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Summary  

Neuronal function is highly energy demanding and thus requires efficient and 

constant metabolite delivery. Like their mammalian counterparts Drosophila 

glia are highly glycolytic and provide lactate to fuel neuronal metabolism. 

However, flies are able to survive for several weeks in the absence of glial 

glycolysis1. Here, we study how glial cells maintain sufficient nutrient supply to 

neurons under conditions of carbohydrate restriction. We show that 

glycolytically impaired glia switch to fatty acid breakdown via β-oxidation and 

provide ketone bodies as an alternate neuronal fuel. Moreover, flies also rely 

on glial β-oxidation under starvation conditions with glial loss of β-oxidation 

increasing susceptibility to starvation. Further, we show that glial cells act as a 

metabolic sensor in the brain and can induce mobilization of peripheral energy 

stores to ensure brain metabolic homeostasis. In summary, our study gives 

pioneering evidence on the importance of glial β-oxidation and ketogenesis for 

brain function, and survival, under adverse conditions, like malnutrition. The 

glial capacity to utilize lipids as an energy source seems to be conserved from 

flies to humans. 

Introduction 

The nervous system consumes a disproportionally large amount of energy 

compared to its size2,3. Carbohydrates are the preferred energy source, thus, 

large quantities of glucose are imported from circulation4. Glucose is then 

metabolized glycolytically. The highest glycolytic activity has been associated 

with glial cells, which produce lactate to fuel neuronal oxidative metabolism5–8. 

This metabolic coupling of glial cells and neurons has been termed the 

“Astrocyte-Neuron Lactate Shuttle” (ANLS) and has been shown to be 

conserved across species1,9. Under optimal conditions glial cells are able to 

conserve energy by producing glycogen10 that can be used to fuel peaks of 

neuronal energy demand or bridge short periods of malnutrition10,11. But is glial 

glycogen the only alternative fuel used in periods of glucose deprivation? 

It has been suggested that under conditions of nutrient restrictions the brain 

takes up ketone bodies from circulation to meet its energetic demand12,13. 



 

 

Whether the brain itself uses fatty acids (FA) to gain energy has been 

debated14–17; even though major rate-limiting enzymes of β-oxidation are 

expressed in the nervous system18,19. Our study presents pioneering evidence 

of the importance of glial β-oxidation and ketogenesis for neuronal function and 

animal survival.  

We analyze the metabolic plasticity of neurons and glia in the adult brain of 

Drosophila melanogaster. Glycolytically impaired glial cells indeed switch to β-

oxidation, allowing sustained support of neuronal metabolism by supplying 

ketone bodies instead of glucose-derived lactate. In addition, we found that glial 

β-oxidation is essential for survival upon nutrient deprivation.  

Furthermore, manipulations of glial glycolytic and FA metabolism are instructive 

for fat storage and mobilization in the fat body. Overall, we show that in dire 

nutritional conditions glial cells are metabolic sensors, regulating systemic lipid 

traffic to ensure optimal fatty acid provision. These fats in circulation provide 

fuel for glial β-oxidation, producing ketone bodies, to supply the nervous system 

with energy. 

Results 

Glycolytically impaired glial cells switch to β-oxidation to support neuronal 

function 

Previously we showed that glial glycolysis is essential for neuronal survival in 

Drosophila, while neuronal glycolysis is dispensable1. Interestingly, glial 

glycolytic knockdown only reduces lifespan by about half1. Therefore, we 

speculated that glia use FA as an alternative fuel to ensure brain function and 

prolong survival. To analyze glial or neuronal breakdown of FA via β-oxidation, 

we targeted the enzymes Carnitine palmitoyltransferase 2 (CPT2, CG2107) 

and Mitochondrial trifunctional protein α subunit (Mtpα, CG4389). CPT2 is 

required to import acyl-carnitines into the mitochondria, while Mtpα possesses 

Enoyl-CoA hydratase and a Hydroxyacyl-CoA dehydrogenase activity and 

catalyzes breakdown of Acyl-CoA in the mitochondria. Knockdown of β-

oxidation alone in neurons or glia of adult animals did not reduce lifespan 

(CPT2dsRNA, CherrydsRNA and MtpαdsRNA, CherrydsRNA). We used two UAS-



 

 

dsRNA-constructs in all cases for better comparability with double knockdowns 

(Fig. 1A, S1A). While neuronal metabolic manipulations did not have any 

phenotypic consequences (Fig. S1A), simultaneous reduction of β-oxidation 

and pyruvate kinase (Pyk, a key enzyme of glycolysis) in adult glial cells 

significantly reduced lifespan compared to glycolysis knockdown alone (Fig. 

