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Abstract

Elevated reactive oxygen species (ROS) induce the formation of lipids in neurons that are 

transferred to glia where they form lipid droplets (LD). We show that glial and neuronal 

monocarboxylate transporters (MCTs), fatty acid transport proteins (FATP), and apolipoproteins 

are critical for glial LD formation. MCTs enable glia to secrete and neurons to absorb lactate, 

which is converted to pyruvate and acetyl-CoA in neurons. Lactate metabolites provide a substrate 

for synthesis of fatty acids, which are processed and transferred to glia by FATP and 

apolipoproteins. In the presence of high ROS, inhibiting lactate transfer or lowering FATP or 

apolipoprotein levels all decrease glial LD accumulation in flies and in primary mouse glial-

neuronal cultures. We show that human APOE can substitute for a fly glial apolipoprotein and that 

APOE4, an Alzheimer’s Disease susceptibility allele, is impaired in lipid transport and promotes 

neurodegeneration, providing insights into disease mechanisms.
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eTOC blurb

Liu et al. unravel an evolutionarily conserved mechanism which brings neuron-glia metabolic 

cooperation full circle. They show that glial lactate can fuel neuronal lipogenesis in response to 

ROS; in turn, neuronal lipids are transported and stored in glia as lipid droplets. The inability to 

transport lipids to glia for lipid droplet formation leads to accelerated neurodegeneration under 

stress.
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Introduction

Neurodegeneration is often characterized by cellular hallmarks such as mitochondrial 

dysfunction, oxidative stress, protein aggregates, proteasome or autophagosome dysfunction, 

and endolysosomal defects (Beal, 2007; Jaiswal et al., 2012; Nixon, 2013). Previously, we 

showed that lipid droplets (LD), a neutral lipid storing organelle, arise due to elevated levels 

of reactive oxygen species (ROS) and may be used as an early biomarker for the onset of 

neurodegeneration (Liu et al., 2015). These LD accumulate because of mitochondrial defects 

that lead to highly elevated ROS, which induce the production of lipids in neurons and their 

subsequent transfer to glia. However, the mechanisms of lipid production or transport in the 

nervous system and the metabolic cooperation between neurons and glia, in both health and 

disease, remain poorly understood.

We previously found that elevating ROS in neurons alone is sufficient for glia to accumulate 

LD, suggesting a transfer of lipids (or their precursors) from one cell to the other (Liu et al., 

2015). The mechanism of lipid transfer in the nervous system has not been previously 
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studied. Moreover, although the resting brain’s energy expenditure is significantly higher 

than that of most organs, the cellular appropriation of neuronal energy and its derivation is 

unclear (Raichle and Gusnard, 2002; Wang et al., 2010). In mammals, blood glucose is the 

brain’s primary fuel source (van Hall et al., 2009). However, metabolic intermediates, such 

as lactate and ketone bodies, can also be used as a source of energy (Belanger et al., 2011; 

van Hall et al., 2009; Zielke et al., 2009). Along these lines, the Astrocyte Neuron Lactate 

Shuttle (ANLS) Hypothesis (Pellerin and Magistretti, 1994) was shown to play a role of 

nervous system homeostasis in Drosophila (Volkenhoff et al., 2015) and mice (Funfschilling 

et al., 2012; Lee et al., 2012; Machler et al., 2016). In Drosophila, perineural glia possess the 

enzymes necessary to metabolize the sugar trehalose, whose metabolites, including lactate, 

are secreted by glia and thought to be taken up by neurons (Volkenhoff et al., 2015). 

Similarly, in mammals, spectroscopy studies have shown that circulating blood glucose is 

taken up by astrocytes and hypothesized to be converted to lactate (Barros, 2013; Herzog et 

al., 2013; Hyder et al., 2006). Given that monocarboxylate transporters (MCTs) are 

expressed in the Drosophila (Volkenhoff et al., 2015) and mammalian nervous systems 

(Funfschilling et al., 2012; Lee et al., 2012; Pierre and Pellerin, 2005), it is thought that 

lactate is transported from glia to neurons through these membrane carriers. However, the in 

vivo function of lactate, its transport and metabolism in neurons and glia, and its relationship 

to LD remains to be determined.

Lipid transporters are likely to play a role in the nervous system metabolic homeostasis. 

These include Apolipoprotein E (ApoE) and Apolipoprotein D (ApoD) (Elliott et al., 2010). 

ApoE assists in circulating lipoprotein formation and is assumed to function in lipid 

transport in the brain (Huang and Mahley, 2014). ApoE deficient mice (Apoe−/−) exhibit 

early onset hyperlipidemia and aortic plaque formation (Jofre-Monseny et al., 2008; Maeda, 

2011). However, there are conflicting reports regarding brain morphological changes in 

Apoe−/− mice with respect to synaptic loss and cytoskeletal changes (Anderson et al., 1998; 

Masliah et al., 1995; Montine et al., 1999). Humans have three allelic variants of ApoE 

resulting in six possible allelic combinations that alter an individual’s likelihood of 

developing hyperlipoproteinemia (APOE2) or Alzheimer’s disease (AD) (APOE4) (Elliott et 

al., 2010; Yu et al., 2014). Indeed, 40–80% of patients with AD carry at least one copy of the 

APOE4 allele (Farrer et al., 1997) and homozygous carriers have above a 50% lifetime risk 

of developing AD (Genin et al., 2011). APOE4 is by far the most common AD susceptibility 

locus (Mahley et al., 2006; Yu et al., 2014). The APOE3 allele is predominant allele in the 

population and confers an average risk for AD, whereas APOE2 is considered “protective” 

as it decreases an individual’s risk for developing AD (Conejero-Goldberg et al., 2014). The 

importance of APOE in AD suggests that it plays a major role in facilitating proper nervous 

system function. However, the physiological function of ApoE in metabolism of neurons and 

glia is poorly characterized and its function in relation to LD metabolism has not been 

documented.

Although certain lipid metabolism proteins are highly conserved in flies and mammals, 

including Sterol Regulatory Element Binding Protein [SREBP] (Rawson, 2003), ApoE does 

not appear to have a direct ortholog in Drosophila. In flies, the ApoD homologs glial 
lazarillo (Glaz) (Sanchez et al., 2006; Walker et al., 2006) and neural lazarillo (Nlaz) (Hull-

Thompson et al., 2009) are protective against stress. Loss of Glaz or Nlaz leads to elevated 
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sensitivity to ROS and a decrease in the triglyceride content of the whole animal (Hull-

Thompson et al., 2009; Sanchez et al., 2006), suggesting that ApoD provides a protection 

against certain stressors.

In this study, we explore the sources of energy and lipids that lead to LD accumulation in 

glia by selectively manipulating the expression and function of genes and proteins separately 

in Drosophila photoreceptor neurons and glia. We first provide evidence supporting the 

ANLS and demonstrate that lactate transport from glia to neuron through monocarboxylate 

transporters affects neuronal lipogenesis (Figure 1A). In response to elevated levels of ROS, 

neuronal lipids are transferred to glia where they are stored as LD. We demonstrate that 

lactate-derived neuronal lipid transport to glia depends on fatty acid transport proteins and 

apolipoproteins in flies and mice. We also document that the human APOE2 and APOE3 
alleles can functionally substitute for the loss of Glaz in flies to permit lipid transport from 

neurons to glia, whereas APOE4 cannot. The inability of APOE4 flies to accumulate LD in 

response to ROS presages neuronal degeneration and loss. Likewise, when subjected to high 

ROS, neuron-glia co-cultured mouse primary cells that lack APOE are unable to form LD. 

We propose that LD formation in glia requires ApoE and that LD accumulation protects 

against neurodegeneration by scavenging peroxidated lipids.

Results

A cell-specific candidate gene screen to uncover proteins required for neuron-glia lipid 
transfer

To assess the roles of various players in lipid production and transport in the nervous system, 

we selected proteins/genes implicated in lactate transport or usage as well as candidates that 

may affect lipid transport in neurons or glia. We induced glial LD formation by RNAi 

knockdown of mitochondrial complex I protein subunit ND42 (Liu et al., 2015; Zhang et al., 

2013) in Drosophila photoreceptors (PR) under the control of the 5′ regulatory element of 

the Rhodopsin gene (Wang et al., 2008), here referred to as Rh-ND42 IR. We then examined 

whether decreased expression of candidate genes through neuronal or glial specific 

knockdowns can lead to a decrease in glial LD accumulation (Figure 1B–C). We selected 

candidates that are conserved and expressed in the central nervous system of flies, mice and 

humans. The level of homology and conservation is based on the DIOPT score (maximum 

score: 11, Figure 1C) (Hu et al., 2011). To ensure the robustness of our observed 

phenotypes, we tested two or three independent RNAis for each gene and these results were 

confirmed using mutant alleles for nearly all genes. The rationale for each candidate 

selection is outlined below.

The first candidate genes were monocarboxylate transporters (MCTs). The ANLS 

hypothesis posits that lactate, which is elevated in glia, is shuttled by glial MCTs from 

astrocytes to the extracellular space and thence to neurons that via other MCTs (Belanger et 

al., 2011; Machler et al., 2016; Pellerin et al., 2007). We selected fly homologs of MCTs that 

are expressed in the nervous system of mice and human (Uhlen et al., 2015; Zhang et al., 

2014) including Silnoon (Sln) (Jang et al., 2008) and outsiders (out) (Coffman et al., 2002). 

We also included Basigin (Bsg), a MCT accessory protein required for the transport of many 

MCTs from the endoplasmic reticulum to the plasma membrane (Besse et al., 2007; 
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Halestrap and Wilson, 2012). Expression of murine Bsg rescues the phenotypes associated 

with the loss bsg in the fly visual system, suggesting that they play similar functions in vivo 

(Curtin et al., 2005). An alternative model of lactate transport suggests that gap junctions 

may allow the direct cell-to-cell passage of lactate or glucose (Bosone et al., 2016; Hertz et 

al., 2007; Limmer et al., 2014; Tabernero et al., 2006). As Drosophila innexins are the 

equivalent of mammalian connexin proteins and form heteromeric and heterotypic gap 

junctions (Stebbings et al., 2002), we also tested shaking B (shakB), a member of the 

innexin family (Phelan et al., 1998; Shimohigashi and Meinertzhagen, 1998).

