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Dysfunctionsin autophagy, a cellular mechanism for breaking down
components withinlysosomes, often lead to neurodegeneration. The
specific mechanisms underlying neuronal vulnerability due to autophagy
dysfunction remain elusive. Here we show that autophagy contributes

to cerebellar Purkinje cell (PC) survival by safeguarding their glycolytic
activity. Outside the conventional housekeeping role, autophagy is also
involved in the ATG5-mediated regulation of glucose transporter 2 (GLUT2)
levels during cerebellar maturation. Autophagy-deficient PCs exhibit
GLUT2 accumulation on the plasma membrane, along with increased
glucose uptake and alterations in glycolysis. We identify lysophospha-
tidicacid and serine as glycolytic intermediates that trigger PC death and
demonstrate that the deletion of GLUT2 in ATG5-deficient mice mitigates PC
neurodegeneration and rescues their ataxic gait. Taken together, this work
reveals amechanism for regulating GLUT2 levels in neurons and provides
insights into the neuroprotective role of autophagy by controlling glucose
homeostasis in the brain.

Autophagy is a conserved lysosomal pathway that recycles damaged
or unnecessary cellular components'. The most common form of
autophagy is macroautophagy (hereafter autophagy). In this process,
parts of the cytoplasm and cargo destined for degradation are enclosed
indouble-membrane vesicles called autophagosomes, which are then
delivered to lysosomes for degradation. Two ubiquitin-like conjugat-
ing systems, ATG12-ATG5-ATG16L1and LC3-1/LC3-1l, are essential for
the elongation and closure of the autophagosome membrane?, and
the absence of their components, such as ATGS, results in autophagy
inhibition®. Recent research has increasingly focused on autophagy’s
role in the brain due to its association with neurodegeneration*”’.
However, the precise mechanisms by which impaired autophagy
triggers neurodegeneration remain unanswered.

Autophagy operates continuously at low levels, clearing toxic
proteins and damaged organelles as part of cellular quality control®. It
also plays asupportive role in cellular metabolism’, especially during
nutrient deprivation, whereit ensures the availability of survival-critical
biomolecules'*". For instance, newborn mice require autophagy to
maintain serum amino acid (AA) levels during starvation'", while
in adults, it helps to sustain serum glucose levels during fasting'*.
Autophagy can also regulate metabolism independently of starva-
tion, particularly in tumour cells™'®. Autophagy-deficient cancer cells
exhibit increased glycolytic metabolism even under nutrient-rich
conditions”, utilizing aerobic glycolysis to convert more glucose to
lactate'®. This metabolic switch is essential for cancer cell growth,
and may be achieved in part through the role of autophagy in the
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recycling of key proteins of the glycolytic pathway'?. Methylgly-
oxal (MG), a by-product of glycolysis, is a reactive dicarbonyl that
can glycate proteins and lipids, leading to carbonyl stress—a hall-
mark of ageing®. Elevated levels of carbonyl proteins have been
detected in individuals with age-associated neurodegenerative dis-
eases, including Parkinson’s disease (PD) and Alzheimer’s disease
(AD)**?**.Intriguingly, ametabolic switch to aerobic glycolysis has been
recently shown to underlie the neurodegeneration in sporadic AD
patient-derived neurons®. Additionally, autophagy is compromised
during ageing?®, but whether autophagy can serve a neuroprotec-
tive role by safeguarding glycolytic metabolism in the brain is yet to
bedetermined.

The most recognized function of autophagy in neuronal metab-
olism is the degradation of damaged and/or aged mitochondria, a
process known as mitophagy?”’. However, our understanding of the
housekeeping-independent role of autophagy in brain metabolismis
still limited when compared to non-neuronal cells. Recently, we found
that the crucial autophagy modifier ATG5 operatesin cortical synapses
tomaintain functional cAMP-PKA signalling, butis not essential for the
survival of excitatory cortical’® and/or inhibitory cortical and striatal
neurons®, in line with findings from several other studies®>*". This
standsin stark contrast to the progressive loss of PCsin the cerebellum
observed in mice after ATGS deletion®’. The mechanism behind the
selective vulnerability of PCs under conditions of defective autophagy
remains currently elusive.

Here, we find that the core autophagy protein ATG5 regulates
PCsurvival beyond its conventional role in clearing protein aggre-
gates and mitochondria. Instead, ATGS acts neuroprotective by
controlling the glycolytic activity. Utilizing a mouse model with
targeted ATG5 deficiency ininhibitory neurons and using a compre-
hensive approach involving positron emission tomography (PET)
imaging, quantitative proteomics and metabolomics, and in-depth
kinematic analysis, we demonstrate that autophagy in PCs downreg-
ulates GLUT2 levels during brain maturation. Autophagy-deficient
PCs accumulate GLUT2 on their plasma membrane, leading to
increased glucose uptake and higher glycolytic flux. This results
in elevated non-mitochondrial ATP, increased lactate production
and heightened levels of MG-modified proteins. We identify several
glycolytic products, including serine and lysophosphatidic acid
(LPA), that are elevated in autophagy-deficient cerebellum and
toxic to PCs. Remarkably, the deletion of GLUT2 in ATG5-deficient
mice mitigates PC neurodegeneration and ameliorates the ataxic
gait. Our results demonstrate that the neuroprotective functions
of autophagy in the brain include its role in preventing excessive
glycolytic metabolism.

Results

Differential vulnerability of inhibitory neurons to ATGS5 loss

To understand how autophagy contributes to PC degeneration,
we capitalized on the previously published mouse line lacking the
crucial autophagy component ATGS in inhibitory neurons (Atg5™™:
Slc32ai-Cre*®knockout (KO) mice, further defined as ATGS conditional
knockout (cKO) mice)® (Extended Data Fig. 1a). In these mice, the inhi-
bition of autophagy is reflected in significantly increased p62 levels
and downregulated autophagosomal LC3 levelsin the cortex and cer-
ebellum as early as1month of age (Extended Data Fig. 1b-f). We previ-
ously observed noloss of forebrain GABAergic neurons in 3-month-old
ATG5 cKO mice”. To conduct an unbiased analysis of ATG5 cKO mouse
brains in vivo, we performed longitudinal PET imaging, using the
['®F]-fluorodeoxyglucose (FDG) radiotracer, an indirect reporter
of neurodegeneration. In agreement with our previous work?’, we
found only minor changes in the cortical and/or striatal FDG-PET
signal in cKO mice compared to control mice (Fig. 1a). In contrast, a
pronounced reduction in FDG uptake was detected in the ATG5 cKO
cerebellum, suggesting a decrease in neuronal activity in this region.
These changes already occurred at the age of 3 months and persisted
until the age of 12 months. The decrease in FDG-PET signal may reflect
notonly changesin neurodegeneration but also alterationsin glucose
uptake in the cerebellum. To more precisely assess neurodegenera-
tive changes in ATG5 cKO mice, we measured synapse density using
the PET radiotracers [*F]-UCB-H and/or [*F]-MNI1126 that bind to
synaptic vesicle glycoprotein 2A (SV2A; Fig. 1b). The SV2A-PET signal
was significantly reducedin the cerebellumand cortex of 3-month-old
and 12-month-old ATG5 cKO animals compared to their control lit-
termates (that is, Azg5"""": SIc32al-Cre'® mice, further defined as
wild-type (WT) mice). Notably, the decrease in SV2A-PET signal in
the cerebellum positively correlated with reduced [*F]-FDG-PET
(Fig. 1c), suggesting that the decreased FDG-PET signal is at least
partly due to the loss of synapses in this region. In agreement with
thisfinding, we detected no alterations in glial fibrillary acidic protein
levels (a marker of astrogliosis) in the ATG5 cKO cortex (Extended
Data Fig. 1g), whereas glial fibrillary acidic protein was significantly
increasedin the cerebellum of 3-month-old autophagy-deficient mice
(Extended Data Fig. 1h).

Cerebellar atrophy and loss of cerebellar PCs were reportedin sev-
eral mouse models with autophagy deficiency®>*. Thus, we analysed
the number of PCsin WT and ATG5 cKO mice, additionally carrying the
tdTomato allele (4i9) as a reporter (that is, AtgS*/**: SIc32al-Cre'¢: Ai9
and Arg5"": Slc32al-Cre'®: Ai9 mice). We found that the cerebellum was
smaller (Fig.1d and Extended Data Fig. 11) and contained significantly
less calbindin-positive PCs in 3-month-old ATG5 cKO mice compared

Fig.1| Autophagy loss increases PC vulnerability, independent of its role

in protein and mitochondria quality control. a,b, ['*FIFDG-PET (a) and [*°F]
UCB-H and ['®FIMNI1126-PET (b) imaging in WT and ATG5 cKO mice (WT 3 months
(3M):N=7;12months (12 M): N = 6; cKO: N = 6 mice per group). T-map with
voxel-wise comparison (two-tailed ¢-test, corrected for multiple testing) is
shown to the right. Significant changes (P < 0.05) in cKO mice are indicated in
red (higher) and blue (lower). ¢, Pearson correlation between [**FJUCB-H- and
[**FIFDG-PET signals for ATGS cKO mice (two-tailed ¢-test corrected for multiple
testing). d, Nissl-stained WT and ATGS cKO cerebellum at 3 M. Scale bars, 2 mm.
e-g, PCdensity in WT and ATGS5 cKO cerebellum, immunostained for calbindinin
1M (e) and 12 M (f) mice. g, Quantification of PC density. INs, interneurons.

Scale bars,100 pm; magnified image scale bars, 25 pum.1Mand 12 M: N = 3 mice;
3M:N=4.WTMversus cKO*™: P=0.015; WT"™versus cKO™: P < 0.0001.

h, Interneuron density in WT and ATG5 cKO cerebellum.1Mand 12 M: N = 3 mice;
3M:N=4.WT™Mversus cKO®™: P=0.002. i, Cerebellum and cortex from WT and
ATGS cKO mice, immunostained for p62. Scale bars, 25 um. j, p62 fociareain
PCsand cortical interneurons of WT and ATG5 cKO animals. N = 4 mice for cKO
both agesand3MWT; N=3mice forIMWT.P<0.0001.k, Cerebellum (left)

and cortex (right) from WT and ATGS5 cKO mice at 3 M, immunostained for p62
and ubiquitin. Scale bars, 25 pm; magnified image scale bars, 5 um. 1, Percentage

of ubiquitin-positive p62 punctain the cortex and cerebellum of WT and ATGS
cKO mice at 3 M. N =4 mice per genotype. cKO®*m yersus cKO"* P = 0.001;
WTCt yersus cKO"™ P = 0.002. m-p, EM analysis of mature and immature
autophagosomes (AVs) in WT and ATG5 cKO PCs. m, Magenta arrowheads

mark mature AVs or a mitophagy event. Yellow arrowheads indicate immature
AVs.Scalebars,1pm. N =4 mice per genotype. n, Magnified images of mature
and immature AVs shown inm. o,p, Quantitative analysis of mature (0) and
immature (p) AVs; mature AVs: P < 0.0001, immature AVs, P < 0.0001. Statistical
significance calculated by unpaired two-tailed ¢-test. q,r, EM images (q) and
quantitative analysis (r) of mitochondrial density in WT and ATGS5 cKO PCs at 3 M.
Scale bars, 0.5 pm. N =4 mice per genotype. Statistical significance calculated by
unpaired two-tailed t-test. s, Analysis of mitochondrial turnover in mitoTimer-
expressing WT and ATGS cKO PCs at 3 M. Scale bars, 20 pm; magnified image
scale bars, 1 um. t, Quantitative analysis of datains. N=4 WT/3 cKO.1M, 3 M and
12 Mindicate1,3 and 12 months of age, respectively. Squaresin f, mand s indicate
regions magnified. All graphs show the mean + s.e.m. Statistical significanceing,
h,j,1and t was determined by two-way analysis of variance (ANOVA) followed by
Holm-Sidak multiple-comparisons test. NS, not significant; *P < 0.05; **P < 0.01;
***P<0.001;***P< 0.0001.
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to controls (Fig. le-g and Extended Data Fig. 1i,j; see also Fig. 7j). The
loss of PCs was not due to developmental defects, as their numbers
were comparable in the cerebellum of 1-month-old WT and ATG5 cKO
mice (Fig. 1e,g), and was progressive, with only a few PCs detected in
the cerebellum lacking ATG5 at 12 months of age (Fig. 1f,g). This cell loss
was selective for PCs, asinhibitory GABAergic interneurons remained
present in the cerebellum of ATG5 cKO mice (Fig. 1f and Extended
Data Fig. 1k), and their number was even significantly increased in
12-month-old animals (Fig. 1h). Additionally, the density of neurons
in the deep cerebellar nuclei (Extended Data Fig. 1m,n) and levels of
NeuN (which is expressed in most cerebellar neurons except PCs)*
(Extended DataFig.10,p) were unchanged in ATGS5 cKO mice. Because
the Slc32a1-Cre driver line also targets glycinergic neurons in the spi-
nal cord, we examined their density in the spinal cord and found no
changes in the number of glycinergic, GABAergic or glutamatergic
interneurons (Extended DataFig.2a,b). These findings strongly suggest
that different types of neurons across brain regions exhibit distinct
levels of vulnerability to autophagy loss.

Inverse correlation of protein aggregates and
neurodegeneration

To better understand the selective vulnerability of cerebellar PCs
to autophagy dysfunction, we first assessed autophagy defects by
imaging p62 aggregates using immunohistochemistry (IHC). We
found that, although p62 levels were significantly increased at1and 3
months in both the ATG5 cKO cortex and cerebellum (Extended Data
Fig.1c,f), p62 was significantly less aggregated in characteristic fociin
autophagy-deficient PCs (Fig.1i,j and Extended Data Fig.2c). A similar
patternwas observed with another autophagy receptor NBR1(Extended
DataFig. 2d-f). In contrast, p62 and NBR1 puncta formed aggregates
in ATGS cKO cortical neurons (Fig. 1i,j and Extended Data Fig. 2c-f).
By 3 months of age, approximately 40% of these p62-positive fociin
cortical ATGS cKO neurons were also positive for ubiquitin, whereas
fewer than15% of autophagy-deficient PCs exhibited ubiquitin-positive
p62 puncta (Fig. 1k,1).