1A), indicating that glial β-oxidation is essential upon glycolytic impairment. 

Starvation induces a metabolic switch in the glia 

Under starvation conditions, carbohydrate supply in the animal is limited20 and 

alternative substrates must be used for glial energy production. To examine the 

effect of carbohydrate restriction in animals with impaired glial β-oxidation, we 

starved adult flies and assessed their lifespan using a Drosophila activity 

monitor (DAM) setup. Animals with glycolytically impaired glia 

(PykdsRNA,CherrydsRNA) succumbed to starvation at the same rate as controls, 

indicating that starving animals do not rely on carbohydrate metabolism (Fig. 

1B). In contrast, flies with knockdown of glial β-oxidation 

(CPT2dsRNA,CherrydsRNA or MtpαdsRNA,CherrydsRNA) were more susceptible to 

starvation than control animals (Fig. 1B). Moreover, loss of glial glycolysis in 

addition to β-oxidation did not have any added effect (Fig. 1B). Thus, the glial 

switch to β-oxidation occurs under physiological conditions like nutrient 

restriction and is then essential to protect the brain. 

Loss of glial β-oxidation in addition to glycolysis accelerates neurodegeneration  

Since neurodegeneration is most likely the cause of premature death when glial 

glycolysis is impaired1, we speculated that it might be accelerated upon 

additional loss of β-oxidation. To test this, we assessed activity of the animals, 

hypothesizing that neurodegeneration correlates with a loss in coordination and 

mobility (Fig. 1C,D, S1B,C). CPT2dsRNA,CherrydsRNA and MtpαdsRNA,CherrydsRNA 

flies showed wild-typic activity (Fig. 1C,D). In contrast, we found that glial 

PykdsRNA reduced activity in aged animals (22 days), indicating progressive 

decline of neuronal activity (Fig. 1C,D). This phenotype occurs earlier upon 

additional knockdown of glial β-oxidation. PykdsRNA,CPT2dsRNA or 

PykdsRNA,MtpαdsRNA, animals exhibited decreased mobility already after one 



 

 

week; and died latest at the age of three weeks. In contrast, respective neuronal 

metabolic manipulations did not result in abnormal phenotypes (Fig. S1B,C). 

To confirm that glial loss of glycolysis and β-oxidation induces 

neurodegeneration, we analyzed brain morphology using semi-thin head 

sections. Neurodegenerative samples are characterized by areas with 

abnormal tissue organization1,21. Indeed, we detected holes in the cortical 

regions of glial double knockdown brains, already at two weeks of age (Fig. S2 

D,F), while impaired glial glycolysis alone induced signs of neurodegeneration 

only later (38 days, compare Fig. S2 H1). Inhibition of glial β-oxidation alone, or 

respective neuronal manipulations, did not lead to neurodegeneration (Fig. S1 

D-I, S2). In conclusion, loss of glial glycolysis causes premature 

neurodegeneration1 that is strongly accelerated when glial β-oxidation is lost in 

addition. Thus, glial β-oxidation is sufficient to support neuronal survival and 

function at least for some time.  