Subsequently, we turned to enzymes that participate in the conversion of lactate into 

pyruvate and the production of acetyl-CoA (AcCoA) including lactate dehydrogenase (Ldh), 
a pyruvate dehydrogenase subunit (Pdha) and citrate synthase (CS, called knockdown). 

Blocking these enzymes may decrease the levels of AcCoA and hence alter lipid production 

(Figure 1C).

Finally, we tested the role of SLC27A family members known to be involved in lipid 

activation and/or transport in a variety of cells (Kazantzis and Stahl, 2012; Mashek et al., 

2007; Stahl, 2004), but whose lipid related functions have not been assessed in the nervous 

system. We therefore tested Fatp, the fly homolog of FATP1 (SLC27A1) and FATP4 
(SLC27A4) (Dourlen et al., 2012; Dourlen et al., 2015). Finally, we assessed the function of 

various apolipoproteins that belong to the lipocalin family (Hauser et al., 2011; Kalaany and 

Mangelsdorf, 2006), such as glaz and nlaz. Although these genes are known to be expressed 

in the fly nervous system and important for stress tolerance, they have not been implicated in 

lipid transport or LD formation.

Lactate transporters are necessary for ROS-induced glial LD accumulation in Drosophila

To examine the role of MCTs in glial LD accumulation, we first induced glial LD 

accumulation in flies by expressing the photoreceptor specific Rh-ND42 IR in the presence 

of two GAL4 drivers: the 54C-GAL4 glial driver or the neuronal Elav-GAL4. These flies 

serve as positive controls as they do not carry a UAS-driven RNAis and should exhibit 

robust LD accumulation in glia (Figure 2A, a, f and quantified in Figure 2B). Our negative 

controls consist of a neuronal or glial knockdown of MCTs or basigin, in the absence Rh-
ND42 IR. As anticipated, the photoreceptors of these flies do not exhibit morphological 

defects and hence the loss of these proteins does not affect PR development or induce 

accumulation of LDs (Figure S1A).

In flies expressing Rh-ND42 IR, glial knockdown of Sln or out did not affect LD 

accumulation (Figure 2Ab–c), suggesting they are not required in glia. However, knockdown 

of Bsg in glia decreases LD accumulation (Figure 2A, d, Figure 2B), therefore that an 

unknown MCT is likely required in glia. In contrast, neuronal knockdown of Sln, out or Bsg 
led to a decrease in glial LDs (Figures 2Af–j). We infer that blocking lactate transport in 

either cell type through MCT inhibition decreases LD accumulation. However, neither 

neuronal nor glial knockdown of shakB alters glial LD accumulation, suggesting that gap 

junctions may not be important for lactate transport in this context (Figure 2Ae,j).
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To determine whether MCTs are critical for glial LD accumulation in other 

neurodegenerative models, we examined whether loss of MCTs would also decrease glial 

LD accumulation in sicily (Zhang et al., 2013) and Marf (Sandoval et al., 2014) mutant fly 

eyes. We created whole-eye mutant clones for sicilyE and MarfB, which exhibit severe glial 

LD accumulations and neurodegeneration (Liu et al., 2015). Knockdown of Sln or out, or 

simply introducing a single mutant allele of these genes (SlnD1/+ or Bsg1217/+) in sicilyE or 

MarfB eye-clones decreased glial LD accumulation (Figure 2C, S1B–D). These data show 

that lactate transporters are required for the accumulation of LD in glia induced by very 

different mitochondrial defects.

As we have shown that decreasing glial LD in flies with high levels of ROS delays 

neurodegeneration (Liu et al. 2015), we tested whether the above genetic manipulations can 

delay neurodegeneration. We examined the extent of photoreceptor loss by counting the 

remaining number of rhabdomeres per ommatidium upon aging for five days; the number of 

remaining rhabdomeres inversely correlates with the extent of neurodegeneration (Knust, 

2007; Liu et al., 2015). As shown in Figure 2D and S1E, decreased MCT levels delay 

neurodegeneration in both sicilyE and MarfB mutant clones, indicating that lactate transport 

promotes neurodegeneration in the presence of high ROS.

Lactate transport is a critical component for ROS-induced glial LD accumulation in 
mammalian cells

Since inhibition of lactate transport by decreasing MCTs decreases glial LD accumulation in 

flies, we developed a primary cell culture assay using a murine co-culture system of neurons 

and glia to determine whether this mechanism is evolutionarily conserved. Mice that lack 

Ndufs4 (Kruse et al., 2008), which encodes a mitochondrial complex I subunit, exhibit glial 

LD accumulation in the vestibular nucleus and olfactory bulb prior to the onset of 

neurodegeneration (Liu et al., 2015). To model this LD accumulation in a dish, olfactory 

bulbs were isolated from C57BL/6J newborn pups (postnatal day 2 to 3) and plated as a 

monolayer co-culture for 9–11 days in vitro (DIV). This primary culture consists mostly of 

GFAP positive astrocytes and TUJ1 positive neurons. In addition, olfactory bulb ensheathing 

glia are present as well (Figure S2A) whereas IBA1 positive microglia and Olig2 positive 

oligodendrocytes are nearly absent (data not shown).

To determine whether a brief elevation of ROS induces glial LD accumulation in our co-

culture system, we applied 2 μM of the mitochondrial complex I inhibitor, rotenone, for 24 

hours. Vehicle-treated cells do not exhibit LD accumulation when stained by the neutral 

lipid stain, BODIPY495/505 (Figure 3Aa–b), but approximately 65% of astrocytes 

accumulate LDs when treated with rotenone (Figure 3Ac–d and S2D). Importantly, glial LD 

accumulation due to elevated ROS requires both cell types to be present. Indeed, purified 

astrocytes or neuronal cells did not accumulate LDs when treated with 2 μM rotenone 

(Figure S2C).

This primary co-culture assay allows us to examine the effects of various compounds on 

glial LD accumulation and document mechanistic conservation. We first examined the effect 

of N-acetylcysteine amide (AD4)(Amer et al., 2008), a potent antioxidant that reduces LD 

accumulation in flies and delays neurodegeneration in Ndufs4−/− mice (Liu et al., 2015). To 
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assess the efficacy of AD4 in our primary co-culture system, we added 1.5 mM AD4 along 

with 2 μM rotenone for 24 hours. AD4 treatment paired with elevated ROS leads to a 

significant decrease in LD accumulation (Figure S2B a–b and 3B), indicating that quenching 

elevated ROS efficiently suppresses LD in glia, similar to our in vivo observations for flies 

and mice.

To examine the role of lactate transport in glial LD, we blocked lactate transport using two 

MCT inhibitors, AR-C155858 (referred to here as MCTi) and SP13900 (also named AR-

C122982 and now referred to as MCTi2), both developed to inhibit T cell proliferation 

(Murray et al., 2005). MCTi blocks the lactate binding pocket of MCT1, which is expressed 

in glia (Lee et al., 2012) as well as MCT2, which is expressed in neurons (Debernardi et al., 

2003; Ovens et al., 2010). MCTi2 inhibits MCT1 (Doherty et al., 2014). Exposing 9DIV 

cells to 200 nM MCTi or 50 nM MCTi2 with 2 μM rotenone for 24 hours causes a decrease 

in glial LD accumulation for each inhibitor (Figure 3A e–f, 3B and S2B c–d). To determine 

the time course of glial LD accumulation, we separated the induction of ROS and blockage 

of lactate transport by first treating the culture with 2 μM rotenone for 12 hours and then 

introducing 200 nM MCTi. Blocking lactate transport after ROS induction, results in some 

LD accumulation in both neurons and astrocytes, a highly unusual feature that we did not 

previously observe in vivo (Figure 3Ag–h and S2D). Finally, combining AD4 and MCTis 

decreases glial LD accumulation in response to elevated ROS by more than either treatment 

alone (Figure 3B and S2B e–f). Because the synergistic effects of high ROS and glial LD 

accumulation lead to neurodegeneration in flies, we assayed cell death in our co-culture 

system using TUNEL. Vehicle-treated cells show a low number of TUNEL positive cells 

(~2.5%) after 24 hours whereas 20% of the rotenone-treated cells are TUNEL positive 

(Figure S2E and 3C). Importantly, in rotenone-treated cells, blocking lactate transport with 

MCTi at 0 or 12 hours after adding rotenone strongly decreases the number of apoptotic 

cells, suggesting that the decrease in LD accumulation that results from blocking lactate 

transport may ameliorate the cellular damages that lead to cell death. These results show that 

lactate transport is necessary for glial LD accumulation and the prolonged accumulation of 

LD is are the primary contributors to cell death.

To parse the effects of lactate itself compared to elevated ROS and glial LD accumulation, 

we assayed whether addition of excess lactate leads to cell death. Co-cultured cells treated 

with 11 mM exogenous L-lactate for 24 hours show a similar number of cleaved caspase 3 

positive cells compared to controls (Figure S2F), suggesting that ROS and LD accumulation 

are the primary contributors to cell death.

Extracellular lactate incorporates into astrocyte fatty acids

The existence of an astrocyte-neuron lactate shuttle would imply that extracellular lactate 

could be incorporated into neuronally-synthesized fatty acids. We sought to determine 

whether the carbons of extracellular lactate are incorporated at significant levels into neutral 

lipids that accumulate in astrocyte LD in under high levels of ROS. To study the carbon 

source of astrocytic lipids, we harvested olfactory bulb primary neuronal/glial co-cultures 

and raised the cells in the presence of 28 mM uniformly 13C-labeled glucose or of 13C-

glucose plus 11 mM L-lactate. Subsequently, we added 2 μM rotenone for 24 hours to 
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induce astrocytic LD formation. After these co-cultures are sorted by fluorescent activated 

cell sorting (FACS) using a marker for astrocytes, neutral lipids (including triglycerides, 

diacylglycerol, cholesterol esters, plus a small fraction of phosphatidylcholine) were 

extracted, saponified and neutralized (see Methods). The fatty acids were then resolved by 

liquid chromatography and mass spectrometry. Fractional 13C was calculated using ion 

counts for the well-resolved and abundant palmitoleic acid species (see Methods), which can 

be synthesized from AcCoA de novo in mammalian cells (Mozaffarian et al., 2010). Labeled 

carbons from glucose are readily incorporated into astrocyte neutral lipid fatty acids, but 

addition of unlabeled lactate decreases the extent to which the glucose isotopic label was 

incorporated into astrocyte palmitoleic acid by 40% (from 34% to 20.5% 13C, Figure 3D and 

S2H). Because extracellular lactate can significantly dilute the flow of glucose carbons into 

fatty acids, we infer that lactate is a major source of the carbons in astrocytic fatty acids.