Several studies have identified ATG5/ATG7-independent
autophagy’**’. To evaluate if the absence of p62/NBR1 foci in ATGS
cKOPCsisduetothecellsstillbeing able to form autophagosomes, we
analysed autophagosome numbers in both WT and ATG5 cKO PCs by
electron microscopy (EM). Mature autophagosomes were abundant
in WT PCs, but their number was significantly reduced in PCs lacking
ATGS (Fig. Im-o0). Conversely, unprocessed immature autophago-
somes were significantly increased in ATGS cKO PCs (Fig. 1p), indicat-
ing that the deletion of ATGS significantly impairs autophagosome
formationin PCs.

Wethen asked ifimpaired mitochondrial clearance inautophagy-
deficient PCs could explain their vulnerability. Mitochondria in ATG5
cKO PCs exhibited similar morphology to WT mitochondria (Fig. 1q,r
and Extended Data Fig. 2g,h), and Seahorse-based mitochondrial
respiration in cultured cerebellar ATG5 cKO neurons was unaltered
(Extended DataFig. 2i-0). However, because cultured cerebellar neu-
rons are mostly enriched in granule cells, their normal respiration
might mask the mitochondrial dysfunctions of the PCs. Therefore, we

specifically analysed mitochondrial turnover in autophagy-deficient
PCs. Basal mitochondrial turnover measured by the mitoTimer
reporter in PCs in vivo was unaffected (Fig. 1s,t). Unaltered ratios of
the mitochondria-localized mKeima-Red (mt-mKeima) in ATG5 cKO
PCs ex vivo (Extended Data Fig. 2p,q) along with unchanged levels
of the mitophagy receptor BNIP3 (Extended Data Fig. 2r,t) further
supported the absence of basal mitophagy defects in these cells.
However, ATG5 was required for removing damaged mitochondria
in PCs, as mitophagy in these cells was impaired after carbonyl cya-
nide m-chlorophenylhydrazone (CCCP) treatment (Extended Data
Fig.2p,q). These results suggest that while basal mitophagy in PCs may
function independently of ATGS5, the removal of damaged mitochon-
driarelies on ATG5-mediated autophagy. Furthermore, the increased
neurodegeneration susceptibility in autophagy-deficient PCs does not
appear toresult from protein aggregates or basal mitophagy issues.

Multimodal omics reveal glycolysis changes in ATG5 cKO
cerebellum

To reveal the cellular mechanisms behind neurodegeneration in the
ATGS cKO cerebellum, we analysed the cerebellar proteome in WT
and ATG5 cKO animals at 1and 3 months of age (before and after neu-
rodegeneration, respectively). Weidentified 609 and 853 significantly
dysregulated proteins (with alog, fold change <-0.25and >0.25) inthe
cerebellum of ATG5 cKO mice at the ages of 1and 3 months, respectively
(Fig. 2a,b and Supplementary Data 1). Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis of the upregulated proteins highlighted
metabolic and carbon metabolism pathways, while the downregu-
lated proteins clustered around neurodegenerative disease pathways
(Fig.2c,d). Gene Ontology (GO) analyses revealed alterationsin protein
transport and localization to membrane compartments, synapses and
mitochondria (Extended Data Fig. 3a-d). Only 32 proteins were com-
monly upregulated in the ATG5 cKO cerebellumat1and 3 months, and
were clustered in pathways of metabolism, autophagy and ferroptosis
(Fig.2e and Extended DataFig. 3e), whereas the commonly downregu-
lated proteins were linked to cellular protein localization and synapses
(Extended Data Fig. 3f-h).

The proteome dataset described above suggests that the condi-
tionalloss of ATGSin the cerebellum resultsin metabolic dysregulation
at1 month of age. To investigate metabolome changes in more detail,
we conducted a semi-targeted metabolomic analysis. At 1 month of
age, only a few metabolites were altered in the ATG5 cKO cerebellum
compared to WT (Fig. 2f and Extended Data Fig. 3i). However, by 3
months of age, the ATG5 cKO cerebellum exhibited more pronounced
metabolic alterations (Fig. 2g and Supplementary Data 2). Upregu-
lated metabolites clustered in metabolic pathways associated with
glucose metabolism, the pentose phosphate pathway (PPP) and pyru-
vate metabolism, while downregulated metabolites were associated
with pyrimidine metabolism and fatty acid 3-oxidation (Fig. 2h and
Extended Data Fig. 3j).

The supply of AAs is crucial for cell survival®®, Surprisingly, we
found no decrease in AA content in the cerebellum of ATG5 cKO
mice (Fig. 2i and Supplementary Data 3), suggesting that cerebel-
lar AA production via autophagy likely functions primarily under

Fig. 2| Proteomic and metabolic analyses identify metabolic rewiring in the
ATGS5 cKO cerebellum. a,b, Volcano plot of differentially expressed proteins in
WT and ATGS5 cKO cerebellum at1 M (a) and 3 M (b). Red coloured circles mark
significantly deregulated proteins at P < 0.05 and log,(fold change (FC)) of
<-0.25,>0.25 (determined by two-tailed ¢-test). See also Supplementary Data 1.
N=>5mice per genotype. c,d, ShinyGO v0.741-based GO analysis of KEGG terms
inthe cerebellar proteome (P < 0.05 and log,FC of <—0.25,>0.25) at 1M (c) and
3M(d). e, Venn diagram of commonly upregulated proteins (P < 0.05and log,FC
of<-0.25,>0.25) inthe1 M and 3 M ATG5 cKO cerebellum. f,g, Volcano plots of
differentially abundant metabolites in WT and ATGS5 cKO cerebellum at1M (f)
and 3 M (g). Red coloured circles mark significantly deregulated metabolites

at P<0.05andlog,FC of <-0.5, >0.5 (determined by two-tailed ¢-test). See

also Supplementary Data 2. N = 5mice per genotype. h, MetaboAnalyst-based
pathway analysis of significantly upregulated and downregulated metabolites
in3 M ATG5 cKO cerebellum (P < 0.05 and log,FC of <-0.5,>0.5).1i, Relative

AA profilein1MWT and ATGS cKO cerebellum (N = 5 mice per genotype).
Multiple unpaired two-sided ¢-tests with linear Benjamini, Krieger and Yekutieli
correction. j, Volcano plot of the differentially abundant AAsin 1M ATG5 cKO
cerebellum shownini. Red coloured circles mark the most upregulated AAs.
See also Supplementary Data 3. All graphs show the mean = s.e.m.*P < 0.05;
*P<0.01;,**P<0.001;***P<0.0001.
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Fig. 3| Conditional ATG5 deletion results in upregulated glycolysis and
increases glucose fluxin the cerebellum. a,b, Glycolytic and PPP intermediates
in1M(a)and 3 M (b) WT and ATGS cKO cerebellum (N = 5 mice per genotype).
WT™versus cKO™ glucose-6-phosphate g = 0.001, fructose-6-phosphate

g =0.002, mannose-6-phosphate g = 0.015, sedoheptulose-7-phosphate
g=0.022; WTversus cKO* glucose-6-phosphate g = 0.00001, fructose-6-
phosphate g = 0.011, fructose-1,6-biphosphate g = 0.00001, 6-phosphogluconate
g <0.000001. Multiple unpaired two-sided ¢-tests with linear Benjamini,
Krieger and Yekutieli correction. c—f, ECAR rates in primary WT and ATGS cKO
cerebellar cells (c). Analysis of glycolysis rates (d) (WT versus cKO: P < 0.0001),
glycolytic capacity (e) (WT versus cKO: P< 0.0001) and glycolytic reserve

(f) (WT versus cKO: P < 0.0001); 29 wells from N=5WT mice and 22 wells from
N=6cKO mice; eachwell contained + 20,000 cells. Two-tailed unpaired ¢-test.

g, Left: isotopomer representation of [*C]glucose incorporation into glycolysis
and the TCA cycle. Black, labelled carbons; white, unlabelled carbons. Right:
[®Clglucose-based analysis of glucose metabolic fluxin3 M WT and ATG5 cKO
cerebellarslices (V=10 WT, N =8 cKO, values in cKO were normalized to WT).
M+X, quantified isotopologue of the traced compounds; M, monotopic mass;
Xselected isotopologue. One-tailed unpaired ¢-test (WTE““ versus cKQ8"c>s;
P=0.007, WTOuose6P yersus cKQCUoseo: p= 0,004, WT ose5P yersus cKQPemoses?:
P=0.017, WTSeduheptulose 7P y o gy g cKQSeduheptulose 7. p = 9 037, WT e versus
cKOSerine: p=0.044; WTE¥eme versus cKO®Yeine: p= 0.019, WT*@t yersus cKQ et
P=0.03, WTA™ire yersus cKOM"ne: P = 0.045, WTCYero3P yersus cKQEYeero3;
P=0.074. Cerebellumicon created with BioRender.com. Allgraphs show the
mean =s.e.m.*P<0.05;*P<0.01;**P<0.001; ***P< 0.0001.

nutrient-deprived conditions. Conversely, we observed a significant
increase in AAs in ATGS cKO cerebellar lysates, and, interestingly,
some of these AAs can be synthesized by the intermediates of the
glycolysis pathway, for instance, serine and cysteine®® (Fig. 2i,j). This
implies that the loss of cerebellar autophagy leads to a rewiring of
glycolytic metabolism.

Cerebellar ATGS5 loss boosts glucose flux and glycolysis
To characterize the glycolytic changes in the cerebellum of ATGS cKO
mice, we conducted targeted liquid chromatography-tandem mass
spectrometry (LC-MS/MS) profiling of glucose metabolism interme-
diates. By 1 month, the ATG5 cKO cerebellum already exhibited a sig-
nificantincreaseinglycolyticintermediates, along withintermediates
from the PPP and the glycoconjugate synthesis pathways, including
sedoheptulose-7-phosphate and mannose-6-phosphate (Fig. 3a and
Supplementary Data 4). The increase in fructose-6-phosphate and
glucose-6-phosphate intensified further in 3-month-old cerebellum
(Fig. 3b). In agreement with unchanged mitochondrial respiration
(Extended DataFig. 2i-0), we detected no alterationsin the tricarbox-
ylicacid (TCA) cycleinthe 1-month-old ATG5 cKO cerebellum (Extended
DataFig.4a). However, asmallbut significant decrease in TCA interme-
diates was noted in 3-month-old ATG5 cKO cerebellum (Extended Data
Fig.4band Supplementary Data4), suggesting that elevated glycolysis
at1month might suppress mitochondrial respiration later, paralleling
similar patterns observed in proliferating cellsand brain astrocytes***.,
Next, we assessed the glycolytic capacity of WT and ATG5-deficient
cerebellar neurons cultured in 10 mM glucose, using the Seahorse
Metabolic Analyzer to measure extracellular acidification rate (ECAR).
ATGS cKO neurons showed a marked increase in glycolytic function
compared to WT (Fig. 3c-f). Glycolytic capacity was further upreg-
ulated in ATGS cKO neurons cultured in 30 mM glucose (Extended
Data Fig. 4c,d), suggesting that higher glucose availability facilitates

glycolytic metabolism in autophagy-deficient neurons. Finally, we
also evaluated the impact of ATGS5 deficiency on glucose flux in acute
cerebellar slices by the ®C-labelling technique using [*Clglucose as
a tracer. We found a significant increase in total C incorporation in
the majority of glycolytic and PPP intermediates (including glucose,
lactate, pentose-5-phosphate and sedoheptulose-7-phosphate) as well
as in serine, glycine and alanine in cKO slices (Fig. 3g and Extended
DataFig.4e). Thisindicatesanoverallincrease inglycolytic fluxin the
autophagy-deficient cerebellum. Notably, glucose flux into the TCA
cycle remained similar between WT and ATGS5 cKO cerebellar slices
(Extended DataFig. 4f).

The dataaboveindicate that ATG5 loss increases glucose metabo-
lism in the cerebellum. However, they do not yet clarify if observed
glycolysis and/or glucose flux changes in cultured cerebellar neurons
(viaSeahorse assay) and cerebellar slices (using [*C]glucose) are spe-
cific to PCs or involve other cell types, like granule neurons and glia.
Todetermine whether autophagy-deficient PCs take up more glucose,
we utilized the fluorescent glucose substrate 2-NBDG and measured
its uptake in PCs ex vivo using cerebellar organotypic slice culture
(OTC; Extended Data Fig. 5a). The results demonstrated a significant
facilitation of glucose uptake in ATG5-deficient PCs (Fig. 4a,b), but
not in molecular layer interneurons (Extended Data Fig. 5b). Con-
comitantwith thisenhanced glucose uptake, autophagy-deficient PCs
exhibited elevated lactate production, which was measured with the
lactate FRET sensor ‘Laconic™* (Fig. 4c—e). This rise in lactate was not
due to pH difference between WT and ATG5 cKO PCs, as application
of 5 mM pyruvate—a treatment known to reduce intracellular lactate
by trans-accelerating lactate transporters*—normalized the Laconic
ratio between WT and ATGS5 cKO condition (Fig. 4d,e). Importantly,
this phenotype was specific to PCs, as ATG5-deficient molecular layer
interneurons did not show differencesinlactate production compared
to controls (Extended Data Fig. 5c).