Glycolytically impaired glia produce ketone bodies to support neuronal 

metabolism 

Neurons can metabolize ketone bodies derived from circulation22,23. These 

ketone bodies are generated via β-oxidation in the liver, e.g. upon carbohydrate 

restriction or hunger. We speculated that dietary restriction could force glia to 

produce ketone bodies from β-oxidation to fuel neurons. To test this, we 

performed glia specific knockdown of either Acetyl-CoA C-acetyltransferase 

(ACAT, CG10932, orthologue of human and mouse ACAT1), required to 

convert Acetyl-CoA into Acetoacetyl-CoA, or 3-Hydroxymethyl-3-

methylglutaryl-CoA lyase (Hmgcl, CG10399, orthologue of human and mouse 

HMGCL), which catalyzes the cleavage of 3-Hydroxy-3-methylglutaryl-CoA to 

generate acetoacetate and Acetyl-CoA. The lifespan of flies with glially 

impaired ketogenesis and glycolysis is reduced to a level comparable to β-

oxidation, glycolysis knockdowns (Fig. 2 A,1 A). To examine if progressive 

neurodegeneration is responsible for the early lethality of ACATdsRNA,PykdsRNA 

and HmgcldsRNA,PykdsRNA animals, we assayed their mobility. We found that 

already young (1 week) animals with inhibited glial ketogenesis and glycolysis 

are less active, phenocopying double β-oxidation, glycolysis knockdown 



 

 

animals (Fig. 2 B, 1 C). This suggests that glia produce ketone bodies to fuel 

neurons in the absence of glycolytic activity. 

Loss of glial glycolysis induces mitochondrial functional changes 

Correct mitochondrial function is essential to provide energy; not only via the 

TCA-cycle and electron transport chain (ETC), but also β-oxidation. Analyzing 

the amounts of ATP5α, the ATPase of the ETC, in the brain revealed significant 

increase in all glial knockdown animals (Fig. S3 A), indicating changes in 

mitochondrial function. To further study functional alterations in mitochondria, 

we focused on mitochondrial morphology. It has been shown that the degree of 

fusion or fission of mitochondria reflects their metabolic state24. Mitochondrial 

β-oxidation is more efficient when the mitochondria are in a highly fused state25. 

To assess whether impairment of glial glycolysis changes the mitochondrial 

shape, we analyzed the mitochondrial appearance (using the mitochondrial 

reporter mitoGFP, Fig. 2 C). Indeed, mitochondria in glycolytically impaired glial 

cells show a much higher degree of fusion than in glial cells of control animals 

(Fig. 2 C,D). Such changes in mitochondrial morphology could result in 

differences in the abundance of lipids important for mitochondrial function, such 

as phosphatidylglycerol (PG) 26,27. To measure PG levels, we analyzed the lipid 

profile of adult fly brains using mass spectroscopy (MS). PG yields were 

reduced in PykdsRNA, CPT2dsRNA animals (Fig. 3 B) and that the ratio between 

phosphatidylethanolamine (PE) and phosphatidylcholine (PC) was shifted (1.6; 

controls = 2.1). The PE/PC ratio correlates with the cellular capacity to produce 

energy, and its reduction along with low PG levels indicates mitochondrial 

dysfunction26,27 (Fig. 3 C).Taken together, the loss of glial glycolysis and β-

oxidation affects glial mitochondria supporting our hypothesis that glia switch to 

β-oxidation when glycolysis is impaired.  

Impairment of glial metabolism induces mobilization of peripheral energy stores 

β-oxidation is the breakdown of fatty acids, which are mostly stored as 

triacylglycerides (TAGs) in lipid droplets. Hence, higher β-oxidation rates 

should reduce cellular TAG stores. To test whether glial metabolic impairment 

changes TAG yields in brains, we measured TAG levels in lipid extracts from 



 

 

adult brains by MS (Fig 4 A,B). As expected, inhibited glial β-oxidation resulted 

in increased TAG levels in the CNS (Fig. 4 A,B). This confirms earlier work 

suggesting that glial loss of CPT2 induces TAG accumulation in the CNS15. 

Interestingly, glial knockdown of glycolysis produced similar results indicating 

either increased fatty acid absorption from circulation or sugar to fat conversion 

in the glia28,29.  

Interorgan communication between glia and fat body 

Reduced glial metabolite turnover could initiate a feedback to the periphery30. 

To test whether loss of glial glycolysis changes lipid production and/or 

mobilization in fat body cells (a Drosophila tissue analogous to mammalian liver 

and white adipose tissue31), we analyzed complete head samples for their TAG 

content. Thin layer chromatography experiments using CNS and head samples 

showed that the TAG content of brains is negligible compared to the TAG 

content of head samples (Fig S3 A). Thus, TAG levels of adult head samples 

reflect primarily the TAG levels in the head fat body. MS data reveal an increase 

of saturated TAG levels in heads of animals with impaired glial glycolysis (Fig. 