Inducing ROS in healthy animals leads to glial LD accumulation and neurodegeneration

ROS-induced glial LD accumulation in culture occurs within a 24-hour window. We 

therefore tested whether a chemically induced increase in ROS can lead to glial LD 

accumulation in mice. Daily intraperitoneal injection of rotenone at 3mg/kg in wildtype/

C57Bl6j mice for 8 days produces obvious motor deficits as assessed by the ability to hold 

on to a wire (Figure S2G). Immunohistochemical analyses of the olfactory bulb glomerular 

layer in rotenone-treated animals reveal significant LD accumulation that co-localizes with 

astrocyte and microglia markers, visually consistent with P35 Ndufs4−/− mice at the onset of 

ataxia (Figure 3E).

In sum, a short exposure to high ROS in co-cultured neurons and glia leads to glial LD 

accumulation and lactate is a key substrate for lipid production in vertebrate cells as well as 

in Drosophila. Moreover, we provide evidence that otherwise healthy wildtype animals also 

accumulate glial LD when exposed to elevated levels of ROS for approximately one week. 

Together, our data provide evidence that glial LDs accumulate in response to elevated ROS 

in wild-type mice and cells.

Mitochondrial dysfunction leads to the preferential shuttling of acetyl-CoA to the lipid 
synthesis pathway

We sought to explore the importance of lactate/pyruvate interconversion and AcCoA 

production on glial LD accumulation. Ldh reversibly interconverts lactate and pyruvate, and 

the pyruvate dehydrogenase complex is the major source of cellular AcCoA. Decreasing Ldh 
will slow lactate/pyruvate interconversion (Schurr and Payne, 2007), and the loss of any 

component of the pyruvate dehydrogenase complex will decrease AcCoA production and 

lead to lactate buildup (Barnerias et al., 2010; Martin et al., 2005). By decreasing the 

availability of AcCoA, the first metabolite in fatty acid synthesis, we expect that such 

perturbations would likely diminish glial LD accumulation. However, as these enzymes are 

critical for life, we first verified that knockdown of Ldh or Pdha (the E1 subunit of pyruvate 

dehydrogenase complex) did not affect PR morphology or LD accumulation at day 1 (Figure 

S3A). Subsequently, we tested cell specific knockdown of Pdha (Figure 4A and S3B, b, e) or 

Ldh (Figure 4A and S3B c, f) in the high ROS (Rh-ND42 IR) background. Interestingly, 

glial knockdown of Pdha in the high ROS background does not alter LD accumulation, 
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suggesting that glial AcCoA (and glial fatty acid synthesis) is not critical to glial LD 

formation. In contrast, neuronal knockdown of Pdh leads to decreased glial LD 

accumulation (Figure 4A), suggesting that AcCoA production in neurons is critical to glial 

LD formation. Either neuronal or glial knockdown of Ldh decreases glial LD formation, 

consistent with roles for this enzyme in both cell types: reduction of pyruvate to lactate in 

glia, and re-oxidation of the transported lactate to pyruvate in neurons.

To further dissect the metabolites involved in lipid synthesis, we used heterozygous mutants 

of PdhaA (Jaiswal et al., 2015) or CS (KdnA) (Yamamoto et al., 2014) in flies that express 

Rh-ND42 IR, Rh-Marf-IR or Rh-Aats-met IR and accumulate numerous LD in glia. We 

observe a systematic decrease in glial LD accumulation when the metabolic enzymes are 

decreased via RNAi or incorporation of a mutant allele (Figure 4B and S3C).

Since the decrease of enzymes required for the lactate shuttle to generate neuronal AcCoA 

decreases glial LD accumulation, we examined whether pharmacological means of 

increasing AcCoA production would lead to glial LD accumulation. We raised flies on food 

that contained dichloroacetate (DCA) (20, 40, and 80 μg/ml), an activator of Pdh that 

inhibits Pdh Kinase (Michelakis et al., 2008). Flies raised on this food exhibit a dose-

dependent glia LD accumulation (Figure 4C), further suggesting that lactate and pyruvate 

are critical players for glial LD accumulation.

Lactate transport is critical for lipid production in the absence of mitochondrial 
dysfunction

Our data suggest that under conditions of elevated ROS, lactate is converted into pyruvate 

and AcCoA to serve as building blocks for lipid production in neurons and that the lipids are 

shuttled to glia, where they are accumulated in LD. To determine whether lactate contributes 

to lipid synthesis in neurons in flies with functional mitochondria, we used the neuronal 

driver N-Syb-GAL4 to overexpress SREBP or JNK. This leads to glial LD accumulation 

without disrupting mitochondrial function (Liu et al., 2015). Interestingly, knockdown of 

Sln, out, Ldh or Pdha using the same GAL4 driver in the presence of elevated levels of 

SREBP or JNK leads to a systematic decrease in LD accumulation (Figure 4C and S3D). 

These data show that neuronal lactate is necessary for lipid production in the absence of 

mitochondrial dysfunction, demonstrating that this pathway is not solely dependent on 

elevated ROS, consistent with observations made with dichloroacetate supplementation.

Loss of fatty acid transport protein (FATP) inhibits glial LD accumulation

FATPs play a role in lipid metabolism, lipid transport, and lipid activation as an acyl-CoA 

synthetase. These proteins are localized to the ER and plasma membrane in vertebrate cells 

(Stahl, 2004). Drosophila Fatp is expressed in both neurons and glia (Dourlen et al., 2012) 

and is most similar to mammalian FATP1 and FATP4 (Dourlen et al., 2015). We reduced 

expression of Fatp in neurons and glia and ascertained that these manipulations do not affect 

PR morphology immediately after eclosion (Figure S4A). To determine whether Fatp is 

involved in lipid transfer and glial LD accumulation, we knocked down Fatp in a cell 

specific manner in the Rh-ND42 IR background, which causes a significant decrease in LD 

accumulation (Figure 5A and S4B). Similarly, reducing the levels of Fatp in sicilyE or MarfB 
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(Figure S4C and S4D) reduces LD accumulation. Finally, reducing the levels of Fatp or 

introducing one copy of the FatpK10307 (Dourlen et al., 2012) mutant allele delays 

neurodegeneration in sicilyE or MarfB mutant clones (Figure 5B). Together, these findings 

demonstrate that Fatp is critical for both neuron and glial lipid processing and/or transport as 

well as glial LD accumulation.

As FATP1 and FATP4 are both expressed in the mammalian nervous system, we first 

examined the expression of FATP1 and FATP4 under basal and high ROS conditions (Figure 

S4E). Consistent with the known expression patterns (Zhang et al., 2014), both proteins are 

expressed in neuron and glia. To examine the consequence of the loss of FATPs under 

conditions of elevated ROS in our co-culture model, we knocked out FATP1 or FATP4. We 

inserted sgRNAs against FATP1, FATP4 or a non-target control in a lentiviral vector and 

tracked the transduction efficiency with a 6× histidine sequence (histologically) and 

mTagBFP2 (live) (Subach et al., 2011). We transduced primary co-cultured cells derived 

from the olfactory bulb of constitutively expressing Cas9-eGFP (Rosa-Cas9) (Sanjana et al., 

2014) mice at 3DIV and all experiments were performed at 11DIV. In cells transduced with 

non-target sgRNA FATP1 (Figure 5Cc, g) or FATP4 (Figure S4F c), expression is not 

affected and LDs accumulate in response to rotenone-induced ROS (Figure 5Cf). Cells 

transduced with sgRNA to knock out FATP1 (Figure 5Ci–p) or FATP4 (Figure S4C e–h) 

display a clear decrease of FATP1 or 4 protein levels by staining and exhibit less LD 

accumulation (Figure 5C–D, S4F). These in vivo and in vitro data demonstrate that Fatp and 

FATP1/FATP4 are involved in ROS-induced glial LD accumulation.

Drosophila ApoDs (Glaz and Nlaz) are required for lipid transfer

Dietary lipid transport in the body occurs through apolipoprotein-mediated movement of 

chylomicrons and high and low-density lipoproteins (Eichner et al., 2002). The mechanism 

of lipoprotein formation and lipid processing between cells and organs is well studied in the 

gut and cardiovascular system but underexplored in the brain (Ikonen, 2008; Mitchell and 

Hatch, 2011). In flies, two apolipoproteins are secreted proteins (Ruiz et al., 2013): Glial 
lazarillo (Glaz), which is expressed in glia (Sanchez et al., 2006), and Neural lazarillo 
(Nlaz), which expressed in neurons (Hull-Thompson et al., 2009; Sanchez et al., 2000).

To examine whether these proteins play a role in glial LD accumulation, we first verified 

that their knockdown does not alter photoreceptor morphology or cause LD accumulation at 

day 1 (Figure S5A). Subsequently, we knocked down Glaz or Nlaz with an RNAi in a cell-

specific manner in Rh-ND42 IR flies. Glial knockdown of Glaz decreases glial LD 

accumulation whereas the neuronal knockdown of Glaz does not affect LD (Figure 6Ac–d). 

Similarly, neuronal knockdown of Nlaz decreases glial LD, whereas glial knockdown does 

not (Figure 6Ae–f). RNAi knockdown of Glaz or loss of one copy of Nlaz in the sicilyE 

mutant background delays neurodegeneration (Figure S5B). The cell-specific knockdown of 

these two proteins and the decrease in LD accumulation indicate that they play a role in lipid 

transport between neurons and glia in flies (Figure 6B).
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Glaz and APOE are functional homologs

Although APOE is not conserved in flies, lipid transport machineries may perform 

analogous roles. Given that Glaz is expressed in Drosophila glia and APOE is abundantly 

expressed in human astrocytes, we tested whether human APOE can perform the same 

function as Glaz in lipid transport in Drosophila. First, we created UAS transgenes 

expressing APOE2 (Cys112, Cys158), APOE3 (Cys112, Arg158) or APOE4 (Arg112, 

Cys158) to assess the role of APOE in lipid transport in flies. The APOE4 is a major risk 

factor for Alzheimer disease as 40–80% of patients with AD (Farrer et al., 1997) carry an 

APOE4 allele.