Fig. 4| Alterationsin glycolysis in ATG5 cKO PCs correlate with their elevated
GLUT2levels. a,b, Representative confocal images (a) of 2-NBDG uptakein WT
(108 cells) and ATGS5 cKO (139 cells) PCs and its fluorescence-based analysis (b).
Scalebars, 50 pm.N=4mice. P < 0.0001. c-¢, FRET (c), ratiometric analysis

(d) and area under the curve (AUC) (e) of Laconic in PCs from WT and ATG5

cKO OTCs, perfused with 5 uM pyruvate for 5 min. Baseline: WT N =3 (51 cells),
cKON=4 (84 cells); pyruvate: WT N=3 (59 cells), cKON = 4 (70 cells). Scale

bars, 20 pm. WT?line yergus cKO Pline: p< 0.0001; WTP®eline versus WP vate;
P<0.0001, cKO"*¢" yersus cKOP™"; P < 0.0001. f,g, FRET (f) and ratiometric
(g) analysis of ATeam1.03"*X in PCs from WT and ATGS5 cKO OTCs, perfused

with 1.5 pM oligomycin A for 30 min. WT N =5 (46 cells), cKON =5 (35 cells).

Scale bars, 50 um. h, Ratiometric analysis of ATeam1.03"*™¥in WT and ATG5 ckO
PCs (30 cells, N =5 per genotype) after perfusion with 1.5 uM oligomycin A and

10 mM2-DG for 30 min. i, AUC of ATeam1.03"*Xjn WT and ATG5 cKO PCs. mTFP,
monomeric teal fluorescent protein; mVenus, monomeric Venus protein; eCFP,
enhanced cyan fluorescent protein. Baseline: WT 76 cells N =10, cKO 70 cells N =10;
oligomycin A: WT 46 cells N=5,cKO 35 cells N = 5; oligomycin A + 2-DG: WT 30
cells N=5,cKO 35 cells N = 5. WTBaeline yergys WTOligomycinAs2b6; p < 9, 00 01; WTEBaseline
versus cKO®seline; p < 0.0029; cKO®seline yersus cKQOligomeinA20¢ p< 0,0001;

WTBaseline yepgys WTOligomyeinA: p= 0 004; WTClieemyeint yargys cKQOligomyeind;
P<0.000L; cKOB*eline yersus cKQOlgomyeinA*206 p < 0. 0001. j—-m, GLUT2 levelsin WT
and ATG5 cKO PCs at1M (j) and 3 M (k). Scale bars, 50 pm; magnified image scale
bars, 10 pm. N =4 for1M per genotype and 3 MWTs, N = 6 for 3 M ATG5 cKO soma
and N =5 for dendrites. I, Quantitative analysis of GLUT2 levels in PC soma; WT™
versus cKO™: P=0.031, WT*versus cKO*, P= 0.022. m, Quantitative analysis

of GLUT2 levelsin PC dendrites; WT*™ versus cKO*: P=0.022. n,0, Western

blot (n) and analysis (0) of GLUT2 surface biotinylationin 3 MWT and ATGS5

cKO cerebellum. N =4 mice per genotype, P= 0.032. Western blot of E-cadherin
shows pooled WT and ATGS cKO samples and is not used for quantificationin
oordirectly comparable to the GLUT2 and B-actin western blot shown above.

p, GLUT2 surface levelsin WT and ATGS5 cKO PCs. White circles outline PCs.

Scale bars, 50 pm; magnified image scale bars, 10 pm. q, Quantitative analysis of
images in p. N =3 mice per genotype, P=0.027. m.g.v., mean grey value. Squares
inj, kand p indicate regions magnified. A coloured bar in cand findicates the
relative FRET signal. Statistical significance in e,iand m was determined by
two-way ANOVA followed by Holm-Sidak multiple-comparisons test. Statistical
significanceinb, 0 and q was determined by two-tailed unpaired ¢-test. All graphs
show the mean £ s.e.m.*P< 0.05;**P < 0.01;**P < 0.001; ***P< 0.0001.
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To determine whether the elevated lactate levels in ATG5 cKO
PCs result from increased ATP production via aerobic glycolysis, we
measured cytoplasmic ATPin WT and ATGS5 cKO PCs using the geneti-
cally encoded ATeam1.03""™K FRET sensor under control conditions
and conditions when mitochondrial ATP production was inhibited.
Cytoplasmic ATP levels were significantly higher in ATG5 cKO PCs
compared to controls (Fig. 4f-h) and remained elevated even after
inhibiting mitochondrial respiration with oligomycin A (Fig. 4i).
Because the persistent ATP levels in ATGS cKO PCs (Fig. 4g) suggest a
substantial contribution from glycolysis, we next perfused cerebellar
OTCs with a ‘cocktail’ of oligomycin A and 2-deoxy-D-glucose (2-DG),
which blocks both glycolysis and oxidative phosphorylation, thus
preventing any cellular ATP synthesis. As expected, this treatment
significantly reduced ATP levels in ATGS cKO PCs (Fig. 4h,i). Notably,
when both glycolysis and oxidative phosphorylation were inhibited,
ATP levels were comparable between WT and ATGS cKO PCs (Fig. 4i).
Consistent with the elevated ATP production in autophagy-deficient
PCs, we observed no reduction in phosphorylated AMPK levels in
cerebellar ATGS5 cKO lysates (Extended Data Fig. 5d,e), further sup-
porting the hypothesis ofincreased ATP generation through glycolysis
in ATG5 cKO PCs.

Loss of ATGS increases GLUT2 levels in PCs

We next explored how autophagy loss influences cerebellar glucose
metabolism. Enhanced glucose uptake and glycolysis have been
reported in cells overexpressing various members of the Slc2 family
of glucose transporters (GLUT)**"*. Among the 14 mammalian GLUT
transporters, GLUT1-GLUT4 are expressed in the brain*®, Thus, we
analysed the proteinlevels of GLUT1-GLUT4 in PCsin1-month-old and
3-month-old WT and ATG5 cKO mice by IHC. Levels of GLUT1, GLUT3
and GLUT4 were unaltered in ATGS cKO PCs (Extended Data Fig. 5f-k).
In contrast, GLUT2 levels were significantly increased in PCs lacking
ATGS, and thisincrease was already evident at1month of age (Fig. 4j-m).
Theaccumulation of GLUT2 wasiinitially observed at the cell soma and
was subsequently evident in the dendrites of 3-month-old ATGS cKO
PCs (Fig.4m). Consistent with increased glycolysis and elevated GLUT2
levels in the 1-month-old cerebellum, we also found that the levels of
hexokinase 2 were also significantly upregulated in 1-month-old PCs
in ATGS cKO mice (Extended Data Fig. 51,m). The increase in GLUT2
protein levels was not due to achange in mRNA levels (Extended Data
Fig. 5n). Because glucose uptake typically involves the translocation
of GLUT2 from an intracellular pool to the plasma membrane*’, we
hypothesized that a portion of the upregulated GLUT2 is localized
at the plasma membrane in ATG5 cKO mice. Indeed, we detected an
increaseinsurface GLUT2levelsin the ATG5 cKO cerebellum (Fig.4n,o0;
see also Extended Data Fig. 5o for protein stain). As cerebellar lysates
containvarious cell types, including glial and granule cells, which could

attenuate the effect of ATGS5 cKO on GLUT2 surface levels, we conducted
atargeted analysis of GLUT2 surface levels in WT and ATG5 cKO PCs
using an N-terminal-specific GLUT2 antibody (Fig. 4p). This analysis
confirmed a significant upregulation of surface GLUT2 levels in PCs
lacking ATGS (Fig. 4q). These findings suggest that theincreased GLUT2
protein levels may contribute to the excessive glycolysis observed in
PCslacking ATGS.

GLUT2 is degraded by the autophagy-endolysosomal system
inPCs

Several glycolytic pathway components undergo degradation via
autophagy in non-neuronal cells'***°, while GLUTs are known to be
trafficked within the endosomal system*"*, To clarify the exact traf-
ficking route of internalized GLUT2 in PCs, we first conducted an
‘antibody-feeding assay’. We applied a GLUT2 luminal domain antibody
to PCs ex vivo and monitored its delivery to lysosomes under basal,
clathrin-mediated endocytosis (using PitStop2) and autophagy inhibi-
tion conditions (using ULK1 kinase inhibitor SBI-0206965; Extended
DataFig. 6a-c). Approximately, 35% of surface GLUT2 was delivered
to lysosomes under basal conditions. Interestingly, blocking either
pathway impaired lysosomal GLUT2 targeting (Extended Data Fig. 6d),
suggesting two parallelintracellular pathways operatein PCs to deliver
GLUT2 from plasma membrane to lysosomes. Next, we analysed the
levels of GLUT2in RAB5-marked and RAB11-marked early and recycling
endosomes, finding no difference between WT and ATGS5 cKO PCs,
suggesting that this trafficking route is not impaired in the absence
of ATGS5 (Extended Data Fig. 6e-h). Given that the retromer complex
regulates GLUT1 and GLUT4 trafficking from endosomes to the cell
surface, and because autophagy is required for this translocation®->,
we speculated that GLUT2 accumulation could be due to increased
GLUT2localizationinthe retromer compartment. Indeed, we observed
elevated levels of GLUT2in VPS35-positive retromer compartmentsin
ATGS5 cKO PCs compared to controls (Extended DataFig. 6i,j), while the
total number of VPS35-positive puncta remained unaffected (Extended
Data Fig. 6k). Our data suggest that autophagy deficiency leads to
GLUT2accumulationinretromer-associated compartments, where it
may berecycled to the plasma membrane rather thanbeing delivered
to lysosomes for degradation.

We next hypothesized that autophagy, mediated by ATGS5, lim-
its glycolysis by degrading cerebellar GLUT2, a function potentially
critical during brain maturation when glycolytic demand decreases™*.
To test this, we analysed the levels of GLUT2 in the WT cerebellum
across maturation stages. GLUT2 in cerebellum, in particular in
PCs, declined from postnatal day 7 (P7) to 3 months and continued
decreasing until 12 months (Fig. 5a-c and Extended Data Fig. 7a,b). This
decrease was accompanied by a concomitant increase in autophago-
some number in 3-month-old PCs (Fig. 5d,e) and likely resulted from

Fig. 5| Cerebellar GLUT2 is degraded by ATG5-dependent autophagy.

a, Immunoblot analysis of GLUT2 levels in WT cerebellum at different postnatal
stages. b, Fluorescence-based analysis of GLUT2 levels in WT PCs. ¢, Quantitative
analysis of fluorescence inb. N = 4 mice for each condition.1 M versus 3 M:
P=0.012.Scalebars, 50 um.d,e, LC3 punctadensity in WT PCs. Scale bars, 20 um;
magnified image scale bars, 10 pm. N =4 for1Mand N =3 for 3 M mice.1M versus
3MP=0.007.f,g, Immunoblot (f) and analysis (g) of GLUT2 levels in chloroquine
(CQ)-treated (400 uM) cerebellar and cortical acute slices of 3 M WT animals.
N=6for cerebellum and N = 4 for cortex. Cerebellum"*"“"* versus cerebellum®:
P=0.031.h,i,Immunoblot (h) and analysis (i) of GLUT2 protein levels in control,
CQ-treated (400 uM) and ACSF-treated (6 h) cerebellar slices of 3 M WT animals.
N=5per condition. Statistical significance calculated by ratio-paired two-tailed
t-test (vehicle versus ACSF: P=0.043).j,k, LC3 overlap with GLUT2in WT PC
soma and dendrites, immunostained for GLUT2, LC3 and calbindin. Right: 3D
reconstructions. Pink arrows indicate GLUT2" autophagosomes. Scale bars,

20 pm; magnified regions, 5 um; 3D reconstructions, 1 pm; 15 sections from
N=3mice.l, Left: confocal images (left) and 3D reconstructions (right) of
colocalization of GLUT2 with cathepsin D in WT PCs. Right: confocal images

(left) and 3D reconstructions (right) of colocalization of GLUT2 with cathepsin
Din ATGS5 cKO PCs. Scale bars, 5 pm; 3D reconstruction scale bars, 1 pm.

m, Colocalization analysis of GLUT2 with cathepsin D in WT and ATG5 cKO PCs.
N=3mice per genotype. WT versus cKO: P=0.01. n, Schematic of tandem-
tagged mCherry-EGFP-GLUT2. o, mCherry-EGFP-GLUT2 ratiosin WT and ATG5
cKO PCs. Scale bars, 50 pm; magnified image scale bars, 10 um. p, Quantitative
analysis of datain 0. N =4 mice per genotype. WT versus cKO P=0.004.q, GLUT2
levelsin PCsin3 M WT and ATG5 cKO mice injected with either AAV-EGFP-ATGS
or AAV-EGFP. Scale bars, 20 um. Insets: transduced PCs outlined by dashed
circles. r, Quantitative analysis of datain q. cKO**: 17 PCs N = 3; cKOATCSECFP;
27PCsN=3; WTMSECF: 47 PCs N=3, WTE#P: 36 PCs N=5. WT™** versus KO "
P=0.001, WT " versus WTAT®SECFP: p< 0.0001. Injand |, the colour-coded

bar represents colocalization ratio, with the warm colours indicating strong
colocalization. Squaresind, jand o indicate regions magnified. All graphs show
the mean + s.e.m. Statistical significance in ¢, e, mand p was determined by
two-tailed unpaired t-test. Statistical significance in g and r was determined by
two-way ANOVA followed by Holm-Sidak multiple-comparisons test. *P < 0.05;
**P<0.01;**P<0.001;***P<0.0001.
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autophagy-mediated degradation, as chloroquine treatment signifi-
cantly increased GLUT2 levels (Fig. 5f,g). This effect was cerebellum
specific, as chloroquine-treated cortical slices showed no change
in GLUT2 levels despite autophagy inhibition (Fig. 5g and Extended
Data Fig. 7c,d). Conversely, GLUT2 levels significantly decreased in
cerebellar slices subjected to starvation with artificial cerebrospinal
fluid (ACSF; Fig. 5h,i). The reduction in GLUT2 levels after starvation
was not due to its decreased mRNA levels (Extended Data Fig. 7e).
Furthermore, in a cycloheximide (CHX) chase assay, we observed
that blocking protein translation significantly accelerated GLUT2
degradation during starvation (Extended Data Fig. 7f-i), supporting
that starvation-induced reduction in GLUT2 levels is independent of
protein transcription, and/or translation and is instead driven by its
degradation. Notably, the ratio of LC3-1l to LC3-I, used as a read-out
of autophagy flux after chloroquine treatment, was slightly higher
in the cerebellar lysates, suggesting a higher level of constitutive
autophagy in the cerebellum compared to the cortex (Extended Data
Fig. 7d). Inline with this, the number of LC3 puncta in the cortex was
low and remained unaltered between the ages of 1month and 3 months
(Extended DataFig. 7j,k).