4C), indicating that metabolic deficiency of the CNS triggers compensatory 

mechanisms in the periphery.  

Since inhibition of glycolysis or β-oxidation in glia induces the buildup of TAG 

stores in fat body cells (Fig. 4C), we wondered whether lipids are mobilized and 

enter the circulation. In Drosophila, Lipophorin particles (Lpp) are the main 

systemic lipid carriers 32,33. To assess the lipid load of Lpp, we separated them 

in a density gradient. In general, high lipid loads force lipoprotein particles to 

accumulate in less dense fractions of the gradient32,34. We found that in glial 

glycolysis, β-oxidation double knockdown animals, lipoproteins are more 

lipidated than in controls (Fig. 4 D); indicating a saturation of systemic lipid 

traffic. Nevertheless, our experiment reports the total lipid load of lipoproteins, 

but not the general amount of these carriers present in circulation. Lipoproteins 

have a shell formed by phospholipids (PL)32. We used MS to quantify the 

amount of PL in hemolymph samples. Since extracting pure hemolymph is 

challenging, many samples were excluded due to tissue contamination 

(excluded by presence of significant amounts of TAGs or mitochondrial PGs32). 



 

 

Indeed, we found that DAG/PL ratios are very different between all genotypes 

tested (Fig. S3 C,D). The fat body represents the main lipoprotein particle 

source and therefore, our data suggests a multi-dimensional regulation of this 

cell type by glia. Furthermore, our MS measurements confirmed high payload 

yields of lipoproteins in glycolysis, β-oxidation double knockdown animals (Fig. 

S3 C,E). However, the low levels of PLs point to low numbers of these lipid 

carriers (Fig S3 D,E). Taken together, our correlative results from both 

independent experimental approaches show that metabolic insufficiency of glia 

results in the mobilization of storage lipids. In addition, our data suggest an 

interorgan communication between glia and the periphery, responsible for 

controlling peripheral lipid storage.  

Discussion 

Neurons need a large amount of energy to function. This energy is provided 

with the help of glial cells that are glycolytically active, providing neurons with 

metabolites such as lactate 1,7,35. Here we show that glial metabolism is not 

limited to glycolysis but is flexible and can switch to the use of FA to fuel 

neuronal metabolism when carbohydrate metabolism is not sufficient.  

It has long been thought that the brain is mostly restricted to carbohydrates as 

an energy source19. However, Drosophila glial cells can also metabolize lipids 

via β-oxidation to produce ketone bodies to fuel neuronal metabolism (Fig. 

1,2,3). When glycolytically impaired glial cells additionally lose the capacity to 

perform β-oxidation, or produce ketone bodies, neurodegeneration occurs at 

an accelerated rate and the activity and lifespan of the animal are greatly 

reduced compared to loss of glycolysis alone (Fig. 1, 2). In addition, animals 

with a glial loss of β-oxidation are more susceptible to starvation. Thus, glial β-

oxidation is essential to maintain brain energy homeostasis when carbohydrate 

metabolism is restricted genetically or due to hypoglycemia.  

In the insect CNS, lipid droplets are found in glial cells15. These lipid droplets 

are most likely initially used to fuel β-oxidation, since loss of β-oxidation leads 

to a glial accumulation of lipid droplets15. In mammals no lipid droplets are found 

in glial cells, but oligodendrocytes produce large amounts of lipid-rich myelin. 



 

 

The primary function of myelin is thought to be insulation of the axons, to allow 

fast signal conduction. Interestingly, Asadollahi et al. (this issue) show that 

myelin can also be used as energy storage under conditions of carbohydrate 

restriction. Here, mouse oligodendrocytes use β-oxidation to maintain energy 

homeostasis in the optic nerve at the expense of myelin thickness. Also, 

oligodendrocyte-specific knockout of Glut1, limiting glucose uptake, leads to a 

reduction in myelin thickness in vivo. In addition, MRI scans of patients suffering 

from anorexia nervosa show a loss of white matter, indicating that severe 

nutrient restriction in humans can also cause oligodendrocytes to metabolize 

lipids stored in the myelin sheath, to maintain cerebral energy homeostasis 36,37. 