To determine whether the APOE alleles function similarly to Glaz for LD production or lipid 

transfer, we employed the “plug and play” method that allows for the expression of our 

transgene of interest in the Glaz mutant background (Diao et al., 2015). We obtained an 

allele of Glaz in which a versatile transposon, Minos-mediated Integration Cassette 

(MiMIC), is present in the first coding intron (Nagarkar-Jaiswal et al., 2015; Venken et al., 

2011). We performed recombination mediated cassette exchange to introduce an artificial 

exon into the coding intron and create the GlazT2A-GAL4 gene trap line, in which 

endogenous Glaz is truncated due to the presence of the ribosomal skipping T2A sequence 

(Figure 6C). The GAL4 allows for expression of UAS transgenes under the control of the 

endogenous Glaz regulatory elements providing the proper temporal and spatial control. To 

confirm that GlazT2A-GAL4 is expressed in the pigment cells (glia) in the eye, we used this 

line to knockdown the white gene using UAS-white RNAi (Figure S5C). white is required 

for red pigment accumulation in pigment/glial cells. Knockdown of white leads to an 

obvious loss of eye pigment but this loss is not as severe as the one observed with the 

pigment glia driver (54C-Gal4).

To establish that GlazT2A-GAL4 expression of UAS transgenes does not lead to an 

overexpression phenotype, we expressed Glaz and APOE2, APOE3 or APOE4 variants 

without elevating ROS and find no glial LD accumulation (Figure S5D) or differences in 

protein levels (Figure S5E). To determine the role of APOE in lipid transport, we removed 

one copy of Glaz by introducing the GlazT2A-GAL4 into Rh ND42-IR flies (Figure 6Da–d); 

the result is a striking decrease in glial LD accumulation, providing further evidence that 

Glaz is required for LD accumulation. We then expressed APOE2, APOE3 or APOE4 
variants using GlazT2A-GAL4 to examine whether these human proteins can functionally 

replace the one-copy-loss of Glaz in a high ROS background. Replacing Glaz with the 
APOE2 variant, which protects against AD (Yu et al., 2014), displays the highest level of LD 

accumulation. Expression of the APOE3 variant restores glial LD accumulation and is 

nearly as efficient as Glaz. However, expression of the APOE4 variant, associated with early 

onset of AD, poorly rescues the loss of Glaz (Figure 6De–j and 6E).

The inability of APOE4 to facilitate lipid transport leads to accelerated neurodegeneration

To further parse the role of APOE4 in lipid transfer, we pharmacologically increased levels 

of ROS by feeding flies with rotenone. We raised homozygous flies without a GAL4 driver 

(control flies = w; UAS-APOE3), Glaz null animals (GlazT2A-GAL4, UAS-eYFP) and 

APOE3 (GlazT2A-GAL4, UAS-APOE3) or APOE4 (GlazT2A-GAL4, UAS-APOE4) expressing 
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flies in food supplemented with 25 μM rotenone. At one day post eclosion, control flies and 

flies expressing APOE3 accumulate similar numbers of glial LD. However, flies expressing 

APOE4 are unable to accumulate LD, comparable to Glaz null flies (Figure 6F). These data 

further show that APOE4 cannot promote lipid transport between neuron and glia in 

response to ROS.

Since APOE2 and APOE3 alleles can functionally substitute for the loss of Glaz in the 

process of LD accumulation, we sought to determine whether overexpression of these 

proteins alone was sufficient to cause a LD accumulation phenotype. Overexpression of 

Glaz, or APOE2 or APOE3 variants, with 54C-GAL4 leads to substantial glial LD 

accumulation. However, glial overexpression of the APOE4 allele induces substantially less 

glial LD accumulation (Figure 7A and S6A). Hence, APOE4 was less efficient at inducing 

LD accumulation when overexpressed, again suggesting that APOE4 is a partial loss-of-

function allele for glial LD accumulation.

To assess the loss-of-function phenotype of ApoE in glial LD accumulation, we derived co-

cultured primary cells from the olfactory bulb of Apoe−/− mice (B6.129P2-Apoetm1Unc/J), 

which have no detectable Apoe (Piedrahita et al., 1992). To assess the presence of glial LD 

accumulation using these cells, we added 1.5 μM rotenone to induce ROS. Apoe−/− cells did 

not display any obvious phenotypes at 10DIV, however they are very sensitive to treatment 

with ROS inducing reagents, similar to flies and mice that lack ApoD (Ganfornina et al., 

2008). Indeed, rotenone (2 μM) treatment for 24 hours at 10DIV leads to extensive cell 

detachment and we were therefore unable to use our standard assay conditions. We then 

decreased the rotenone concentration to 1.5 μM and the exposure time to 12 hours. Under 

these conditions, control cells accumulate LD, although less than our previous standard 

conditions (Figure 7Ba–d). In contrast, Apoe−/− cells have very few LD (Figure 7B). The 

diminished ability for Apoe−/− cells to accumulate LD and their sensitivity to ROS suggest 

that Apoe is critical in facilitating lipid transport between neurons and glia and that this lipid 

transport affects cellular health and their ability to respond to stress.

As APOE4 is the most prominent risk factor for developing AD, we sought to determine the 

role of the APOE4 allele in neurodegeneration. As shown in Figure 6E, APOE4 flies 

exposed to rotenone accumulate few glial LD at day 1 and exhibit more disrupted 

photoreceptors compared to APOE3 expressing flies (Figure 7D). Furthermore, when these 

animals are aged for 10 days, the APOE4 expressing flies lose significantly more 

photoreceptors than APOE3 expressing flies, comparable to flies that lack Glaz. These data 

indicate that glial LD formation and accumulation triggered by elevated levels of ROS 

provide a protective mechanism against neurodegeneration.

DISCUSSION

Through genetic and pharmacologic studies, we have identified MCTs and lactate as critical 

components for LD accumulation in flies and mammalian cells. LD accumulation in glia 

depends on the transfer of lactate from glia to neurons. Lactate is metabolized in neurons to 

produce AcCoA, a key input for energy production in the TCA cycle. A surplus of AcCoA, 

which may be caused by a defective TCA cycle or mitochondrial dysfunction, provides the 
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impetus to synthesize lipids, whose transport to glia depends on FATP and apolipoproteins. 

This leads to the accumulation of LD in glia (pigment glia in flies, astrocytes in mammals). 

Interestingly, loss of ApoD in fly glia can be compensated for by human APOE, which is 

expressed at high levels in human astrocytes. This suggests that a major role of APOE is to 

promote the transfer of lipids between neuron and glia for lipid storage in LD. Hence, we 

provide evidence that weaves together mechanisms of cell-cell communication, metabolic 

coupling, and neuron-glia feedback in cell death and neurodegeneration. Altogether, these 

observations may have important implications regarding our understanding of pathogenic 

mechanisms in AD.

LD accumulation in pathogenic and nonpathogenic conditions depends on processing 
glial lactate

Since the ANLS hypothesis was proposed, compelling evidence indicates that glia play a 

critical role in lactate production and release, including Drosophila perineural glia 

(Volkenhoff et al., 2015), mammalian astrocytes (Pellerin and Magistretti, 1994) and 

oligodendrocytes (Funfschilling et al., 2012). Our studies show that lactate transport from 

glia to neurons is critical for glial LD accumulation under normal and stress conditions. 

Glial lactate is transported and taken up into neurons through MCTs, providing further 

support for the evolutionary conservation of ANLS. Furthermore, genetic or pharmacologic 

inhibition of various enzymes in the metabolic pathways reduce glial LD accumulation, 

likely by limiting substrate available for lipid synthesis. These findings demonstrate that 

neuronal lipid synthesis requires lactate as a building block and that the lipids are 

synthesized in neurons. We provide biochemical evidence that extracellular lactate can be 

incorporated into glial lipids at high levels, demonstrating that lactate is an important source 

for lipogenesis.

The process of glial lactate transport to neurons is not solely due to elevation of ROS or 

mitochondrial dysfunction as restricting lactate in neurons that overexpress JNK or SREBP 

also reduces glial LD accumulation. This indicates that the pathway of lactate and lipid 

transport operates under non-pathological conditions as well. Moreover, we show that FATPs 

are necessary for lipid transport in neurons and LD accumulation in glial cells and that this 

mechanism is conserved in vertebrates. FATPs have been extensively characterized for their 

biochemical properties in lipid processing and uptake in vitro (Coe et al., 1999; Schaffer and 

Lodish, 1994; Xu et al., 2012) but until now, their role in the mammalian nervous system has 

not been explored. Our data show that a set of proteins expressed in neuron and glia function 

in a coordinated manner to provide and store lipids in the form of LD in glia when ROS are 

elevated.

Parallels between Glaz and APOE point to a conserved mechanism of neuron-glia lipid 
transport and neurodegeneration

An unanticipated discovery is the role of ApoD and ApoE in lipid transport and 

accumulation. ApoD is an atypical apolipoprotein that does not share significant sequence 

homology to other apolipoprotein family members, and it is thought to transport lipids in a 

manner similar to proteins in the lipocalin family (Eichinger et al., 2007; Perdomo and 

Dong, 2009). In flies, the ApoD homologs Glaz and Nlaz are secreted proteins (Sanchez et 
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al., 2000). The loss of either Glaz or Nlaz in flies, or of their homolog ApoD in mice, leads 

to increased sensitivity to ROS (Ganfornina et al., 2008; Hull-Thompson et al., 2009; 

Sanchez et al., 2006). Both ApoD and ApoE are highly expressed in the mammalian nervous 

system (Uhlen et al., 2015; Zhang et al., 2014) and appear to have a potentially 

compensatory relationship. ApoD is upregulated in the circulating lipoproteins of Apoe null 

mice and expression of both proteins is altered in AD and after brain injuries (Elliott et al., 

2010; Jansen et al., 2009; Perdomo and Dong, 2009; Terrisse et al., 1999). LD formations 

are lost in Rh-ND42 IR flies when there is heterozygous loss of Glaz, but LD formation is 

restored in when APOE2 or APOE3 is expressed under the Glaz promoter in this context. 