To investigate whether GLUT2 is trafficked within autophago-
somes in PCs, we analysed its colocalization with LC3 in 3-month-old
PCs using three-dimensional (3D) reconstructions (Fig. 5j). Approxi-
mately 20% of LC3-positive autophagosomes contained GLUT2
(Fig. 5k). In line with prior findings in non-neuronal cells®, GLUT2
was abundant in WT lysosomes, whereas its lysosomal density was
markedly reduced in ATG5 cKO PCs (Fig. 5I,m). The overall lysosome
number and area remained unaltered in PCs lacking ATGS (Extended
Data Fig. 71-0). To determine whether the accumulation of GLUT2 in
retromer-positive compartments in ATG5 cKO PCs (Extended Data
Fig. 6i,j) impacts its lysosomal degradation, we utilized a tandem
mCherry-EGFP-tagged GLUT2 construct (Fig. 5n). Loss of ATG5 reduced
lysosomal GLUT2 levels in PCs overexpressing mCherry-EGFP-GLUT2
(Fig. 50,p). Further, using an adeno-associated virus (AAV) construct
expressing mKeima-tagged GLUT2 under the PC-specific L7 promoter,
we confirmed amarked reductioninlysosomal GLUT2in ATG5 cKO PCs
compared to WT (Extended Data Fig. 7p,q).

Overexpression of ATGS5 was previously reported to activate
autophagy invivo®. Thus, we hypothesized that if GLUT2 is degraded
by autophagy, overexpression of ATGS should restore its levels in
autophagy-deficient PCs. Supporting this, WT PCs overexpressing
EGFP-ATGS displayed significantly downregulated GLUT2, while
re-expressing ATGS in cKO PCs restored GLUT2 to near-normal lev-
els (Fig. 5q,r). Taken together, our data demonstrate that GLUT2
undergoes degradation by the autophagy-endolysosomal systemin
PCsinvivo.

Glycolytic by-products LPA and serine increase PC
vulnerability

Our findings on aberrant glycolytic activity in ATGS5 cKO PCs and their
selective vulnerability under this condition prompted us to investi-
gate whether alterations in glycolysis are causally implicated in the
PC degeneration. Uncontrolled glycolysis canresultin MG production
via dihydroxyacetone phosphate (DHAP; Fig. 6a, see also Fig. 2g for
DHAP upregulation). MG can react with proteins, lipids and nucleic
acids, forming advanced glycation end products associated with vari-
ous pathophysiological mechanisms, including neurodegeneration®,
To test whether cKO of ATGS5 leads to upregulation of MG-modified
proteinsin PCs, we analysed their levels using IHC. We found that the
levels of MG-modified proteins were significantly increased in PCs, but
not in molecular layer interneurons of 1-month-old and 3-month-old
mice (Fig. 6b,c and Extended Data Fig. 8a-c). The levels of MG-modified
proteins were also significantly upregulated in the whole ATG5 cKO
cerebellar lysates compared to controls (Fig. 6d,e).

Beyond MG, several other biosynthesis pathways can branch off
from glycolysis, including DHAP-mediated synthesis of LPA* and the
production of L-serine by 3-phosphoglycerate®. While L-serine can
be racemized into D-serine primarily in astrocytes**°, we observed
that D-serine levels were also slightly, yet significantly, increased
in ATG5 cKO PCs (Fig. 6f,g) but not in molecular layer interneurons
(Extended Data Fig. 8d,e). Because both LPA and D-serine (being a
precursor of glycine) can exert neurotoxic effects via augmenting
neurotransmission®*®', and both metabolites were significantly upreg-
ulatedin ATG5 cKO cerebellum (Fig. 6g; see also Fig. 2g), we investigated
their role in PC survival. Treatment of WT OTCs with 5 pM D-serine
and/or 100 nM LPA resulted in a substantial decrease in PC density
(Fig. 6h-k). This cellloss waslikely due to activation of ferroptosis since
the degeneration of PCs could be triggered by treatment with the fer-
roptosisinducer RSL3 and prevented by their additional treatment with
ferrostatin 1 (Ferl; Fig. 61,m), which is in line with the proteome data
indicating activation of the ferroptosis pathway in the ATGS5 cKO cer-
ebellum (Fig.2e). Moreover, Ferlapplication prevented PCloss induced
by either LPA and/or D-serine application (Fig. 6n,0 and Extended Data
Fig. 8f,g). Of note, the cell death of PCs after autophagy deficiency was
apoptosisindependent (Extended DataFig. 8h,i). The neurotoxic effect
of LPA on PC death was accompanied by an increase in PC network
excitation, assessed via calcium imaging in OTCs transduced with an
AAV encoding a GCaMP7f**™!* (CamKIla is predominantly expressed
inPCsbutnotgranule cells orinterneuronsin the cerebellum; Fig. 6p).
Stimulation with high-frequency bursts of action potentials (100 Hz)
resulted in a significant increase in GCaMP7f signals in LPA-treated
WT PCs compared to controls (Fig. 6p-r). This phenotype was also
observed in ATGS cKO PCs (Fig. 6s,t). While Ca?* signals are typically

Fig. 6 | By-products of aerobic glycolysis cause neurodegeneration of PCs.

a, Schematicillustrating upregulated glycolytic by-products in ATG5 cKO
cerebellum. AGEs, advanced glycation end products; ROS, reactive oxygen
species. b, Fluorescence-based analysis of MG-modified proteins in WT and ATGS
cKO PCs. Scale bars, 50 pum; magnified image scale bars, 10 pm. ¢, Quantitative
analysis of datainb. N =4 mice per genotype. Statistical significance calculated
by two-way ANOVA followed by Holm-Sidak multiple-comparisons test (WT*™
versus cKO®™, P=0.008).d,e, Immunoblot (d) and analysis (e) of MG-modified
proteins in WT and ATGS cerebellum at 3 M. N = 4 mice per genotype. P= 0.046.
f, Fluorescence-based analysis of levels of D-serine in WT and ATGS5 cKO PCs.
Scale bars, 20 pm. g, Quantitative analysis of datainf. N=4 for1Mand N =5 for
3 M mice. Statistical significance calculated by two-way ANOVA followed by
Holm-Sidak multiple-comparisons test (WT™ versus cKO™: P=0.025, WT*™
versus cKO®™: P=0.031). h, Fluorescence-based analysis of PC density in OTCs
cultured in control media (vehicle) or 5 uM D-serine. Scale bars, 100 pm.

i, Quantitative analysis of datain h; 16 images for control, 21images for D-serine,
N=3.P=0.0003.j, Fluorescence-based analysis of PC density in OTCs treated
with either vehicle or 100 nM LPA. Scale bars, 100 pm. k, Quantitative analysis
of datainj; 14 images for control, 11images for LPA, N=3.P=0.007.1,

Fluorescence-based analysis of PC density in OTCs treated for 24 hwith vehicle,
RSL3 (1 uM) or RSL3 + Ferl (10 pM). Scale bars, 100 pm. m, Quantitative analysis
ofdatainl; 28 images for control, 30 images for RSL3, 25 images for RSL3 + Fer1,
N=4.Vehicle versus RSL3: P=0.0007; RSL3 versus RSL3 + Ferl: P=0.037.n, PC
density in OTCs treated with vehicle, LPA (100 nM) or LPA + Fer1 (5 uM). 15images
for control, 17images for LPA and 17 images for LPA + Ferl, N = 3. Vehicle versus LPA:
P=0.01, LPA versus LPA + Ferl: P=0.0003. 0, PC density in OTCs cultured in control
media containing vehicle, D-Serine (10 uM) or D-serine + Ferl (5 uM); 14 images for
control, 22 images for D-serine, 17 images for D-serine + Ferl, N=4. Vehicle versus
D-serine: P=0.0006, D-serine versus D-serine + Ferl: P= 0.045. p, GCaMP7f-based
time-lapse imaging of WT, WT'™ (100 nM, 7 days; q and r), and ATG5 cKO (sand t)
PCs at baseline (0 seconds) and after stimulation with 100 action potentials (APs)
at100 Hz (20 seconds). Scale bar, 50 um. q—-t, Quantitative analysis of data in

p; 164 cells for WT, 166 cells for WT™,142 cells for cKO, N = 3. WTUreed yersus
WTL: P=0.0002; WTUnreed yersus cKO: P < 0.0001. Squares in Fig. bindicate
regions magnified. All graphs show the mean + s.e.m. Statistical significance in

e, i,k rand twas determined by two-tailed unpaired ¢-test. Statistical significance
inm-o was determined by one-way ANOVA followed by Holm-Sidak multiple-
comparisons test. *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001.
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used as a proxy for neuronal activity, we acknowledge the possibility
that ATG5-dependent autophagy may influence Ca?* channel and ion
pump expression on PC membranes, potentially affecting Ca2* sig-
nals beyond neuronal firing. Although we cannot entirely exclude the
impact of autophagy on the distribution of Ca2* channels at this point,
the unchanged baseline of GCaMP7ffluorescence inboth LPA-treated
WT and ATGS5 cKO PCs without electrical stimulation (Extended Data
Fig. 8j,k) suggests that the elevated Ca2* signals in response to LPA,
and/or in ATGS cKO, can at least partially be attributed to enhanced
neuronal activity. In summary, our findings suggest that glycolytic
by-products LPA and serine contribute to PC degeneration, and that
alterationsin glycolysis may be a key factor in the vulnerability of PCs
observed in the context of autophagy deficiency.

ATGS5:GLUT2 cKO mice have improved PC survival and

ataxic gait

Our data described thus far suggest that the loss of autophagy stabi-
lizes GLUT2levelsin PCs, a phenotype leading to altered glycolysis and
subsequent PC death. Therefore, we asked whether reducing GLUT2
(encoded by the Slc2a2 gene) levels could prevent PCloss in ATG5 cKO
mice. Hence, we generated double KO mice with Slc2a2inactivation by
crossing previously described Sic2a2 floxed mice®>** with the ATGS5 cKO
mice (Fig. 7a and Extended Data Fig. 9a). The resulting ATG5:GLUT2
cKO mice were born without abnormalities and exhibited weight gain
similar to their WT littermates (Extended Data Fig. 9b). We have pre-
viously reported that ATG5 cKO mice were leaner compared to WT
controls®. Intriguingly, the deletion of GLUT2 resulted in a modest
improvementin weight gain in ATG5 cKO mice, but these changes did
not reach significance (Extended Data Fig. 9c). Conversely, the sole
deletion of GLUT2 in GABAergic neurons had no impact on weight
regulation, consistent with prior findings®>. We found that reducing
GLUT2 protein levels (Extended Data Fig. 9d-g) prevented excessive
glucose uptake in ATG5 cKO PCs (Fig. 7b,c) and markedly downregulated
the production of lactate (Fig. 7d-f). Glucose uptake in PCs lacking
solely GLUT2 was not impaired, suggesting potential compensation
by other glucose transporters, as documented in pancreatic betacells
lacking GLUT2 (refs. 64,65). Although we did not directly assess the
upregulation of these transporters in our study, their activity would
likely prevent glucose overload inthe GLUT2 cKO scenario dueto their
low glucose transport capacity compared to GLUT2. This contrasts with
the GLUT2 overexpression observed in ATG5 cKO PCs, which drives
increased glucose uptake and PC degeneration. Additionally, levels of
MG-modified proteins were also significantly reduced in ATG5:GLUT2
cKO mice (Fig. 7g,h), consistent with the hypothesis that stabilized

GLUT2inautophagy-deficient PCs contributes toincreased formation
of glycolytic by-products such as MG.

To determine whether the rescue of glucose uptake, lactate pro-
ductionand MG levelsin ATG5:GLUT2 cKO mice has a protective impact
onPCsurvival, we analysed the number of PCs across various cerebel-
lar regions in WT, ATG5 cKO and ATG5:GLUT2 cKO mice at 3 months
of age. We found that the number of PCs was significantly reduced in
all cerebellar lobules (in line with the analysis of calbindin-positive
PCs in Fig. 1g; Fig. 7i,j). Remarkably, GLUT2 reduction improved the
survival of PCs in lobules VI-IX, corresponding to the vermis region,
by approximately 20% (Fig. 7j). This rescue phenotype was evident
inboth Nissl-stained cerebellum and cerebellar sections analysed by
IHC using the calbindin antibody as a selective PC marker (Fig. 7k,I).