Thus, the metabolic flexibility of glial cells to switch to β-oxidation is essential 

for maintaining energy homeostasis under restrictive conditions from 

Drosophila to humans.  

In addition to using glia-intrinsic lipid stores, Drosophila glial cells can signal to 

the periphery to mobilize organismal energy stores to maintain adequate 

energy supply to neurons (Fig. 4). This indicates a new route of interorgan 

communication, used to maintain energy homeostasis in the brain. Also this 

interorgan communication is likely to be conserved, since loss of cerebral β-

oxidation in mammals induces changes in peripheral metabolism17. Thus, we 

conclude, glial cells are a metabolic sensor regulating systemic lipid 

mobilization. Future studies are needed to decipher the regulatory mechanisms 

that govern this novel interorgan communication.  
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Figures 

 

Figure 1: Glia rely on β-oxidation upon loss of glycolysis or nutrient 

restriction 

A) Lifespan of glial glycolysis/β-oxidation knockdown animals (CPT2dsRNA, 

PykdsRNA and MtpαdsRNA, PykdsRNA) is significantly reduced compared to 

glycolysis only knockdown (Pyk, Cherry). N=3, n≥125 B) In contrast to 

glycolysis loss, β-oxidation knockdown induces starvation susceptibility. N=2, 

n=50-64 C) Locomotive activity is reduced in glycolysis/β-oxidation knockdown 

animals at the age of one week. N=3, n≥60 D) By three weeks of age the activity 

of glial glycolysis knockdowns is significantly reduced. β-oxidation knockdown 

animals (CPT2dsRNA, CherrydsRNA and MtpαdsRNA, CherrydsRNA) show wild-typic 

activity. N=3, n≥60.  



 

 

 
 
Figure 2: Glycolytically impaired glial cells produce ketone bodies via 

mitochondrial β-oxidation.  

A) Simultaneous knockdown of ketone body synthesis (ACATdsRNA or 

HmgcldsRNA) and glycolysis (PykdsRNA) in adult glia reduces lifespan compared 

to glycolysis only knockdowns. Ketone body synthesis only knockdown animals 

show wild-typic lifespan. B) Average locomotive activity is significantly 

decreased in one week old PykdsRNA, ACATdsRNA double knockdown animals. 

C) Upon glial loss of glycolysis (PykdsRNA), the mitochondria are in a more fused 

state then in control animals (lacZdsRNA). D) Total mitochondrial volume per 

volume units. N=3, n≥18.



 

 

 

 

Figure 3: Glial metabolic impairment alters membrane composition in the 

CNS  

A) Quantification of relative luminescence of ATP5α normalized to protein 

levels. All genotypes show a significant increase in ATP5α compared to 

controls. N=2 B) Glial glycolysis, -oxidation double knockdown (CPT2 PyK-

dsRNA) significantly reduces the amount of PGs detected in the CNS. N=3 C) 

Levels of PE, PI, PS and PC in the CNS. -oxidation only knockdown increases 

membrane lipid levels, while simultaneous loss of β-oxidation and glycolysis in 

glia reduces membrane phospholipid concentrations. N=3. Phosphatidylinositol 

(PI), Phosphatidylethanolamine (PE), Phosphatidylcholine (PC), 

Phosphatidylserine (PS), Phosphatidylglycerol (PG).  



 

 

 
 
Figure 4: Impaired glia metabolism affects lipid homeostasis  

A,B) Levels of saturated (A) and unsaturated (B) TAGs in the CNS are 

significantly increased upon glial glycolysis (PykdsRNA) or -oxidation 

(CPT2dsRNA) knockdown. C) Yields of saturated TAGs in total head samples are 

significantly increased upon glial glycolytic impairment. D) Exemplary 

photographs from experiments depicting the Lpp signal distribution in different 

fractions of density gradients. Fraction 1 (left) represents sample with lowest 

density and Fraction 12 (right) the sample with the highest density.  