These findings show that the two variants and Glaz likely play similar roles in lipid transport 

and respond similarly to oxidative stress.

Overexpressing Glaz, APOE2 or APOE3 in glia results in substantial glial LD accumulation, 

whereas overexpression of the APOE4 variant does not. This is consistent with previous 

studies showing that Apoe deficient mice have less cortical fatty acids (Montine et al., 

1999). Given that the APOE4 allele cannot restore lipid transport and glial LD 

accumulation, our data strongly suggest that APOE4 is a partial loss-of-function allele in 

these phenotypic assays. Several studies have shown that elevated levels of ApoD in flies or 

mice are neuroprotective (Ganfornina et al., 2008; Hull-Thompson et al., 2009; Terrisse et 

al., 1999). Interestingly, Apoe−/− mice have been linked to an altered oxidative stress 

response (Shea et al., 2002) and shown to exhibit increased lipid peroxidation when aged 

(Montine et al., 1999) but LD have not been implicated.

In the presence of low or moderate elevations of ROS, LD store peroxidated lipid, providing 

a protective mechanism against low levels of lipid peroxidation (Bailey et al., 2015; 

Listenberger et al., 2003). Indeed, our data support protective effects of glial LD 

accumulation in response to low ROS. Flies that express APOE3 or APOE4 under the 

control of the Glaz regulatory elements and are fed rotenone exhibit obvious differences: 

APOE4 flies are unable to accumulate glial LD and exhibit signs of neurodegeneration, 

whereas APOE3 flies accumulate glial LD and are comparable to wild type. Furthermore, 

when aged, the APOE4 flies exhibit significantly more neuronal death than APOE3 flies 

(Figure 6F and 7C–D). These data show that the inability to accumulate lipids into LD in the 

presence of elevated ROS promotes neurodegeneration.

The context of glial LD accumulation is critical in neurodegeneration. Indeed, LD 

accumulation itself is not detrimental, as overexpression of SREBP in the absence of ROS 

does not lead to neurodegeneration. Conversely, in the presence of high ROS, as observed in 

some mitochondrial mutants, the protective mechanisms of glial LD accumulation are 

overridden, damaging the glia and negatively affecting neuronal survival. In this context, 

LDs disappear as neurodegeneration progresses but triglyceride levels continue to rise (Liu 

et al., 2015). The disappearance of LDs suggest that the phospholipid monolayer of the 

organelle is likely no longer intact due to peroxidation, peroxidated lipids are no longer 

contained in LD, affecting cell health (Ayala et al., 2014; Listenberger et al., 2003).

The observation that loss of Glaz or Apoe decreases LD accumulation in flies and vertebrate 

cells and that these animals and cells have a compromised ability to cope with elevated 
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levels of ROS, suggest that LD formation provides neuroprotection. Our findings are also 

consistent with the observations that the three human APOE alleles (E2, E3, and E4) have 

very different abilities to induce LD accumulation. Interestingly, the APOE2 allele, which is 

protective against AD (Yu et al., 2014), is the most efficient in lipid transport and in 

promoting LD accumulation in our assays. In contrast, the APOE4 allele, which is semi-

dominantly linked to the development of AD (Genin et al., 2011), is highly inefficient in 

lipid transport and LD accumulation. We propose that protection from damage resulting 

from age-dependent progressive mitochondrial dysfunction and increased oxidative stress in 

neurons (Bishop et al., 2010; Floyd and Hensley, 2002) relies in part on the protection 

conferred by proper lipid transfer to glia, which sequestrates peroxidated lipids into LD (Liu 

et al., 2015).

How does the astrocyte/neuron lactate shuttle support the capacity of glial cells to protect 

neurons against ROS? We propose that astrocytes provide the reduced three carbon 

metabolite lactate to neurons as a fatty acid precursor, rather than providing fatty acids, 

ensuring that low-level neuronal fatty acid synthesis continually produces new, undamaged 

fatty acids. De novo fatty acid and lipid synthesis leads to lipid turnover, with neurons 

maintaining a constant lipid level by exporting the excess through an ApoE-dependent 

pathway that steadily removes normal and damaged lipids. Astrocytes take up these lipids 

and oxidize them for fuel, which provides the reducing equivalents to ensure that the 

astrocytes export lactate, not pyruvate, to neurons. This arrangement becomes functionally 

critical for neuroprotection upon exposure to ROS, due to the generation of high levels of 

peroxidated lipids. Neuronal induction of JNK elevates lipid production, increasing lipid 

turnover and locally alleviating the detrimental effects of ROS by exporting peroxidated 

lipids to astrocytes, where they accumulate (relatively safely) in LD. As such, LD are a 

lagging indicator of neuroprotection that has already occurred. After a transient ROS 

challenge, return to normal metabolism will allow glia to steadily deplete their LD. During 

ROS challenges, failure of the glia to provide neurons with lactate (via the ANLS pathway), 

failure of neuronal fatty acid synthesis, or failure of ApoE-dependent neuronal lipid export 

will block this lactate/lipid cycle and prevent neuroprotection by allowing neuronal 

accumulation of ROS products.

Broader implications of APOE genotypes in health and disease

Although our work focuses on the role of APOE-dependent lipid transfer between neurons 

and glia, the APOE alleles are associated with a susceptibility to develop other disease 

conditions unrelated to the nervous system. Indeed, the APOE alleles contribute most 

significantly to blood cholesterol variability in humans (Pedersen and Berg, 1989). For 

example, although APOE2 carriers are protected from AD, approximately 10% of 

individuals with two copies of APOE2 will develop type III hyperlipoproteinemia (Havel 

and Kane, 1973), leading to xanthomas in subcutaneous tissues (Davignon et al., 1988). 

Interestingly, the majority of APOE2 carriers have normal to low levels of circulating 

cholesterol, suggesting that the enhanced transport of lipids by APOE2 result in tissue 

specific phenotypes. Thus, it is possible that APOE2’s increased ability to transport lipids 

may result in excessive lipid accumulation as found in type III hyperlipoproteinemia. 

Meanwhile, enhanced reverse cholesterol transport due to APOE2 likely promote cholesterol 
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clearance in the circulatory system, contributing to hypocholesterolemia (Rader et al., 2009; 

Zanotti et al., 2011). On the other hand, APOE4 carriers tend to have higher levels of 

circulating cholesterols, coronary artery disease and atherosclerosis (Eichner et al., 2002; 

Sparks, 1997). Our findings that APOE4 is unable to transport lipids in the CNS may be 

relevant for the pathogenesis of APOE in coronary health. The inability of APOE4 to 

efficiently transport lipids may lead to elevated blood lipid content, atherosclerosis, and 

increased lipid peroxidation, contributing to coronary artery disease risk (Jofre-Monseny et 

al., 2008; Minihane et al., 2007; Sugamura and Keaney, 2011). In sum, our findings provide 

key insights into the mechanism of neuron-glia metabolic cooperation and point to the 

broader implications of APOE allelic functional differences in systemic health and disease.

STAR METHODS

CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Hugo Bellen at hbellen@bcm.edu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Drosophila: Female flies were used for all experiments. Flies were raised on molasses based 

food at 22 °C with con stant light unless otherwise noted. The full list of genotypes of the 

flies used can be found in the Key Resources Table.

Primary Cells: Production of primary olfactory bulb neuron glia culture cells were derived 

from C57BL/6J pups for all experiments except for lentiviral knockdown experiments 

(derived from B6J.129 (B6N)-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J, the Jackson 

Laboratory) and Apoe experiment (B6.129P2-Apoetm1Unc/J mice in a C57BL/6J 

background). Animals used for cell culture production were treated in compliance with the 

US Department of Health and Human Services and Baylor College of Medicine IUCAC 

guidelines. Gender was not considered in the derivation of primary cells; the sex of the cells 

is unknown.

Primary olfactory bulb (OB) neuron and glia were obtained from P2–3 C57BL/6J pups. 

Cortical tissue was dissected into cold dissection medium (DM) (Hanks’ balanced saline 

solution [HBSS] [Invitrogen], 15 mM HEPES, pH 7.4). OB were added to 10 mL of DM on 

ice. After dissection, supernatant was aspirated, and 5 ml of 37ºC 0.25% trypsin-EDTA 

(Sigma) was added. The bulbs were incubated for 10 minutes at 37°C, and the supernatant 

was removed. 5 ml of FBS was added for trypsin inactivation. Subsequently, the pellet was 

washed twice with ice-cold DM and re-suspended in 1mL of fresh DM. OB were dissociated 

by triturating with 1 ml pipette tip followed by a 25-gauge syringe. After adding 4 ml of 

DM, cells were centrifuged at 100 rpm for 10 minutes to form a cell pellet. After removal of 

supernatant, 1 ml of growth media (GM, EMEM [Lonza], 5% Glutamax, 15mM HEPES, 1% 

pyruvate, 28mM glucose, 10% fetal bovine serum, 5% horse serum, 1% penicillin/

streptomycin) was added and filtered through a 70 μM nylon cell strainer (EMD Millipore). 
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Cells were counted and seeded at a density of 2 × 104 onto poly-D-lysine coated coverslips 

(Neuvitro). 50% of the GM was changed every other day until ~9–11DIV.

Purified culture preparation: Astrocytes were isolated from OB in a similar manner as 

described above and isolated in as described in (Schildge et al., 2013). Neuronal culture was 

obtained by adding the mitotic inhibitor 5-fluorodeoxyuridine at 3DIV.

Mice: Male mice were used in vivo experiments. All animal experiments were approved by 

the Animal Care and Use Committee at Baylor College of Medicine. Mice were maintained 

with rodent diet (5053; Picolab) and water available ad libitum with 12-h light–dark cycle at 

22 °C. The full list of genotypes of the mice used can be found in the Key Resources Table.

METHOD DETAILS

Drosophila Genetics and Analysis—The mutants Aats-metFB, sicilyE and MarfB were 

isolated via EMS mutagenesis as described previously (Bayat et al., 2012; Sandoval et al., 

2014; Zhang et al., 2013)

The genotype of the three mutants are y w; FRT82B Aats-metFB/TM3, Kr>GFP; FRT19A 
sicilyE/FM7, Kr>GFP and FRT19A MarfB/FM7, Kr>GFP. Mitotic clones were generated 

using y w, FRT19A, GMR-hid/FM7a; ey>Flp for X chromosome mutants and y w; ey>Flp; 
FRT82B GMR-hid cl/TM2 for 3rd chromosome mutants for Nile Red staining (Kr>GFP = 

Kr-GAL4 UAS-GFP; ey>FLP = ey-GAL4, UAS-FLP).