Lesions in the vermis cause truncal and gait ataxia in humans®®®,
while PC dysfunctionis acommon feature in animal models with ataxic
symptoms®®, Toinvestigate whether the conditional deletion of ATG5in
mice leads to gait ataxia through PCloss, we evaluated their motor per-
formance by examining the ability to traverse beams of varying widths:
wide (25 mm), regular (12 mm) and narrow (5 mm) beams. As the beam
width decreases, mice adjust their intra-limb and inter-limb kinemat-
ics to maintain body posture. Dysfunctions in the cerebellar circuitry
can manifest as an inability to adapt limb kinematics, resulting in an
increased number of slips. At 3 months of age, ATG5 cKO mice, although
not impaired in their ability to stay on the rotarod (Extended Data
Fig.9i), revealed asignificantincreaseinfootslips when crossing the nar-
row beam compared to littermate controls (Fig. 7m,n and Supplemen-
tary Video1). This phenotype was consistent both for female and male
mice (Extended Data Fig. 9j,k) and was progressive, as 12-month-old
ATGS5 cKO mice were no longer able to cross the 5-mmbeam and showed
asignificant number of slips even onthe wider 12-mmbeam (Extended
DataFig. 9I). Strikingly, ATG5:GLUT2 cKO mice resembled the WT con-
trols, displaying fewer footslips on the narrow beam (Fig. 7n and Sup-
plementary Video 1). We further analysed hindlimb movements by
tracking kinematics using DeepLabCut and AutoGaitA® (Fig. 7m).
Kinematic assessments revealed intra-limb coordination defects
in 3-month-old ATGS5 cKO mice, even on the wide beam (Fig. 70-q,
Extended DataFig.10a-tand Supplementary Videos 2and 3). The rela-
tive positions of the knee and ankle, as well as the coordination of angle
aperture and velocity differed in ATG5 cKOs (Fig. 70,p and Extended Data
Fig.10a-f,k-p) compared to controls and were rescued by GLUT2 dele-
tion (Fig.7q and Extended Data Fig.10g-i,q-s). Comparison of knee and
hipangles confirmed the rescue of hindlimb kinematics, with significant
differences observed between ATG5 cKO and ATG5:GLUT2 cKO mice
(Extended DataFig.10u,v). Principal component analysis (PCA) further

Fig. 7| GLUT2 deletion in ATG5 cKO mice mitigates PC neurodegeneration
and improves their ataxic gait. a, Generation of ATG5:GLUT2 cKO mice.
Created with BioRender.com. b, 2-NBDG uptake in WT (125 cells, N = 5), ATGS
cKO (129 cells, N=4) and ATG5:GLUT2 cKO (75 cells, N =5) PCs. Scale bar, 50 pm.
¢, Quantitative analysis of datainb. WT versus ATGS cKO, P=0.0007; ATGS

cKO versus ATG5:GLUT2 cKO: P< 0.0001. d-f, Laconic FRET imaging (d) and its
radiometric (e) and AUC analysis (f) in WT, ATG5 cKO and ATG5:GLUT2 cKO PCs,
after 5-min perfusion with 5 mM pyruvate. WT (baseline 51 PCs, pyruvate 59 PCs
from N =3); ATGS5 cKO (baseline 84 PCs, pyruvate 70 PCs from N = 4); ATG5:GLUT2
cKO (baseline 49 PCs, pyruvate 49 PCs from N = 3); GLUT2 cKO (baseline 29 PCs,
pyruvate 29 PCs from N = 4). Scale bars, 20 pum. A coloured bar indicates
therelative FRET signal. WT versus ATGS5 cKO, P < 0.0001, ATGS5 cKO versus
ATG5:GLUT2 cKO: P=0.032, ATG5:GLUT2 cKO versus GLUT2 cKO: P=0.017.

g, Levels of MG-modified proteinsin PCs from WT (N =7), ATG5 cKO (N =5) and
ATGS5:GLUT2 cKO (N = 3) mice. Scale bars, 50 pm. h, Quantitative analysis of
dataing. Statistical significance calculated by mixed-effects ANOVA followed
by Holm-Sidak multiple-comparisons test. WT versus ATG5 cKO: P = 0.023,
ATGS5 cKO versus ATG5:GLUT2 cKO: P=0.023.1i, Top: Nissl-stained WT, ATGS
cKO and ATG5:GLUT2 cKO cerebellum. Scale bars, 200 pm. Bottom: magnified
Nissl-stained cerebellum; scale bars, 50 pm. j, PC density in WT (N = 4), ATGS5 cKO
(N=4)and ATG5:GLUT2 cKO (N = 5) cerebellum at 3 M. Statistical significance

calculated by two-way ANOVA followed by Holm-Sidak multiple-comparisons
test. ATGS cKO versus ATG5:GLUT2 cKO: lobule VIII P=0.006; lobule IX P=0.004.
WT versus ATGS cKO, P < 0.0001.k, PC density in lobules VIII-IXin WT (N=35),
ATG5 cKO (N=4) and ATG5:GLUT2 cKO (N = 5) mice. Scale bars, 200 pm.

1, Quantitative analysis of datain k. WT versus ATGS5 cKO: P < 0.0001, ATG5

cKO versus ATG5:GLUT2: P=0.006, WT versus ATG5:GLUT2 cKO: P= 0.002.

m, Kinematic analysis of WT, ATG5 cKO and ATG5:GLUT2 cKO mice walking on
the 5-mm-wide beam. White arrowhead points to the slip in ATG5 cKO. n, Average
number of slipsin WT (N =11), ATGS cKO (N=11) and ATG5:GLUT2 cKO (N = 6)
mice at 3 M. Statistical significance calculated by two-way ANOVA followed by
Holm-Sidak multiple-comparison (WT versus ATG5 cKO: P < 0.0001, ATG5 cKO
versus ATG5:GLUT2 cKO: P< 0.0001). o-r, Angle, velocities and coordination of
WT (N=9;0), ATG5 cKO (N =9; p) and ATG5:GLU T2 cKO (N = 6; q) mice walking on
a25-mm-wide beam and PCA analysis of these parameters (r). Red arrowheads in
pindicate the points at which the relative positions of joints differ in ATGS cKOs
compared to WT and ATG5:GLUT2 cKOs. Inr, individual mice are represented

as coloured circles. Squares iniindicate regions magnified. All graphs show the
mean + s.e.m. Statistical significance in ¢, fand Il was determined by one-way
ANOVA followed by Holm-Sidak multiple-comparisons test. *P < 0.05; **P < 0.01;
***P<0.001;***P<0.0001.
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supported these findings, clustering controls and ATG5:GLUT2 cKO
mice together, while ATG5 cKO mice occupied a different position in
the PCA space (Fig. 7r and Extended Data Fig. 10j). Despite the footslip
rescue (Fig. 7n and Supplementary Video 1), ATG5:GLUT2 cKO mice,
similarly to ATG5 cKO animals, walked with alonger stance phase com-
pared to controls, while swing duration remained unaltered (Extended
DataFig. 10w,x). These kinematic alterations persisted when the mice
traversed narrower beams, albeit with smaller differences, likely due to
the controland ATG5:GLUT2 cKO mice beginning to adapt their gait to
balance perturbations (Extended Data Fig. 10k-t).

Takentogether, our datashow that conditional loss of ATGS5 in mice
induces a progressive gait ataxia, manifested by anincreasein footslips
anddisturbed gait kinematics. This phenotypeis effectively rescued by
simultaneous deletion of GLUT2, with the double mutants showing (1)
fewer footslips on the narrow beam compared to ATG5 cKOs (Fig. 7n,b)
and (2) improved intra-limb coordination when walking on awide beam
compared to ATG5 cKOs (Fig. 70—q and Extended Data Fig. 10u,v).

Discussion

Loss of ATGS leads to ataxia in humans and flies’*”", yet the under-
lying cellular pathway involved remains elusive. Our study estab-
lishes a link between gait ataxia and glycolytic metabolism under
autophagy-deficient conditions in mice. We identify persistent dys-
regulation of the glycolysis pathway in the cerebellum of ATG5 cKO
mice, driven by upregulation of GLUT2 in autophagy-deficient PCs.
Thisupregulationresultsin heightened glucose uptake and increased
production of glycolytic by-products, including MG, which has been
associated with ataxia in mice’?, resembling the phenotype observed
in the current study. We find that autophagy-deficient PCs undergo
neurodegeneration, but their survival inthe cerebellar vermis can be
prolonged by GLUT2 deletion. These results are consistent with clini-
cal observations, linking lesions or atrophy of the cerebellar vermis to
truncal ataxia in humans”, as well as with arecent study highlighting
the vulnerability of PCs in the posterior vermis in a spinocerebellar
ataxia type 1 model™. Our findings on gait dysfunction in ATG5 cKO
mice align not only with the ataxia phenotype in patients carrying a
homozygous missense variantin ATGS (ref. 71), but also with reports
of mutations in autophagy-related genes linked to ataxia in humans.
For instance, a mutation in SNX14 (ref. 75) has been associated with
SCA20, while ataxia-telangiectasia results from a mutation in ATM
kinase’. While our study points to possible metabolic alterations in
patients with an ATGS mutation”, we acknowledge that current data
donotfully elucidate the pathophysiological mechanisms underlying
cerebellar degeneration. Further experiments are needed to explore
this clinical aspect. Additionally, although our study demonstrates
gaitrescue in ATG5:GLUT2 cKO mice, we recognize the contribution
of other cell types beyond PCs. Gait abnormalities can arise from
disruptions in spinal cord circuits’”’®, although phenotypes in those
studies are more severe than in our mutants, restricting locomotion
even on broader surfaces. Combined with our findings indicating
no alteration in the number of glycinergic interneurons in the spinal
cord, and a recent single-cell RNA sequencing study showing a lack
of GLUT2 expressionin the spinal cord”, this suggests that the ataxic
gait in ATG5 cKO mice is likely caused by deregulation of a glycolytic
pathway in the cerebellum.

Autophagyregulates cellular metabolism through three primary
pathways: recycling AAs and/or lipids™*°, maintaining energy balance
by overseeing mitochondrial quality®', and/or modulating the levels of
key proteins in metabolic pathways"*"*°. Our findings reveal that while
cerebellar autophagyis notstrictly required for mitochondria quality
control and/or AA recycling under basal conditions, it plays a crucial
role by regulating GLUT2 degradation. Future work is needed to clarify
how exactly GLUT2 is targeted to autophagosome membranes. We
hypothesize that GLUT2 degradation may occur throughbulk targeting
to autophagosomes during starvation, supported by previous findings

70,71

that nutrient withdrawal stimulates autophagosome formation in
PCs®. Our findings indicate that disruption of the autophagy pathway
inPCsleadsto GLUT2 accumulationin VPS35-positive compartments,
highlighting the retromer complex’s rolein GLUT2 trafficking, similarly
to other GLUT transporters®~*. In ATG5-deficient cells, GLUT2 may be
recycled to the plasma membrane in a retromer-dependent manner
rather than degraded, underscoring the interplay between autophagy
and theendosomal systeminregulating glucose transporter dynamics.

Although the requirement of aerobic glycolysis in neurons has
been debatable for decades®***, recent studies indicate that mature
neurons require glycolysis in vivo®*%, Interestingly, the human cere-
bellumreveals significantly lower aerobic glycolysis rates compared to
other brainregions®®, We propose that this attenuation in cerebellar
glycolyticactivity isinfluenced by autophagy, which acts asanegative
regulator. Several lines of evidence indicate that autophagy is a key
negative regulator of cerebellar glycolysis. First, our metabolomics
analysis reveals high upregulation of several glycolytic metabolitesin
the ATG5 cKO cerebellum (Figs. 2 and 3). Second, using [*C]glucose as
atracer, wereveal that the loss of ATGS significantly facilitates the glu-
cose fluxintoglycolysis, but not the TCA pathway (Fig. 3g and Extended
DataFig.4). Third, ATGS5-deficient PCs, but not cerebellar interneurons,
produce significantly more lactate and non-mitochondria-derived
ATP (Fig. 4). Finally, ATG5-deficient PCs accumulate MG, a reactive
carbonyl species generated endogenously during glycolysis (Fig. 6).
While increased glycolytic activity may compensate for the lack of
autophagy-mediated quality control®, we suggest that autophagy
reduces aerobic glycolysis by degrading GLUT2 and mitigating the
effects of glycolytic by-products on PC physiology. The metabolic
transformation indicates disturbed glucose metabolism as a vulner-
ability factorin cerebellar neurodegeneration, aligning with cerebellar
grey matter reduction in individuals with type 2 diabetes®® and gait
alterationsin older adults with diabetes®. This metabolic rewiring also
mirrors adaptations seen in other neurodegenerative disorders®?>%
and challenges the notion that mitochondrial dysfunction is the pri-
mary cause of movement disorders like Parkinson’s disease®, sup-
porting theideathat excessive glycolysis negatively impacts neuronal
survival, aligning with recent research®.

The heightened glycolytic activity concomitant with increased
GLUT2levelsin PCslacking ATGS is the central revelation of our study.
GLUT2, a class 1 facilitative glucose transporter with a uniquely low
glucose affinity®, is typically associated with neuronal populationsin
hypothalamus and brainstem”*°. Our findings reveal GLUT2 expres-
sionincerebellar PCs and demonstrate an active mechanism for regu-
lating GLUT2 levels through autophagic degradation. Coupled with a
recent study showing modulation of GLUT2 expression by environmen-
tal factors like glucose and oxygen availability'®°, our findings suggest
that autophagy may adapt GLUT2 expression to changes in glucose
availability in the cerebellum.

While we initially used FDG-PET as amarker of neurodegeneration,
we acknowledge that GLUT2 upregulation may affect glucose transport
andinterfere with FDG signal interpretation. Therefore, FDG measure-
ments should beinterpreted alongside SV2A-PET signals, which reflect
synapse density and can more reliably indicate neurodegenerative
changes. Our findings show a decrease in the FDG-PET signal in the
ATGS5 cKO cerebellum, seemingly inconsistent with increased glucose
metabolisminindividual ATG5 cKO PCs. While PET provides valuable
in vivo resolution, it is constrained spatially. Alterations in glycolysis
become apparent as early as1 month of age, while the FDG-PET study
was conducted in 3-month-old mice, a period marked by significant
PC loss due to autophagy deficiency. This supports the SV2A-PET
study results and suggests that the combined effects of PC loss and/
orreduced synapse density—compartments consuming a substantial
amount of glucose'”’—together with the limited spatial resolution of
FDG-PET, explainthe absence of ahypermetabolism phenotypeinthe
ATGS cKO cerebellumin PET studies.