 

 

 

Methods 

Fly stocks 

Flies were maintained at room temperature on standard food. Fly crosses were 

kept at 18°C for 4 weeks on standard food. After hatching, mated female 

progeny of the correct genotype were transferred to 29 °C and flipped onto new 

food every second day.  

repoGal80 38, tubGal80ts 39, elavGal4 40, repoGal4 41,42, lacZdsRNA 43; Flies 

obtained from Bloomington Drosophila stock center: elavGal4 (BL8765, 

BL8760), tubGal80ts (BL7017), UAS-mito-GFP (BL8443), CherrydsRNA 

(BL35785), GFPdsRNA (BL9331), CPT2HMJ23935 (BL62455), 

ACATHMC03340(BL51785), HmgclHMC03435 (BL 5186) ; Flies obtained from 

VDRC : PyKGD12123, MTPαGD11299 

 

Lifespan analysis  

Mated females were collected in vials containing 20 flies and kept at 29 °C for 

the duration of the experiment. Vials were flipped three times per week onto 

fresh food, deaths were recorded, and survival rates were calculated using log-

rank test. 

 

Starvation  

Mated females were raised on standard food for one week at 29 °C, then 

transferred to individual capillaries containing plain agar. Capillaries were 

placed in a Drosophila activity monitor with a 12-hour light dark cycle at 29 °C. 

Flies were counted as dead once movement ceased.  

 

Drosophila activity monitoring (DAM) 

Mated females aged for either one or three weeks at 29 °C on standard food 

were loaded into individual capillaries containing 5 % sucrose in agar. 

Capillaries were placed in a Drosophila activity monitor with a 12-hour light dark 

cycle at 29 °C. The activity of the flies over a 24-hour period was recorded and 

difference in activity was determined using Mann-Whitney rank sum test. 



 

 

 

Semi-thin epon sections 

Heads of adult flies, aged for 17 or 38 days at 29 °C, were embedded in Epon 

as described previously 44. 1 µm semi-thin sections were cut using a EM UC7 

microtome (Leica), stained with toluidine blue and imaged using a Zeiss 

Axiophot.  

 

Analysis of mitochondrial shape 

Brains of 17 day old animals raised at 29 °C were dissected and fixed in 4% 

paraformaldehyde in PBS for 1.5h at RT. Images were acquired using a Leica 

TCS SP8 confocal laser scanning microscope, using the objective HC PL APO 

CS2 40x/1.30 OIL, numerical aperture 1.3, pinhole 999.61mAU, 600Hz, 

2048x2048 resolution and z slice distance of 0.3µm. 30µm stacks were 

scanned. Images were 3D reconstructed using Bitplane Imaris. An area of 

512x512 pixels was selected, reconstruction was carried out for 13,5µm stacks 

starting at 7,5µm and ending at 21µm of respective 30µm stacks. Parameters 

used: smoothening active and set to 0.189, local background subtraction active 

and set to 0.5 µm, threshold set to 4. The volume data (total volume and volume 

units) was extracted and quantified. Wilcoxon rank sum test was used for 

statistical analysis. 

 

Hemolymph extraction  

30 flies after kept for 16 days on 29°C before being frozen at -20°C for at least 

4 h in TLC-buffer. After thawing hemolymph was extracted from flies by 

centrifugation (500 g, RT, 1 min).  

 

Isopycnic gradient  

An isopycnic gradient was achieved by centrifuging hemolymph samples in 

0.5 g/ml KBr solution for 16 h at 4°C, 15000g in vacuum. 12 fractions were 

taken from each sample and proteins were precipitated by the 

methanol/chloroform technique 45. 



 

 

 

SDS-PAGE and Western blotting analysis:  

SDS Page and western blotting was performed following published protocols: 

Analyzing mitochondria 46 using α-ATP5a (Abcam) and HRP (Thermo Fisher 

Scientific). Brain lysates were generated from 16 days old adult brains. 

 

Protein estimation 

Total protein content was examined following the manufacturer’s manual 

(BCA Kit, Pierce). 