Generation of Transgenic Flies—For the generation of the UAS-APOE2 and UAS-
APOE4 mutant constructs, the sequences of APOE2 and APOE4 were synthesized through 

Sigma gene synthesis services. The UAS-APOE3 construct was retrieved from cDNA clone 

HsCD00323815 from the Harvard Human cDNA collection. The coding sequences were 

retrieved and subcloned into the pUASattB vector using EcoRI and XbaI sites. A Kozak 

consensus sequence was added to 5′ of the CDS.

Production of lentiviral constructs—Lentiviral constructs were based on the 

LentiGuide-Puro (Addgene plasmid # 52963) (Sanjana et al., 2014). To visualize the 

transduction efficiency, a mTagBFP2 (Subach et al., 2011) sequence was inserted between 

the BsiWI sites, after the Ef1-α promoter and before the puromycin resistance cassette.

The final vector, named Lentiguide-Puro-BFP was digested with BsmBI for gRNA insertion. 

All constructs were transformed into Stbl3 chemically competent cells (ThermoFisher). 

Lentiviral packaging was performed through the IDDRC Neuroconnectivity Core.

Lentiviral transduction of Rosa-Cas9-eGFP cells were plated and transduced at 3DIV. 

Transduced cells recovered for 8 additional days before mitochondrial stress assays were 

performed as described below. Transduction was performed after brief (1hr) serum 

starvation (DMEM with glucose [Gibco], 5% glutamax, 15mM HEPES, 1% penicillin/

streptomycin) and the virus was diluted in the same medium. Media was removed after 18 

hours and replaced with GM with B27 (Gibco). Viral transduction was performed at 

approximately MOI = 0.1 to 0.4 depending on the initial knockout efficiency.
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Protein extraction and immunoblotting—Protein was extracted from 3rd instar larvae 

with Da-GAL4 overexpression of human APOE2, APOE3 or APOE4. Crosses were all set 

and kept at 25C in standard fly food. Fifteen third instar larvae were washed in 1× PBS and 

homogenized in SDS sample buffer (277.8 mM Tris-HCl, pH 6.8, 4.4% LDS, 44.4% (w/v) 

glycerol, 0.02% bromophenol blue – Bio-Rad) to a total of 150 μl. Samples were boiled for 

10 min, subjected to SDS-PAGE and transferred onto nitrocellulose membranes. Transferred 

membranes were blocked with 5% (wt/volume) non-fat dry milk in Tris-buffered saline 

containing 0.1% Tween-20 at room temperature for 1h and then incubated with anti-APOE 

(Abcam, EP1373Y) (1:1000) and anti-actin (EMD Millipore, clone C4) (1:10,000) overnight 

at 4°C. After washing, blots w ere incubated with secondary antibodies and developed using 

an ECL detection system (Supersignal WestPico; Pierce).

Immunostaining and imaging

Drosophila: Nile Red and phalloidin staining of Drosophila eyes were performed as 

described in Liu et al., 2015 on adult female flies. Experimenters were blinded during data 

analysis.

Cell culture: Cells were fixed with 4% paraformaldehyde in PBS for 15 minutes on ice and 

washed 3× with PBS. Cells were cryo-protected with 30% sucrose and subsequently 

subjected to freeze/thaw cycles for detergent-free membrane permeabilization for 

immunocytochemistry experiments. Cells were blocked for 1hr with either 10% normal goat 

serum or 10% normal donkey serum with 0.1% cold water fish gelatin – primary antibody 

staining was conducted at 4ºC overnight and secondary antibody staining was conducted at 

room temperature for 2 hours followed by PBS washes, mounting (ProLong Diamond 

[ThermoFisher]) and visualization. Immunofluorescence for cells that did not include a stain 

for LDs were blocked in the same serum block as listed above with 0.1% triton-x. Images 

were acquired using a Leica SP8 confocal microscope.

Cell Death: Cell death in primary cell culture was performed using the In Situ Cell Death 

Detection Kit (see Key Resource Table). Experimenters were blinded during data analysis.

Wire hang assay—Mice were allowed to acclimate to the procedure room for 30 minutes 

prior to behavioral experiments. Holding a mouse by the tail, allow it to grasp, with its 

forepaw, the wire is suspended one feet above a plastic covered foam pad. Gently release the 

mouse. Latency to fall is measured within a 120 second cutoff. Experimenters were blinded 

during the experiment and data analysis.

Drug Studies

Mice: Two to three months old wildtype (C57BL/6J) mice were administered rotenone 

(3mg/kg, 300mg/ml concentration) or vehicle (Miglyol 812N, IOI Oleo GmbH) via 

intraperitoneal injections at 24-hour intervals for 8 days. The protocol was adapted for mice 

from (Cannon et al., 2009). Wildtype vehicle and rotenone treated (n=5 each) were assessed 

for the onset of ataxic phenotypes using the wire hang assay (see behavioral assay). 

Rotenone stock solution was prepared every two days and stored in the dark at 4C°. All 
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treatme nts and behavioral assays were performed in parallel. Experimenters were blinded 

during the experiment and data analysis.

Cell culture

Antioxidant: The antioxidant, AD4 (N-acetylcysteine amide) was dissolved PBS at 150 mM 

and diluted to 1.5μM in OB growth media. The equivalent amount of PBS was added to OB 

growth media as control. AD4 was freshly prepared from powder for each experiment to 

retain potency.

MCT inhibition: The monocarboxylate transporter inhibitor (AR-C155858, Tocris) known 

here as MCTi was solubilized to 100mM in DMSO and subsequently diluted to 200 nM in 

OB growth media. The monocarboxylate transporter inhibitor (SR 13800, also known as 

AR-C122982, Tocris) is known here as MCTi-2 was solubilized to 50mM in DMSO and 

subsequently diluted to 50nM in OB growth media. MCT inhibitors was aliquoted and 

stored at -80ºC for each separate experiment.

ROS: For mitochondrial ROS and lactate inhibition assays, rotenone (Sigma) was used to 

inhibit mitochondrial complex I to induce elevated levels of ROS. Rotenone was solubilized 

to 10 mM in DMSO and diluted to 1.5 or 2 μM in olfactory bulb growth media. Vehicle 

control contained a similar amount of DMSO alone. Cells were treated for 12 or 24 hours at 

9–10 DIV and subsequently fixed in 4% paraformaldehyde. Rotenone was freshly prepared 

from powder for each experiment to retain potency.

Lactate: To determine whether increased lactate is detrimental to neuronal/glial health. 

Sodium L-lactate, ≥99.0% (Aldrich) was dissolved in OB growth media and subsequently 

filtered through a 0.22 μm filter. Lactate media was incorporated at 5DIV and cells were 

fixed for and processed for immunocytochemistry at 11 DIV.

Drosophila

Activating Pdh: Dichloroacetic acid (PESTANAL® analytical standard, Sigma Aldrich) was 

first in 100% ethanol and subsequently diluted into warm liquid fly food at 20μg/ml, 

40μg/ml and 80μg/ml. Ethanol without DCA was added to food for flies fed with control 

food. All vials were used within one week after preparation.

ROS: Rotenone (Sigma-Aldrich), was first solubilized to 10mM in DMSO and then diluted 

to 25μM into warm liquid fly food. Food was protected from light and used within 1 week of 

preparation. Rotenone was freshly prepared from powder for each experiment to retain 

potency.

Rotenone feeding assay: Adult mated flies were placed into vials containing comparable 

amount of DMSO (vehicle) or food with 25μM rotenone. All vials were protected from light 

to prevent rotenone degradation. Adult flies that raised on vehicle/rotenone food were 

dissected at 1-day post eclosion for Nile Red or Phalloidin fluorescent staining. Flies 

collected for the 10-day aging experiment were collected and transferred to normal food.

Liu et al. Page 19

Cell Metab. Author manuscript; available in PMC 2018 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Carbon labeled lactate competition assay workflow

a. Mouse: we derived primary co-culture (neuron and glia) from over 80 BAC 

Aldh1L1-GFP mice pups (Heintz, 2004). Aldh1l1 is a folate metabolism enzyme 

that is also a well-established astrocyte marker (Yang et al., 2011).

b. Co-cultured cells were separated into two experimental groups, one group was 

cultured using OB growth media supplemented with U-13C-D-glucose 

(Cambridge Isotopes) while the other group was cultured using OB growth 

media supplemented with 28 mM U-13C-D-glucose and 11 mM sodium L-lactate 

(Aldrich).

c. We then added rotenone (2 μM) for 24 hours to the cells to induce glial LD 

accumulation.

d. These co-cultured cells were processed for live cell sorting to isolate GFP+ and 

live cells using a live-dead indicator (Sytox Red, ThermoFisher).

e. The GFP+ live cells (astrocytes) were spun down at 0.4G and flash frozen in 

liquid nitrogen.

f. Thawed cells were extracted with chloroform/methanol (17:1 v/v) to recover 

neutral lipids (Ejsing et al., 2009). Dried neutral lipids were dissolved in 

ethanolic KOH (1M KOH in 95% ethanol), saponified at 60°C for one hour in 

capped tubes, neutralized with HCl, and dried under vacuum. Fatty acids were 

dissolved in 1 mM HCl, extracted into hexanes, and dried for LC-MS analysis by 

the BCM Metabolomics Advanced Technology Core. Ion counts for all expected 

fatty acid species (M+0 to M+16 for palmitoleic acid) were extracted from the 

high resolution QTOF data and used to calculate fractional 13C.

Cell harvesting: After 24-hour treatment of co-cultured primary cells with rotenone, cells 

were washed with 1X PBS and enzymatically released from the plate using TrypLE 

(ThermoFisher) at 37°C for approximately 8 minutes until cells are released from the plate 

with agitation. OB growth media was added to resuspend the cells. Cells and media were 

subsequently transferred to a 15ml conical tube and centrifuged at 0.4G for 5 minutes. Cell 

pellets were isolated, washed, re-spun down and finally and resuspended in fresh room 

temperature cell sorting media (1× PBS, no calcium no magnesium, 1mM EDTA, 25mM 

HEPES, 2% FBS, pH 7.4). Cells were counted and diluted to a concentration of 1×106 ml 

and kept on ice before sorting.