Nature Metabolism | Volume 7 | February 2025 | 297-320

31



Article

https://doi.org/10.1038/s42255-024-01196-4

Our study utilizes the Atg5"".Slc32a1-Cre mouse line” that allows
direct comparison of autophagy-deficient GABAergic neurons across
the different brainregionsin the same animal. This approach unveiled
adistinctregion-specific vulnerability of the same neuronal subclass.
Our dataontheresilience of cerebellar interneurons to ATGS deletion
are consistent witharecent study'®and our previous work?**’ showing
that forebrain interneurons exhibit a robust tolerance to autophagy
dysfunction. These results prompt a re-evaluation of existing data
linking mutationsin ATG proteins to neurodegenerative diseases. For
instance, mutations in WDR4S5 cause beta-propeller protein-associated
neurodegeneration'®, while mutations in SPG11, ZFYVE26 and TECPR2
are associated with hereditary spastic paraplegia'®'®, Although the
selective vulnerability of neuronal subclasses to autophagy dysfunc-
tions in these patients warrants further investigation, a recent study
reported cerebellar atrophy in a patient with a recurrent mutation in
WDR45 (ref.106), consistent with our findings.

In conclusion, our findings highlight the complex interplay
betweenautophagy, glycolysis and PC susceptibility to neurodegenera-
tion. This research not only sheds light on cerebellar pathophysiology
but also provides a framework for understanding broader neurode-
generative processes. Targeting metabolic vulnerabilities, such as
glycolyticdysregulationand GLUT2 perturbations, may pave the way
for therapeuticinterventions aimed at modifying cellular metabolism
to mitigate neurodegenerative impacts.

Methods

Mouse models

All animal experiments were approved and performed according to
the regulations of the LANUV, NRW, Germany (AZ: 81-02.04.2020.
A418, 81-02.05.40.20.075, 81-02.04.2021.A132, 81-02.04.2021.
A067, 81-02.04.2022.A116) guidelines. Mice were maintained in a
pathogen-free environment in ventilated polycarbonate cages and
housed in groups of five animals per cage with constant tempera-
ture and humidity at12-h/12-h light-dark cycles. Food and water were
provided ad libitum. All mice originate from the mixed C57BL/6JRj
(=40-48%); C57BL/6) (=25-45%); C57BL/NRj (=5-20%); FVB/N (=1-6%)
genetic background. Atg5flox:Slc32al-Cre:tdTomato (ATGS5 cKO) mice
were described previously”. To create ATG5:GLUT2 cKO mice, mice
with floxed exon 3 of the Atg5 gene were crossed with mice, where
the exon 11 of the Slc2a2 gene was flanked by loxP (kindly provided
by B.T., University of Lausanne)®>**, Supplementary Table 1 indicates
genotyping primers used to genotype the animals. In accordance with
the SAGER guidelines, we have ensured that both male and female mice
wereincluded inall experimental groups.

PET imaging

Animals were anaesthetized with isoflurane in O,/air at a 3:7 ratio
(induction 5%, maintenance 1.5-2.0%), and a catheter for tracer injec-
tion ([**FJUCB-H in 3-month-old mice, ['*F]MNI1126 in 12-month-old
mice) wasinserted into the lateral tail vein. APET scanin list mode was
conducted using a Focus 220 micro-PET scanner (CTI-Siemens) with
aresolution at the centre of field of view of 1.4 mm. Data acquisition
started withintravenoustracerinjection (activity: 6-12 MBqin125 pl)
and lasted for 40 min. This was followed by a 10-min transmission
scan using a *’Co point source for attenuation correction. For [*F]
FDG-PET, 9-12 MBq ["*F]FDG in 125 pl was injected intraperitoneally.
The mice were then placed in a solitary cage where they spent the fol-
lowing 35 min awake. Subsequently, they were anaesthetized again
and scanned for 30 min under anaesthesia. After full 3D rebinning,
summed images were reconstructed using aniterative OSEM3D/MAP
procedure'”, resulting in voxel sizes of 0.47 x 0.47 x 0.80 mm. For all
further processing of the images including statistics, the software
VINCI 5.21 for MacOS X (MPI for Metabolism Research, Cologne, Ger-
many) was used. Images were co-registered and intensity-normalized
to the thalamus. To this end, an elliptical volume of interest of 7.2 mm?

(40 voxels) was placed inside the thalamus. Each image was divided
by the mean value of the thalamus volume of interest, resulting in the
‘standardized uptake value ratio’ (SUVRy,,). No further postprocess-
ing was done. For comparison of ATGS5 cKO versus WT, a voxel-wise
two-tailed unpaired ¢-test was performed for each tracer using VINCI
5.21for MacOS X. Theresulting t-maps were corrected for multiple com-
parisons using athreshold-free cluster enhancement (TFCE) procedure
describedindetailinref.108. The TFCE procedure was implemented as
aPythonscriptin VINCI. For final thresholding at P < 0.05, a permuta-
tion test with 10,000 permutations was performed in RStudio 1.0.153
for MaxOS X using the SUVRy;,, values of the voxel with the highest TFCE
value. The 95% quantile was calculated, and the corresponding TFCE
levelwas used as the lower threshold of the t;y., map. The resulting t ¢
maps were displayed in voxel view in shades of red (ATG5 cKO > WT)
or blue (ATG5 cKO < WT) and projected onto a C57BL/6 T2-weighted
magnetic resonance imaging template.

Primary cerebellar culture

Mice were euthanized at P7-9. Cerebellum was chopped into
600-pum-thick pieces and incubated in solution A (PBS containing
13 mMglucose, 300 mg BSA (fatty acid-free), 1.5 mM MgSO,) containing
0.25 mg trypsin for 15 min at 37 °C. To stop trypsinization, solution A,
containing 0.5 mg Soybean Trypsin Inhibitor and 600 U DNase twice
the original volume was added and samples were centrifuged at1,000g
for1 minat4 °C. Cell suspension was dissolved in DMEM-based (Gibco)
growth medium containing 0.4% B-27 (50 Gibco), 19 mM KCl (Roth),
14 mM HEPES (Roth), 10 mM glucose (Sigma), 1 mM sodium pyruvate
(100x Gibco), 0.25% GlutaMax (100x Gibco), 1% penicillin-strepto-
mycin (10,000 pg ml™ streptomycin, Thermo Fisher Scientific), 10%
FBS (Sigma) and mechanistically dissociated. Cells were layered on
top of EBSS (Gibco), containing 4% (wt/vol) BSA, 3 mM MgSO, and
centrifuged at1,500g for 5 min at 4 °C. Cells were dissolved in growth
medium and plated atadensity of 750,000. After 24 h and after 7 days,
half of the medium was replaced by fresh growth medium containing
4 1M AraC (Merck).

Seahorse assay

Metabolic measurements were carried out in a Seahorse XF96 Ana-
lyzer. Cerebellar cells were plated in 96-well Seahorse XF Cell Culture
Microplates and analysed at days in vitro (DIV) 17. For the Mito Stress
Test (Agilent), growth medium was replaced by Seahorse XF Base
Medium supplemented with 1 mM pyruvate, 2 mM glutamine and
10 mMglucose and equilibrated ina37 °C non-CO, incubator 1 hbefore
the experiment. Following the baseline measurements for oxygen
consumptionrate (OCR), 1.5 uM oligomycinA,2 u(MFCCP and 0.5 pM
rotenone-antimycin Acombined with Hoechst (Thermo Fisher, 62249)
were sequentially added. For the glycolysis stress test (Agilent), growth
medium was replaced by Seahorse XF Base Medium supplemented
with 2 mM glutamine and equilibrated in a 37 °C non-CO, incubator
1h before the experiment. Baseline ECAR was measured followed by
sequential adding of 10 mM glucose, 1.5 uM oligomycin A and 50 mM
2-DG combined with Hoechst injection. OCR and ECAR values were
normalized to cell density based on the Hoechst signal via a Cytation
microplate reader (Agilent).

Preparation of OTCs

Mice were euthanized at P6-9, cerebellum was collected in ice-cold
HBSS (Thermo Fisher Scientific) and cut into 300-pum-thick sagittal
sections. Sections were washed three times in pre-warmed (37 °C)
HBSS. Slices were then transferred onto membraneinserts (Merck) with
pre-warmed OTC MEM-based (Sigma) medium containing 0.00125%
ascorbicacid (Roth), 10 mM D-glucose (Sigma), 1 mM GlutaMAX (100x
Gibco),20% (vol/vol) horse serum (Gibco), 0.01 mg ml™insulin (Thermo
Fisher Scientific), 14.4 mM NaCl (Roth), 1% penicillin-streptomycin
(Thermo Fisher Scientific). Medium was replaced every second day.
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OTCs were used at DIV21 either for live imaging or for IHC. For IHC,
slices were fixed in 4% paraformaldehyde (PFA) for 30 min at room
temperature (RT) washed three times with PBS and then processed as
fixed brain sections (see below).

Live imagingin cerebellar OTCs

Viral transduction was done on DIV1by adding 1 pul of AAV (Supplemen-
tary Table 2) on top of each slice. Live imaging was performed at DIV21
in carbogenated OTC imaging medium (distilled water, 2 mM CacCl,,
10 mMD-glucose, 3 mMKCl,1 mMMgCl,,136 mM NaCl,24 mMNaHCO,,
1.25 mM NaH,HPOQ,) after constant perfusion. For all live imaging, the
TCS SP8 MP-OPO (Leica) multiphoton confocal microscope was used
equipped with a x25/0.95 multi-immersion objective. For ATeam and
Laconic, single-plane scans were acquired at a 512 x 512 scanning format
ofbidirectional recording of one frame per second, yielding a pixel size
0f 0.86 pum. For ratiometric FRET measurements of ATeam and Laconic,
the donor was excited at 448 nm, and emission of both eCFP/mTFP and
mVenus were captured by individual detectors between 450 nm and
500 nm for eCFP/mTFP and between 520 nm and 570 nm for accep-
tor mVenus. Recordings were analysed using Image]J (Fiji) by measur-
ing fluorescence intensity of donor and acceptor individually in PC or
molecular cell layer interneuron soma after background subtraction.
The ratio of mVenus:eCFP or mTFP:mVenus was used as a read-out of
ATPor lactate levels, respectively. Slices were recorded at baseline, after
30 minofincubation after constant perfusion with1.5 uMoligomycin A
(Sigma-Aldrich, 495455) or 1.5 uM oligomycin Aand 10 mM 2-DG (Roth,
CN96.3) or after 5 min of constant perfusion with 5 mM pyruvate. AUC
was determined by integrating the fluorescence signal ratio for the time
ofrecordingindividually for baseline (30 s), 1.5 pM oligomycin A (30 s),
1.5 uM oligomycin A and 10 mM 2-DG (30 s) for ATeam and baseline
(20's) and 5 mM pyruvate (20 s) for Laconic using GraphPad Prism. For
GCaMP7fimaging, single-plane scans were acquired ata 512 x 512 scan-
ning format of bidirectional recording of one frame per second, yielding
a pixel size of 0.86 pm. Videos of 60 s in length were recorded. After
20 s of baselinerecordings, slices were stimulated once with100 APs at
100 Hzusing an RC-47FSLP stimulation chamber (Warner Instruments).
Recordings were analysed using ImageJ (Fiji). Baseline fluorescence, after
background subtraction, of PCs was measured by averaging fluorescence
of thefirst19 frames. Fluorescence values of each frame were then nor-
malized tobaseline. AUC was determined by integrating the normalized
AF/F20 sbefore and 10 s after the stimulation using GraphPad Prism. For
mt-mKeima, mKeima-GLUT2 and mCherry-EGFP-GLUT?2 live imaging,
single-plane images were acquired at a 1,024 x 1,024 scanning format
of bidirectional recording of one frame per second, yielding a pixel
size of 0.43 pm. Images were analysed using Image] (Fiji) by measuring
fluorescenceintensity individually in PC somaafter background subtrac-
tion. For induced mitophagy, slices were pretreated with 10 pM CCCP
(Thermo Scientific, L06932.ME) for 6 h.

NBDG uptake

For 2-NBDG uptake, OTCs were incubated in OTC medium without glu-
cose supplemented with1 mM2-NBDG (Biomol, ABD-36702) for 30 min
at37 °Cinthe dark and then washed twice with OTC imaging medium.
For imaging, the TCS SP8 MP-OPO confocal microscope was used,
equipped with a x25/0.95 multi-immersion objective. Single-plane
images were acquired at a 1,024 x 1,024 scanning format with bidi-
rectional recording of one frame per second, yielding a pixel size of
0.43 um. Recordings were analysed using ImageJ (Fiji). Mean grey val-
ues, after background subtraction, were used as fluorescence read-out
of proteinlevels in PC or molecular layer interneuron soma.

PCdensity analysisin OTCs

OTCs were obtained as described above. Slices were cultured either
in OTC medium with 5 uM D-serine (Merck, S4250) for 3 weeks,
with 100 nM LPA (Merck, 857130P) for the last 7 days, or with 1 uM

RAS-selective lethal 3 (RSL3) (Selleckchem, S8155) and 10 uM Ferl
(Cayman, 17729) for 24 h and with vehicle, respectively, at 37 °C and
5% CO,. For combined LPA and Ferl treatments (and D-serine and Ferl
treatments), slices were cultured in OTC medium with vehicle or 100 nM
LPA (or 10 uM D-serine) for the last 7 days, where 5 uM Ferl was added
for the last 4 days. At DIV21, slices were fixed in 4% PFA for 30 min at
RT, washed three times with PBS and then processed for IHC as fixed
brain sections (described below). The sections were imaged using a
Leica Stellaris 5 equipped with a HC PL APO x20/0.75 CS2 objective
and a continuous excitation white-light laser. Samples were scanned
at aresolution of 1,024 x 1,024 with bidirectional recording yielding
a pixel size of 0.57 pm. Stacks of 8-10 optical sections with a fixed z
plane of 680 nmwere taken. Images were visualized using Fiji (ImageJ).