 

Mass spectrometry analysis of lipidome 

Mass spectrometry-based lipid analysis was performed from CNS samples, 

head samples or hemolymph samples by Lipotype GmbH (Dresden, Germany) 

using Lipotype Shotgun Lipidomics technology 47,48. 5 CNS, 5 fly heads or 30 

flies (all after 16 days at 29 °C) were collected ant put into ice cold TLC-buffer 

and frozen at -80 °C or -20 °C. Lipids were extracted by the two-step 

chloroform/methanol procedure47. Data were analyzed by Lipotype GmbH 

using their lipid identification software based on LipidXplorer 49,50. For raw data 

see supplementary files 1-3.  

 

Thin-layer chromatography 

Samples were prepared as in51,52 and lipids extracted by the BUME method 53. 

Extracted lipids were stored in chloroform/methanol (2:1) solution at −80°C. 

 

Statistics 

Statistical analysis was performed using Sigma Plot. If data was normally 

distributed t-test was performed. For not normally distributed data rank sum test 

was used. ns=not significant, *p≤ 0.05, **p≤ 0.01, ***p≤ 0.001. 



 

 

 

Extended data: 

Extended Data figure legends: 

 

Figure S1: Neuronal knockdown of glycolysis or β-oxidation induces no 

phenotypic consequences A) Animals with neuronal suppression of 

glycolysis and/or β-oxidation show wild-typic lifespan. N=3, n≥125. B & C) 

Neuronal glycolysis and/or β-oxidation knockdown animals show wild-typic 

locomotive activity. N=3, n≥60. D-I) Histological brain semi-thin sections of 

neuronal glycolysis and/or β-oxidation knockdown animals show no signs of 

neurodegeneration (age of 38 days). 



 

 

 

Figure S2: Loss of glial β-oxidation in addition to loss of glycolysis 

accelerates neurodegeneration. (A-J) Semi-thin sections (one hemisphere) 

of adult heads. (A’ – J’) Close ups of cortex area in A-J (rectangle). (A-J) Semi-

thin sections of 17-day old animals of the indicated genotypes. (G-J) Semi-thin 

sections of 38-day old animals of the indicated genotypes. Animals with 

simultaneous knockdown of β-oxidation and glycolysis in glia (CPT2dsRNA, 

PykdsRNA or MTPαdsRNA, PykdsRNA) show severe signs of neurodegeneration 

(holes in the cortex) already at 17 days of age, while glycolysis only knockdown 

animals develop the neurodegenerative phenotype later (38 days). β-oxidation 

only knockdown or control animals do not show any signs of 

neurodegeneration. 



 

 

 

Figure S3: Glial metabolic impairment induces systemic changes in lipid 

mobilization. A) TLC analysis shows only a faint band of TAG in the CNS 

samples compared to the head samples, thus TAG levels measured in head 

samples can be mostly attributed to the fatbody. Sample load was normalized 

to polar lipids. B) Total amount of unsaturated TAGs in head samples. No 

significant differences are found. N=3. Rank sum test C) Total levels of DAGs 

measured in hemolymph samples. The measurement indicates increased DAG 

levels in -oxidation knockdown as well as -oxidation, glycolysis double 

knockdown animals. N= 1-3 D) Total amounts of PL detected in the 

hemolymph. Glial -oxidation knockdown increases phospholipid levels. 

However, upon additional loss of glycolysis phospholipid levels are strongly 

reduced. N=1-3 E) DAG to PL ratios in the hemolymph.  

Supplementary files: 

Supplementary file 1: Raw data of mass spectrometry analysis of brain 

samples. TAG: triacylglycerol, PG: phosphatidylglycerol PE: 

phosphatidylethanolamine PI: phosphatidylinositol, PS: phosphatidylserine 



 

 

Supplementary file 2: Raw data of mass spectrometry analysis of head 

samples. TAG: triacylglycerol, PG: phosphatidylglycerol PE: 

phosphatidylethanolamine PI: phosphatidylinositol, PS: phosphatidylserine 

Supplementary file 3: Raw data of mass spectrometry analysis of hemolymph 

samples. DAG: diacylglycerol, PG: phosphatidylglycerol PE: 

phosphatidylethanolamine PI: phosphatidylinositol, PS: phosphatidylserine 
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