Cell sorting: Fluorescent cells were isolated using the BD FACSAriaII (BD biosciences). 

Cell catch buffer is made with EMEM (Lonza), 5% glutamax, 25mM HEPES, 1% pyruvate, 

28mM glucose, 10% fetal bovine serum, 5% horse serum, and 1% penicillin/streptomycin.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image Analysis—Quantifications performed in the Drosophila visual system were 

performed manually using cell counter on ImageJ due to the presence of round rhabdomeres 

that interfere with automated analysis. Quantifications of cell culture experiments and mice 

were performed using semi-automatic methods using threshold and particle count.
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Statistical analysis—All data sets were organized and analyzed in Microsoft excel 2016 

and Prism. Statistical tests are listed in the figure legends. Normality and homogeneity of 

variance were used to determine whether the data met the assumptions of the statistical test 

used. All data sets were assumed to be independent. Data sets with unequal variance were 

analyzed using the Kruskal-Wallis test followed by Dunn’s test for post-hoc analysis for 

significance due to unequal sample sizes. All other datasets were quantified for significance 

using Student’s t-test. Significance is defined as P<0.05 and error bars are shown as standard 

error of the mean (SEM) unless otherwise noted. No outliers were found in any data set and 

no animals or data were excluded from statistical analysis. For fly experiments, more than 

10 flies were used for each individual experiment and all crosses were performed at least 

twice. For cell experiments, all studies were conducted in parallel with vehicle controls in 

the neighboring well for at least 3 wells (biological replicates) and also three sets of pups 

(technical replicates).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Glia derived lactate fuels neuronal lipid production

• Elevated levels of ROS promote lipid production in neurons

• Neuronal lipids are transported to glia via apolipoproteins E and D

• APOE4’s inability to transport lipids for LD formation leads to 

neurodegeneration
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Figure 1. Cell specific screen to uncover proteins involved in lipid transfer
A) Model of the mechanism of lactate and lipid transfer and accumulation. B) ND42 RNAi 

under the control of the Rhodopsin promoter (Rh-ND42 IR) results in glial LD accumulation 

at day 1. Introducing neuronal (Elav) or glial (54C) GAL4s allows for knockdown of genes 

of interest (GOI) in a cell specific manner. Knockdown of proteins involved in lipid transfer 

should lead to a decrease in glial LD accumulation. C) A subset of proteins that may be 

involved in lipid transfer, their human orthologs and conservation as measured by the 

DIOPT score (Max score: 11). Effect of neuronal or glial protein knockdown on glial LD 

accumulation is depicted in a relative manner; three downward arrows (↓↓↓) indicate a 

dramatic decrease in LD accumulation and bar (−) indicates no significant change.
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Figure 2. Reducing MCTs inhibit glial LD accumulation and delays neurodegeneration
A) a, j. Nile Red stain of whole-mount retina. a and f reveal a baseline of approximately 10 

LD per ommatidium in 54C-GAL4; Rh-ND42 IR and Elav-GAL4; Rh-ND42 IR retinas. b–
d. Glial knockdown of Sln (MCT), out (MCT) does not reduce glial LD accumulation in the 

Rh-ND42 IR background and knockdown of Bsg (MCT accessory protein) leads to a 

decrease of glial LD accumulation. g–i Neuronal knockdown of Sln, out and Bsg in the Rh-
ND42 IR background lead to a decrease of glial LD accumulation. e,j knockdown of shakB 
does not alter LD accumulation. B) Quantification of A. C) Quantification of glial LD 

accumulation in the sicilyE and MarfB mutant clones. D) Quantification of the number of 

remaining rhabdomeres after aging for 5 days in sicilyE and MarfB mutant clones. All data 

are represented as mean ± SEM. Student’s t-tests were used to calculate all significance, n > 

10 animals each (*P<0.05, **P<0.005, ***P<0.0005).
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Figure 3. Primary neuronal-glial co-culture requires lactate transport to accumulate glial LD in 
response to ROS
A) a–b. Vehicle treated cells (24 hrs) do not exhibit LD accumulation. c–d. 2 μM rotenone 

treatment for 24 hrs leads to glial LD accumulation (arrowhead). e–f. 24 hr treatment with 2 

μM rotenone and 200 nM MCT inhibitor (MCTi, AR-C155858) leads LD to accumulate in a 

subset of neurons. g–h. Cells treated with 2 μM rotenone for 24 hrs and 200 nM MCTi after 

12 hrs exhibit LD accumulation in neurons and glia. B) Quantification of LD accumulation. 

(Kruskal-Wallis, followed by Dunn’s test for post-hoc analysis. C) Quantification of 

TUNEL staining post treatment. (Kruskal-Wallis, followed by Dunn’s test for post-hoc 

analysis. n = 200 cells counted per treatment, 3 replicates) D) Percentage incorporation 

of 13C into palmitoleic acid in astrocytes is decreased when extracellular lactate is added 

(Student’s t-test. Data point represent mean +/− standard deviation. n =3 biological and 3 

technical replicates). E) Rotenone treated mice (3mg/kg/day, 8 days) exhibit significant (p = 

0.001) LD accumulation colocalizing with astrocyte (GFAP) and microglia (IBA1) markers 

compared to vehicle treated mice and accumulate LD similar to p35 Ndufs4−/− mutant mice 

(Student’s t-test. n = 5 per treatment. 3 sections per slice, 20 slices per animal.) All data 

points represent mean +/− SEM. *P<0.05, **P<0.005, ***P<0.0005. Scale bar: 50 μm.
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Figure 4. Neuronal lactate is critical for glial LD accumulation
A) Quantification of LD. Glial (54C-GAL4) or neuronal (Elav-GAL4) specific knockdown 

of Ldh and Pdha results in a decrease of LD accumulation in the Rh-ND42 IR background. 

B) Removal of a copy of PdhaA and KdnA reduces glial LD accumulation in the Rh-ND42 
IR, Rh-Marf IR and Rh-Aats-met IR flies. C) Flies fed with dichloroacetate (DCA) exhibit a 

dose dependent increase in glial LD. D) Neuronal overexpression (N-Syb-GAL4) of SREBP 

or JNK leads to glial LD accumulation. Knockdown of MCTs (Sln, out) and metabolic 

enzymes (Ldh and Pdha) in the N-Syb-GAL4 overexpression background ameliorates glial 

LD accumulation. All data points represent mean +/− SEM (Student’s t-test. n > 10 animals 

each *P<0.05, **P<0.005, ***P<0.0005).
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Figure 5. Lipids are transported via Fatty acid transport proteins
A) Decreasing Fatp levels in neuron or glia in the high ROS background (Rh-ND42 IR) led 

to less glial LD. B) Photoreceptor degeneration in sicilyE and MarfB mutant clones is 

ameliorated with whole eye (Eyeless-GAL4) knockdown of Fatp. C) Primary co-culture 

derived from Rosa-Cas9-eGFP were transfected at 3DIV with lentiviral packaged FATP1 
and FATP4 sgRNAs and subjected to rotenone treatment at 11DIV. a–d. Vehicle treated cells 

do not exhibit FATP1 knockdown or LD accumulation while (e–h) 2 μM rotenone treated 

cells exhibit glial LD accumulation. i–l. Cells transduced with FATP1 sgRNA lead to loss of 

FATP1. m–p. Loss of FATP1 leads to an inability to accumulate LD when subjected to 2 μM 

rotenone treatment. D) Quantification of C and Figure S4F. Data are represented as mean ± 

SEM. (Student’s t-test. n > 10 animals each or n = 200 cells counted per treatment, 3 

replicates. *P<0.05, **P<0.005, ***P<0.0005). Scale bar: 50 μm.
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Figure 6. Human APOE4 cannot functionally replace Glaz in lipid transport
A) a–b. Nile Red stain reveals a baseline of elevated LD accumulation. c–d. Glial 

knockdown of Glaz in the Rh-ND42 IR background leads to decreased in glial LD 

accumulation but neuronal knockdown does not alter LD accumulation. e–f. Glial 

knockdown of Nlaz in the Rh-ND42 IR background does not alter LD accumulation but 

neuronal knockdown leads to a decrease in glial LD accumulation. B) Quantification of A. 

(Student’s t-tests, n > 10 animals each). C) MiMIC insertion in the first coding intron of 

Glaz allows for recombination mediated cassette exchange to insert a Trojan exon containing 

a splice acceptor (SA), linker, and T2A sequence and a GAL4 sequence followed by a poly 

A tail. The insertion of the Trojan exon produces flies with a truncated Glaz protein (mutant) 

and GAL4 which is used to express any UAS-gene. D) a–b. Rh-ND42 IR and Rh-Marf IR 
exhibit glial LD accumulation. c–d. Removing one copy of Glaz by introducing 

GlazT2A-GAL4 decreases glial LD accumulation in the Rh-ND42 IR and Rh-Marf IR 
background. e–f. Replacing the one-copy-loss of Glaz with expression of APOE2 variant 
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restores glial LD accumulation. g–h. Substituting one-copy-loss of Glaz with expression of 

APOE3 variant restores glial LD accumulation. i–j. Substituting one-copy-loss of Glaz with 

APOE4 variant does not restore LD accumulation. E) Quantification of D. F) Flies with 

APOE4 expression in place of Glaz accumulate less LD compared to APOE3 expressing 

flies when fed rotenone (Kruskal-Wallis test followed by Dunn’s test for significance. n > 10 

animals each). Data are represented as mean ± SEM. (*P<0.05, **P<0.005, ***P<0.0005.).
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Figure 7. Apoe null cells and APOE4 animals cannot accumulate glial LD in response to stress
A) Glial (54C-GAL4) overexpression of UAS-mCD8:GFP (control) does not lead to LD 

accumulation. Glial overexpression of Glaz, APOE2 and APOE3 variants lead to more than 