Preparation of acute slices, starvation and chloroquine
treatment

Mice were euthanized at the age of 3 months via cervical dislocation,
and brains were isolated. Cortex and cerebellum were separated and
cutwithavibratome (Leica) into 150-um horizontal sections inice-cold,
carbogen-saturated (95% O, and 5% CO,), low-Ca?", osmolarity-adjusted
ACSF (125 mM Nacl, 2.5 mM KCl, 1.25 mM NaH,PO,, 25 mM NaHCO,,
10 mM glucose, 0.5 mM Cacl,, 3.5 mM MgCl,, pH 7.4). Cerebellar and
cortical acute slices were incubated in control OTC medium, control
medium with 400 uM chloroquine (Sigma, C6628) or ACSF for 6 h at
37 °C and 5% CO,. Afterwards, samples were shock frozen in liquid
nitrogen and stored at —80 °C until further processing.

Preparation of acute slices and CHX treatment

Cerebellar acute slices (100 pm) were obtained as described above
and incubated in OTC medium, control medium with 60 pM CHX
(Sigma-Aldrich, 239763), ACSF or ACSF with 60 pM CHX for 3.5h and
7 hat 37 °C and 5% CO,. Additionally, acute slices were incubated in
control OTC medium or control medium with 60 uM CHX for 7 h at
37 °Cand 5% CO,.Next, 10 pM puromycin (Roth, 0240.1) was added for
thelast 1.5 hofincubation. Afterwards, samples were fixed with 4% PFA
for1hat RT and further processed for IHC (see below).

Preparation of acute slices and antibody uptake assay
Cerebellar acute slices were prepared as described above. Slices were
incubated in ACSF for 1h at 37 °C and 5% CO, followed by incubation
in ACSF with vehicle, ACSF with 50 pM Pitstop2 (Abcam, ab120687)
or ACSF with 500 nM ULKI-inhibitor (SBI-0206965; Merck, SML1540)
for1hat37°Cand 5% CO,. Afterwards, 16 pg ml™ extracellular GLUT2
antibody (Merck) was added to each well and slices were incubated for
another 1.5 h at 37 °C and 5% CO,. Slices were then washed once with
ice-cold 0.2 Maceticacid, fixedin 4% PFA for1 hatRT and washed three
times with1x PBS and further processed for IHC (as described below).
Transferrin uptake assay was performed by incubating the slices with
25 pg ml™ humantransferrin conjugated to Alexa Fluor 488 (Invitrogen,
T13342) instead of the primary antibody.

Untargeted metabolomics

Untargeted metabolomics was performed on fresh-frozen1-month-old
and 3-month-old cerebellum. Metabolites were extracted in extraction
solution (LC-MS-grade methanol 50%, LC-MS-grade acetonitrile 30%,
ultrapure water 20%, valine-d8 final concentration 5 pM), and tissue
was lysed in a homogenizer (2 x 30-s cycles at 3,500g at 4 °C). Tissue
extracts were shaken in a Thermomixer (Eppendorf) at full speed for
15 min at 4 °C and centrifuged at full speed for 20 min at 4 °C. Equal
amounts of each sample were used for further analysis. Metabolites
were separated on a Millipore SeQuant ZIC-pHILIC column (5 pm,
2.1x150 mm)with a2.1x20-mm guard column, using abinary solvent
system. Solvent Awas 20 mM ammonium carbonate with 0.05% ammo-
nium hydroxide, and solvent B was acetonitrile. The column ovenwas
setto40 °C,and the autosampler to4 °C. The gradient (0.200 mImin™)
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started at 80% B (0-2 min), decreased linearly to 20% B (2-17 min),
returned to 80% B (17-17.1 min), and held until 23 min. Samples (5 pl)
wereinjected inrandom order, with quality-control samples analysed
regularly. Data were acquired on Vanquish Horizon UHPLC connected
to the Thermo Fisher Orbitrap Exploris 240 mass spectrometer with
HESI source. Spray voltages were configured at +3.5 kV/-2.8 kV, the
RF lens value at 70, the heated capillary temperature at 320 °Cand the
auxiliary gas heater at 280 °C. Sheath, aux and sweep gas flow rates
weresetat40,15and O arbitrary units, respectively. For MS1scans, data
were acquired from m/z70-900 with standard automatic gain control
and auto-set injection time in full scan mode with polarity switching
at aresolution 0f 120,000. The AcquireX Deep Scan workflow used
iterative data-dependent acquisition, with pooled sample injections,
60,000 full scan resolution, 30,000 fragmentation resolution and
a 5.0e3 intensity threshold. Dynamic exclusion was set to 10 s with
a 5-ppm mass tolerance and 1.2 m/z isolation window. Stepped HCD
collisionenergies were 30, 50 and 150. Metabolite identification used
Compound Discoverer v3.2 with criteria of precursor ion m/z within
5 ppm, fragment ion matching within 5 ppm to a spectral library, a
minimum match score of 70 and retention time within 5% of standards.
Peak area integration and chromatogram review were performed in
TraceFinder v5.0. Metabolite intensities were preprocessed using the
80% filtering rule per condition. Missing values were imputed using
the half minimum value method152, followed by probabilistic quo-
tient normalization 152.e'%°. Outliers were assessed using Hotteling’s
T2 method and PCA plots. Differential metabolite abundance was
determined using t-tests (R ‘stats’ package), and pathway analysis was
performed using MetaboAnalyst 5.0.

BC,glucose tracing using liquid chromatography-
high-resolution MS

Cerebellar acute slices prepared from 3-month-old mice were incu-
bated in ACSF containing 10 mM [2C]glucose (unlabelled) or 1 mM
BC,-labelled glucose for1hat 37 °C and 5% CO,. The slices were trans-
ferred to tubes, washed once in 75 mM ammonium carbonate and
the fresh weight of samples was determined. To each of the samples,
a 5-mm stainless-steel metal ball was added before snap-freezing
them in liquid nitrogen. The frozen samples were pulverized for
1 min using a TissueLyser (Qiagen) set to 25 Hz for 1 min. Immedi-
ately after homogenization, 1 ml of -20 °C mixture of UPLC-grade
acetonitrilezmethanol:water (2:2:1(vol:vol:vol)), containing 375 nmol
U-C5N AA mix (Cambridge Isotopes, MSK_A2-1.2), each 150 ng mI™ of
BC,o ATP, ®N; ADP and 2C,,"*Ns AMP (Sigma) and 200 ng ml™ of citric
acid’H, (Sigma) was added. After addition of the extraction buffer, the
samples wereimmediately vortexed for 10 s before incubating them
for additional 30 minat4 °C on an orbital shaker. Insoluble material
was removed from each sample and the tubes were centrifuged for
10 minat21,000gat4 °C.The cleared supernatant was transferred to
afresh1.5 mlmicrocentrifuge tube and immediately concentrated to
complete dryness in a speed vacuum concentrator set to 20 °C. For
the LC-MS analysis, the dried samples were resuspended in 150 pl
ofiice-cold UPLC-grade water, vortexed thoroughly and centrifuged
for 5 min at 21,000g at 4 °C. The cleared supernatant was analysed
as described in ref. 110. The LC-MS data analysis of the amine, gly-
colysis and TCA compounds was performed using the TraceFinder
software (version 5.1, Thermo Fisher Scientific). The identity of each
compound was validated by authentic reference compounds, which
were measured at the beginning and the end of the sequence. For
data analysis, the area of all detectable isotopologues mass peaks
of every required compound were extracted and integrated using a
mass accuracy of <3 ppmand aretention time tolerance of <0.05 min
as compared to theindependently measured reference compounds.
If no independent 2C experiments were carried out, where the pool
size was determined from the obtained peak area of the 2C monoiso-
topologue, the pool size determination was carried out by summing

the peak areas of all detectable isotopologues per compound. These
areas were then normalized, as performed for un-traced '*C experi-
ments, to the internal standards, which were added to the extraction
buffer, followed by anormalization to the fresh weight of the analysed
samples. The relative isotope distribution of each isotopologue was
calculated after natural abundance correction from the proportion
of the peak area of each isotopologue towards the sum of all detect-
ableisotopologues.

Targeted metabolomics

Targeted metabolomics analyses were performed in fresh-frozen cer-
ebellum from 1-month-old and 3-month-old mice. Intermediates of
the glycolysis and the TCA cycle were determined by anion-exchange
chromatography coupled to electrospray ionization high-resolution
MS using a procedure previously described™. Approximately 50 mg
of tissue were homogenizedinice-cold acetonitrile/methanol/water
ata2:2:1ratio (vol/vol/vol; (1 mg/10 pl) using the Precellys 24 Homog-
enizer (Peqlab). Then, 100 pl of homogenate was mixed with a further
225 plof acetonitrile/methanol/water at a 2:2:1ratio (vol/vol/vol) and
25 ul of a mixture of isotope-labelled internal standards in Milli-Q
water (5 uM *C4-D-glucose-6-phosphate and 5 pM D4-succinic acid,
both Eurisotop). After thorough mixing and centrifugation (16,100g,
5min, 4 °C),300 pl of supernatant was dried under reduced pressure.
The residue was resolved in 100 pl of Milli-Q water, transferred to
autoinjector vials and immediately measured. lon chromatogra-
phy high resolution mass spectrometry analysis was performed
using a Dionex Integrion RFIC system (Thermo Scientific) coupled
to a Q Exactive HF mass spectrometer (Thermo Scientific) as previ-
ously described""2. The exact m/z traces of the internal standards
and endogenous metabolites were extracted and integrated using
Skyline 21.2.0.369 (open source). Endogenous metabolites were
quantified by normalizing their peak areas to those of the internal
standards. AAs and GABA were derivatized with benzoyl chloride
and quantified by liquid chromatography coupled to electrospray
ionization tandem mass spectrometry using a procedure previously
described"?. Homogenates were centrifuged (16,100g, 5 min, 4 °C).
Next, 20 pl of the supernatant was mixed with 10 pl of the MassChrom
internal standard mixture AAs and acylcarnitines from dried blood
(Chromsystems), reconstituted in 5 ml water/methanol ata2:1ratio
(vol/vol),and 10 pl of a10 pM solution of d6-GABA (Sigma-Aldrich)
in Milli-Q water. Endogenous metabolites and internal standards
were derivatized by adding 10 pl of freshly prepared 2% benzoyl
chloride in acetonitrile and 10 pl of 100 mM sodium carbonate in
water and thorough mixing. After addition of 40 pl of Milli-Q water
and centrifugation (16,100g, 5 min, 4 °C), 80 pl of the supernatant
was transferred to autoinjector vials and immediately measured.
LC-MS/MS analysis was performed by using a Nexera X2 UHPLC
System (Shimadzu) coupled to a QTRAP 6500 mass spectrometer
(SCIEX) as previously described' ", The LC chromatogram peaks of
benzoylated metabolites were integrated using the MultiQuant 3.0.2
software (SCIEX). The peak areas of the endogenous metabolites
were normalized to those of the internal standards.

Proteomics

Total proteome analysis was performed on fresh-frozen cerebellum
from 1-month-old and 3-month-old animals. Samples were homog-
enized and lysed in 8 Murea followed by reduction (5 mM dithiothreitol
(DTT)) and alkylation of cysteines (40 mM chloroacetamide). Sam-
ples were digested using LysC for 4 h followed by dilution of urea and
overnight digestion using trypsin (both with al:75ratio). Afterwards,
samples were acidified and clean-up was performed using mixed-mode
StageTips™. Next, 50 pg of each sample was analysed by the CECAD
Proteomics Facility on an Orbitrap Exploris 480 (granted by the German
Research Foundation under INST 1856/71-1 FUGG) mass spectrom-
eter equipped with a FAIMSpro differential ion mobility device that
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was coupled to an UltiMate 3000 (Thermo Scientific). Samples were
loaded onto a precolumn (Acclaim 5 pm PepMap 300 p Cartridge)
and then reverse-flushed onto an in-house packed analytical column
(30 cmlength, 75 pminner diameter, filled with 2.7 pum Poroshell EC120
C18, Agilent). Peptides were chromatographically separated running
eluent A (0.01% formic acid) against eluent B (80% acetonitrile, 0.1%
formic acid) using a linear gradient between 6% and 55% B followed
by washing and reequilibration. The mass spectrometer was oper-
ated in data-independent acquisition (DIA) mode using 60 x 10 m/z
windows with1m/z overlap between 400 m/zand 1,000 m/z at areso-
lution of 15,000. A gas-phase fractionated spectral library was built
by injecting a pooled sample six times covering the analytical range
in 100 m/z steps using staggered 4 m/z windows at a resolution of
30,000, resulting in nominal 2 m/zwindows after deconvolution using
ProteoWizard. Library building and subsequent data analysis were
performed in DIA-NN 1.8.1using a Swiss-Prot mouse canonical database
(UP589, downloaded 04 January 2022) and the additional command
line prompts ‘--report-lib-info’ and --relaxed-prot-inf’ with otherwise
standard parameters. DIA-NN output was further filtered on library ¢
value and global g value < 0.01 and at least two unique peptides per
protein using R (4.1.3). Finally, LFQ values were calculated using the
DIA-NN R package. Afterwards, analysis of results was performed in
Perseus 1.6.15. Pathway analysis was performed using ShinyGO 0.81
(South Dakota State University).

