-sample t-test.

(TIF)

S6 Fig. Knock-down ofMdy but not Bmm-lipase leads to photoreceptor degeneration. (A)
LD labeled with BODIPY493/503 (green) were revealed by confocal microscopy in horizontal

optical section of whole mount retinas from one-day-old flies expressing (a) UAS-LacZ RNAi

(control), (b) UAS-Bmm-lipase-RNAi or (c) UAS-Mdy-RNAi under the control of a pan-retinal
ey-Gal4/GMR-Gal4 driver. Photoreceptors were counterstained with phalloidin-rhodamine

(red). (B)Quantification of BODIPY493/503 staining from the images shown in (A). Data are

presented as the fold change in fluorescence intensity (dots/μm2) compared with the LacZ
RNAi-control flies. Mean ± SD of n = 4–10 flies/condition, ��p<0.01 by Tukey’s HSD paired

sample comparison test. (C) Tangential images of retinas of 20-day-old flies expressing

Rh1-GFP visualized by the cornea neutralization method, carrying (a) UAS-LacZ RNAi (con-

trol), (b) UAS-Bmm-lipase-RNAi or (c) UAS-Mdy-RNAi induced by ey-Gal4/GMR-Gal4.
Bmm-lipase knock-down does not affect photoreceptor survival, as indicated by intact rhabdo-

meres (b), while Mdy knock-down induces the loss of rhabdomeres (arrows in c). Scale bars,

10 μm. (D) Quantification of ommatidia with missing photoreceptor (affected ommatidia), as

shown in (C). Mean ± SD of n = 5–11 flies. ���p<0.001 by two-sample t-test.

(TIF)

Acknowledgments

We are grateful to the ARTHRO-TOOLS and the PLATIMmicroscopy platform of SFR Bio-

sciences (UMS3444/CNRS, US8/INSERM, ENS de Lyon, UCBL) and the Centre Technologi-

que des Microstructures CTμ at Lyon1 for assistance with electron microscopy. We would like

to thank Chantal Cazevieille from the COMET platform of RHEM for the transmission elec-

tron microscopy, the INM facility for the management and maintenance of mice, and Mont-

pellier RIO Imaging for the use of imaging tools. We are grateful to Charlotte Scholtes for her

FATP-mediated lipid droplets in retinal cell homeostasis of fly and mouse

PLOSGenetics | https://doi.org/10.1371/journal.pgen.1007627 September 10, 2018 21 / 25

188



help in the analysis of mitochondrial integrity on TEM images. Stocks were obtained from the

Bloomington Drosophila Stock Center (NIH P40OD018537).

Author Contributions

Conceptualization: Daan M. Van Den Brink, Aurélie Cubizolle, Nathalie Davoust, Philippe
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