10 LDs per ommatidium whereas APOE4 variant overexpression leads to significantly less 

glial LD accumulation. (Student’s t-tests were used to calculate significance. n > 10 animals 

each). B) a–b, Vehicle treated control cells did not accumulate glial LD after 12 hrs 

treatment. c–d, cells treated for 12 hrs with 1.5 μM rotenone accumulate glial LDs. e–h. 
Apoe−/− treated for 12 hours with 1.5 μM rotenone accumulate minimal glial LDs. (Kruskal-

Wallis test followed by Dunn’s test for significance. n < 200 cells per treatment, 3 replicates) 

C) Homozygous APOE4 expressing flies have more disrupted photoreceptors compared to 

APOE3 expressing flies immediately post ROS exposure. D). When aged for 10 days, Flies 
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with APOE4 expression in place of Glaz lose a comparable number of neurons as Glaz null 

flies and more than APOE3 flies. (Kruskal-Wallis test followed by Dunn’s test for 

significance. n > 10 animals each) Data are represented as mean ± SEM. *P<0.05, 
**P<0.005, ***P<0.0005. Scale bar: 50 μm.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER (RRID)

Antibodies

Mouse anti-beta III tubulin (801201) Biolegend RRID:AB_2313773

Mouse Anti-Glial Fibrillary Acid Protein (G3893) Sigma RRID:AB_2313773

Rabbit Anti-Glial Fibrillary Acid Protein EnCor Biotechnology RRID:AB_2572310

Goat anti-FATP1 Santa Cruz Biotechnology RRID:AB_2239414

Goat anti-FATP4 (SC-5835) Santa Cruz Biotechnology RRID:AB_2190629

Mouse Anti-6x-His Epitope Tag (HIS.H8) ThermoFisher RRID:AB_2313773

Rabbit Anti-Human APOE Abcam RRID:AB_867703

Mouse Anti-Actin (C4) EMD Millipore RRID:AB_2223041

Rabbit P75-NTR Biolegend RRID:AB_2565441

Rabbit Anti-active Caspase 3(Asp175) Cell Signaling RRID:AB_443014

Bacterial and Virus Strains

Lentiguide-Puro-BFP This manuscript Backbone obtained from 
addgene:
Plasmid # 52963
Plasmid #34632

Stbl3 competent cells Thermo Fisher Cat # C737303

Chemicals, Peptides, and Recombinant Proteins

Nile Red Sigma Cat # 72485

BODIPY (493/503) Thermo Fisher Cat # D3922

SR 13800 (MCTi2) Tocris Cat # 5431

AR-C155858 (MCTi) Tocris Cat # 4960

Rotenone Sigma Cat # R8875

Sodium L-Lactate Sigma Cat # 71718

Dichloroacetic acid (PESTANAL® analytical standard) Aldrich Cat # 36545

U-13C-d-Glucose Cambridge Isotopes Cat # CLM-1396-PK

TrypLE ThermoFisher Cat # 12605010

SytoxRed ThermoFisher Cat # S34859

Critical Commercial Assays

In Situ Cell Death Detection Kit, Fluorescein Roche Cat # 11684795910

SuperSignal™ West Pico Chemiluminescent Substrate ThermoFisher Cat # 34080

Experimental Models: Organisms/Strains

y w*; P{GAL4-elav.L}2 Drosophila melanogaster BDSC_8765

y1 w*; P{w[+m*]=GAL4}54C Drosophila melanogaster BDSC_27328

y1 w*; P{nSyb-GAL4.S}3 Drosophila melanogaster BDSC_51635

y1 w*; P{w+mC=UAS-mCD8::GFP.L}LL5 Drosophila melanogaster BDSC_5137

w*; P{w+mC = UAS-bsk.B}2 Drosophila melanogaster BDSC_9310

y w; P{UAS-SREBP.K}2/CyO Drosophila melanogaster BDSC_38396

P{NinaE-GD6220} (Rh-ND42 RNAi) Drosophila melanogaster (Liu et al., 2015)
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REAGENT or RESOURCE SOURCE IDENTIFIER (RRID)

P{NinaE-GD11094} (Rh-Marf RNAi) Drosophila melanogaster (Liu et al., 2015)

P{NinaE-KK108492} Rh-Aats-Met RNAi) Drosophila melanogaster (Liu et al., 2015)

P{KK104306}VIE-260B (Sln RNAi) (Volkenhoff et al., 
2015)

Drosophila melanogaster FlyBase_FBst0481152

w1118; P{GD1940}v4607 (Sln RNAi) Drosophila melanogaster FlyBase_FBst0466501

w1118; P{GD3448}v51157 (out RNAi) (Volkenhoff et al., 
2015)

Drosophila melanogaster FlyBase_FBst0469314

P{KK104187}VIE-260B (out RNAi) (Volkenhoff et al., 
2015)

Drosophila melanogaster FlyBase_FBst0480175

w[1118]; P{GD12666}v26802/CyO (shakB RNAi) (Pezier 
et al., 2016)

Drosophila melanogaster FlyBase_FBst0456596

y1 sc* v1; P{y+t7.7 v+t1.8=TRiP.HMC04895}attP2 (shakB 
RNAi)(Pezier et al., 2016)

Drosophila melanogaster BDSC_57706

y1 sc* v1; P{TRiP.HMC03111}attP2 (Fatp RNAi) Drosophila melanogaster BDSC_50709

y1 sc* v1; P{TRiP.HMC03960}attP40 (Fatp RNAi) Drosophila melanogaster BDSC_55273

y1 sc* v1; P{TRiP.HMC04206}attP2 (Fatp RNAi) Drosophila melanogaster BDSC_55919

P{KK104809}VIE-260B (Fatp RNAi) (Dourlen et al., 
2012)

Drosophila melanogaster FlyBase_FBst0471998

y1 v1; P{TRiP.HMS00039}attP2 (Ldh RNAi) Drosophila melanogaster BDSC_33640

P{KK107553}VIE-260B (Nlaz RNAi) Drosophila melanogaster FlyBase_FBst0473194

w1118; P{GD12709}v35558 (Nlaz RNAi) Drosophila melanogaster FlyBase_FBst0461214

P{KK107553}VIE-260B (Nlaz RNAi) Drosophila melanogaster FlyBase_FBst0473194

w1118; P{GD4806}v15387/TM3 (Glaz RNAi) Drosophila melanogaster FlyBase_FBst0451831

w1118; P{GD4806}v15389/TM3 (Glaz RNAi) Drosophila melanogaster FlyBase_FBst0451832

P{KK106377}VIE-260B (Glaz RNAi) Drosophila melanogaster FlyBase_FBst0479254

P{KK101856}VIE-260B (Pdha RNAi) Drosophila melanogaster FlyBase_FBst0479031

w1118; P{GD12103}v40410 (Pdha RNAi) Drosophila melanogaster FlyBase_FBst0463545

w1118; P{GD15718}v43306 (Bsg RNAi) Drosophila melanogaster FlyBase_FBst0465019

w1118; P{GD15718}v43307(Bsg RNAi) Drosophila melanogaster FlyBase_FBst0465020

w1118; P{GD989}v2789 (Bsg RNAi) Drosophila melanogaster FlyBase_FBst0457179

P{w+mC=GMR-hid}SS1, y1 w* P{ry+t7.2=neoFRT}19A; 
P{ w+m*=GAL4-ey.H}SS5, P{w+mC=UAS-FLP1.D}JD2

Drosophila melanogaster BDSC_5248

y1 w* sicilyE P{ry+t7.2=neoFRT}19A/FM7c, 
P{w+mC=GAL4-Kr.C}DC1, P{w+mC=UAS-
GFP.S65T}DC5, sn+

Drosophila melanogaster BDSC_52394

y1 w* MarfB P{ry+t7.2=neoFRT}19A/FM7c, 
P{w+mC=GAL4-Kr.C}DC1, P{w+mC=UAS-
GFP.S65T}DC5, sn+

Drosophila melanogaster BDSC_67154

P{lacW}BsgSH1217P{neoFRT}40A/CyO Drosophila melanogaster (Besse et al., 2007)

y1 w*; Mi{Trojan-GAL4.no-pA.0}GLazMI02243 Drosophila melanogaster This paper

w1118; NlazNW5 Drosophila melanogaster (Hull-Thompson et al., 
2009)

w*; SlnD1/CyO Drosophila melanogaster (Jang et al., 2008)
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REAGENT or RESOURCE SOURCE IDENTIFIER (RRID)

y1 w* l(1)G0334A P{neoFRT}19A/FM7c, P{GAL4-
Kr.C}DC1, P{UAS-GFP.S65T}DC5, sn+

Drosophila melanogaster BDSC_52370

y1 w* kdnA P{neoFRT}19A/FM7c, P{GAL4-Kr.C}DC1, 
P{UAS-GFP.S65T}DC5, sn+

Drosophila melanogaster BDSC_52364

yd2 w1118 P{ey-FLP.N}2 P{GMR-lacZ.C(38.1)}TPN1; 
P{lacW}Fatpk10307 P{neoFRT}40A/CyO y+

Drosophila melanogaster BDSC_10988

y1 w*; PBac{UAS-APOE2.C112, C158}VK00033 Drosophila melanogaster This paper

y1 w*; PBac{UAS-APOE3.C112, R158}VK00037 Drosophila melanogaster This paper

y1 w*; PBac{UAS-APOE4.R112, R158}VK00037 Drosophila melanogaster This paper

B6.129P2-Apoetm1Unc/J Mus musculus IMSR_JAX:002052

Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/J Mus musculus IMSR_JAX:024858

Tg(Aldh1l1-EGFP,-DTA)D8Rth Mus musculus IMSR_JAX:026033

C57BL/6J Mus musculus IMSR_JAX:000664

FATP1 CACCGGTCGTTTGCCACCGTTAGAGTGG n/a

FATP1 CACCGTCGTTTGCCACCGTTAGAGTGGG n/a

FATP4 CACCGAGGTAGCGTTGTGCCTCTACCGG n/a

FATP4 CACCGTATGTCCCCACGACGAGGCTTGG n/a

Nontarget CACCGGCGAGGTATTCGGCTCCGCGTGG n/a

Recombinant DNA

APOE3 Harvard Human cDNA collection HsCD00323815

Software and Algorithms

ImageJ NIH n/a

Illustrator CS6 Adobe n/a

Photoshop CS5 Adobe n/a

GraphPad Prism 7 GraphPad software n/a

Microsoft Excel 2016 Microsoft Corporation n/a
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