Immunohistochemical analysis of brain sections

Mice were euthanized at 1, 3 and 12 months of age by an overdose of
1.2% ketamine, and 0.16% xylazine in PBS, transcardially perfused,
dissected and postfixed in 4% PFA (pH 7.4) overnight. Horizontal
free-floating40-pum sections were blocked with 10% normal goat serum
(NGS) or 10% normal donkey serum (NDS) in 0.5 % Triton-X in PBS for
1hatRT.Primaryantibodies (Supplementary Table 3) wereincubated
in3%NGS and 0.3% PBS-T for 48 hat4 °C. Sections were washed in 0.3%
PBS-T before incubation with secondary antibodies in 3% NGS or NDS
and 0.3% PBS-T for 2 hat RT (Supplementary Table 3). The sections were
imaged using either a Leica TCS SP8 equipped with an Apo x40/0.85
CORRCSandPLApo x63/1.40 0il CS2 or aLeicaStellaris 5 equipped with
HCPL Apo x20/0.75CS2 and an Apo x63/1.32 FLYC CORR CS2 objective
and a continuous excitation white-light laser. Samples were scanned
ataresolutionof1,024 x 1,024 pixels with bidirectional recording, and
stacks of 20-30 optical sections with afixed zplane of 533 nm (for x63
and x40) and 685 nm (for x20) were taken with pixel sizes of 0.284 um
(for x40), 0.180 um (for x63) and 0.568 pm (for x20). Images were
visualized using Fiji (ImageJ). Mean grey values, after background
subtraction, were used as fluorescence read-out of proteinlevelsin the
region ofinterest, containing either PCsoma, PC dendrite or molecular
layer interneurons. For colocalization and 3D analysis, samples were
scanned ataresolutionof1,024 x 1,024 pixels with bidirectional record-
ingusinga Leica Stellaris 5equipped with aPlan-Apochromat x63/1.30
GLYC objective with a pixel size of 0.180 um. Stacks of 20-30 optical
sections were taken with a fixed z plane of 250 nm. Reconstructions and
colocalization analysis were performed with Amira 2020.2 (Thermo
Fisher Scientific). For cresyl violet staining, 40-um horizontal sections
were mounted, hydrophylized in water for 1 min before incubationin
cresylviolet solution for 7 min. Sections were then washed three times
inwater for 2 min before being dehydrated inascending ethanol solu-
tions (70%, 80%, 90%, 96%,100%) for 2 min each. Afterwards, sections
were incubated in xylene for 2 min and then covered with mounting
solution Entellan (Merck). Images were acquired on a S360 Hama-
matsu slide scanner using a x40 objective and a pixel size of 0.230 pm.
AperiolmageScope viewing software (Leica, version 12.4.3.5008) was
used for analysis. For illustrative purposes, images for both condi-
tions (WT and ATGS cKO) were multiplied by the same factor using
the ImageJ Math option (changes were applied to the entire images in
both conditions).

EM

Animals at the age of 3 months were perfused using 2% formalde-
hyde (Science Services) and 2.5% glutaraldehyde (Merck) in 0.1 M
cacodylate buffer. Brains were postfixed and 40-pm horizontal sec-
tions were prepared. Regions of interest were extracted using a
biopsy punch and postfixation was applied using 1% osmium tetroxid
(Science Services) and 1% potassium hexacyanoferrat (Merck).
Samples were dehydrated using ascending ethanol series
(50%, 70%, 90%, 100%). Infiltration was carried out with a mixture
of 50% Epon-ethanol for 1 h, 70% Epon-ethanol for 2 h and over-
night with pure Epon (Merck). After fresh Epon for 4 h, sections
were mounted onto empty Epon blocks and covered with Aclar foil.
After 48 h hardening at 60 °C, Aclar foil was removed and samples
were trimmed to the region of interest. Ultrathin sections (70 nm)
were cut using a diamond knife (Science Services) on an UC6 ultra-
microtome (Leica) and collected onto Pioloform-coated slot grids.
Poststaining was performed with 1.5% uranyl acetate (Agar Scien-
tific) for 15 min and Reynolds lead citrate (Roth) solution for 3 min.
Images were acquired using aJEM-2100 Plus transmission electron
microscope (JEOL) operating at 80 kV equipped with a OneView 4 K
camera (Gatan). EM quantifications were carried out manually on
acquired images (10,000) of PC somata. Number of mitochondria
were counted and normalized to the total area of the cell. The total
area of single mitochondria and the total length (perimeter) of the
corresponding cristae was analysed. Cristae length was then normal-
ized to the total area of mitochondria.

RNAscope of spinal cord sections

Mice were euthanized and transcardially perfused as described above.
Spinal cords were dissected and postfixed for 1 h at RT, then rinsed
threetimesinPBS and cryoprotectedin 30% sucrose in PBS overnight
at4 °C. Tissue was cryosectioned at 14 pm using a Leica CM3050 cry-
ostat. Multiple-labelling fluorescence in situ hybridization was per-
formed using the RNAscope Multiplex Fluorescent Reagent Kit v2 Assay
(Advanced Cell Diagnostics, 323100), following the manufacturer’s
recommended protocol. A mix of three probes was used: Mm-Slc32al
revealed with Opal 520 (Akoya), Mm-Slc17a6 revealed with Opal 570
(Akoya) and Mm-Slc6aSrevealed with Opal 650 (Akoya). Sections were
mounted using Aqua-Poly/Mount (Polysciences). The sections were
imaged using a Leica TCS SP8 (Leica Microsystems) equipped with
aPL Apo x40/0.85 CORR CS objective and a continuous excitation
white-light laser. Samples wereimaged usinga2,048 x 2,048 scanning
format with bidirectional recording, yielding a pixel size of 0.125 pm.
Stacks of six optical sections with a fixed z plane of 4 pum were taken.
The Image]J Cell Count plugin was used to visualize and count neurons.
Neurons were assigned to dorsal versus ventral laminar location based
ontheir relative position with respect to the central canal. Nine hemi-
sections per mouse were analysed, and they included anequal sampling
of cervical and lumbar segments.

Immunoblotting analysis

Mice were euthanized at the age of P7, 1 month, 3 months and/or
12 months via cervical dislocation. Samples were homogenized in
RIPA buffer (dH,0; 1% Igepal; 150 nM NaCl; 0.1% SDS; 0.5% SOD; 50 mM
Tris) containing protease inhibitor (Roche) and phosphatase inhibitor
(Thermo Scientific) using a Wheaton otter-Elvehjem Tissue Grinder.
Afterwards, samples were sonicated (ten pulses), incubated onice for
45 minand centrifuged at16,200gfor 15 min at4 °C. Protein concentra-
tions were assessed using the Bradford assay (Sigma). Next, 10-20 pg
protein per sample was loaded onto SDS-PAGE gels for protein separa-
tion and then transferred onto nitrocellulose or methanol-activated
PVDF membranes. Membranes were blocked in 5% milk or BSA in TBS
containing 1% Tween (TBS-T) for 1 h at RT followed by primary anti-
body (Supplementary Table 4) incubation in TBS overnight at 4 °C.
Afterwards, membranes were washed three times with TBS-T and then
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incubated with horseradish peroxidase-tagged secondary antibodies
for1hatRT followed by three washesin TBS-T at RT. Protein levels were
visualized using ECL-based autoradiography film system (Super RX-N,
Fujifilm) or ChemiDoc Imaging system (Bio-Rad) and analysed using
the Gel Analyzer plugin from Image] (Fiji).

Surface biotinylation assay on acute cerebellar slices
Cerebellar acute slices of 150 pm in thickness were obtained as
described above. Slices were washed in 37 °C pre-warmed ACSF (see
above) for 30 min before incubation in ACSF containing 1 mg ml™
EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific, 21331) for1 h at
4 °C. Afterwards, sections wereincubated inice-cold ACSF containing
100 mMglycine for 30 minat4 °Cand washed three times withice-cold
ACSF. Proteins were extracted as described above. Supernatant was
used as the input fraction. Around 500-800 pg of protein was incu-
bated with an appropriate amount of prewashed Streptavidin beads
(ThermoFisher Scientific,20357) overnight at 4 °C. The next day, sam-
ples were centrifuged at 16,200g for 30 s at 4 °C and the supernatant
was collected as non-biotinylated (unbound) fraction. Beads were
washed three times with ice-cold RIPA buffer and once with 50 mM
HCI. Samples were centrifuged at 16,200g for 30 s at 4 °C. For protein
elution, 40 pl of 2x SDS + 50 mM DTT was added to the beads and
incubated for 5 minat 95 °C. Collected samples contained biotinylated
proteins. Theinput and non-biotinylated fractions were equally mixed
with2xSDS + 50 mM DTT.

AAV production

PAAV-mDIx-EGFP-ATGS5 was generated from pEGFP-C1-hApg5 (Addgene,
22952) and pAAV-mDIx-GFP-Fishell-1 (Addgene, 83900) by restric-
tion subcloning. EGFP-hATGS was amplified (see primer sequence in
Supplementary Table 1), PCR product and pAAV-mDIx-GFP-Fishell-1
were digested, using SgsI-FD and Ncol-FD (both ThermoFisher Scien-
tific), and ligated with T4 DNA Ligase (NEB). A pAAV/L7-6-EGFP-WPRE
construct was generated from pAAV/L7-6-GFP-WPRE (Addgene,
126462) and the pAAV backbone from pAAV-hSyn-mScarlet
(Addgene, 131001) using NEBuilder HiFi DNA Assembly (NEB). Sub-
sequently, pAAV/L7-6-mKeima-Red-WPRE was generated from pAAV/
L7-6-EGFP-WPRE and mKeima-Red-N1 (Addgene, 54597) using Ncol
and Hindlll restriction sites. Additionally, for the generation of
pAAV/L7-6-mKeima-Red-rGLUT2-WPRE, ratGLUT2 (Addgene plas-
mid, 14946NM_012879.2: c.1080 A > G, c.1417 A>G, c.1528 G > A,
€.1554 T > A) was used and fragments assembled using NEBuilder HiFi
DNA Assembly (NEB). The plasmids pAdDeltaF6 (Addgene plasmid,
112867) and pAAV2/rh10 (Addgene plasmid, 112866) were a gift from
J. M. Wilson. All DNA constructs were confirmed by Sanger sequenc-
ing (Eurofins). Recombinant AAV2/rh10 particles were prepared in
HEK 293T cells (DSMZ no. ACC 635) by transfecting AAV genome
plasmids together with pAdDeltaF6 and pAAV2/rh10. Viral particles
were precipitated with PEG/NaCland cleared with chloroform extrac-
tion. For in vivo applications, AAVs were purified by adapting scal-
able anion-exchange chromatography strategies'. Cleared AAVs
were concentrated roughly 20-fold with prewashed (PBS + 0.001%
(vol/vol) Poloxamer 188, Sigma-Aldrich) 100-kDa Amicon filters
(Merck Millipore) and diluted tenfold in buffer A (10 mM Bis-Tris-
Propane pH 9.0, 1 mM MgCl,). AAVs were applied at a flow rate of
3 mlmin™ to a self-packed 1 ml column (POROSTM HQ 50 pm strong
anion-exchange resin, Thermo Fisher Scientific), which was equili-
brated in buffer A. After injection, the column was rinsed with 20
column volumes of buffer A, washed with 20 column volumes of 4%
buffer B (10 mM Bis-Tris-Propane pH 9.0,1 mM MgCl,,1 MNaCl). AAVs
were eluted with 35% buffer B. Eluted fractions were concentrated
and buffer exchanged to PBS + 0.001% (vol/vol) Poloxamer 188 using
100-kDa Amicon filters. Purity of viral preparations were assessed with
SDS-PAGE/colloidal Coomassie staining and AAV titre determined
using Gel green (Biotium)"®.

RT-qPCR analysis

RNA isolation of cerebellar tissue was performed using TRIzol (Fisher
Scientific). Around 2 pg of total RNA was used for reverse transcrip-
tion using the High Capacity cDNA Reverse TranscriptionKit (Applied
Biosystems) following the manufacturer’s instructions. qPCR was
performed with PowerUp SYBR Green Master Mix (Applied Biosys-
tems) in a StepOnePlus Real-Time PCR System (Applied Biosystems).
Relative expression of gene transcripts was assessed using the 2744
method. Primer sequences for Slc2a2 and Gapdh are provided in Sup-
plementary Tablel.

Preparation of acute slices, starvation and RT-qPCR analysis
Cerebellar acute slices were prepared as described above.100-pm-thick
horizontal sections were either incubated in OTC medium or ACSF for
6 hat 37 °Cand 5% CO,. Afterwards, samples were processing viaRNA
isolation and RT-qPCR described above.

Stereotactic injections

Mice were weighed and anaesthetized with a mixture of ketamine
(100 mg per kgbody weight), xylazine (20 mg per kg body weight) and
acepromazine (3 mg per kg body weight) and placed in a stereotactic
frame. An eye cream was used to prevent drying of the corneas. Alocal
painkiller was injected subcutaneously. The animal was fixed in a ste-
reotactic frame (KopfInstruments). The skin was opened, and the skull
was cleaned using NaCl. Point injection (AP from bregma: -5.61 mm;
ML: 0.0 mm; DV: -1 mm) was identified using bregma and lambda for
navigation. Subsequently, a circular craniotomy was performed with
amicro drill. A microinjection syringe was filled with correspond-
ing AAV (Supplementary Table 2), and 300 nl of AAV at a speed of
100 nl min™ was injected. The needle was kept in place for 3 min and
slowly retracted. The incision was closed with sutures (Ethicon). Dur-
ing and after the surgery, mouse body temperature was kept at 37 °C
via a heating pad. Mice were injected with 5% glucose-saline solution
(100 pl/10 g) after the surgery and with carprofen (5 mg per kg body
weight) 24 hand 48 h after the surgery. Physical conditions of the ani-
mals were monitored daily toimprove their welfare. Three weeks after
injection, animals were used for IHC (as described above).

Behavioural analysis

To assess motor gait, WT, ATG5 cKO and ATG5:GLUT2 cKO mice were
tasked to cross beams of 1.3 m in length and different widths (5 mm,
12 mmand 25 mm). For each mouse, three to five trials per beam were
collected. Mice were recorded using eight high-speed cameras (mV
Blue Cougar XD; 200 frames per second) positioned around thebeam
(3D SIMI Motion). Multiple camera views were analysed to count the
number of slips, which were then averaged across trials perindividual
mouse. For the two-dimensional kinematic reconstructions of the
hindlimb, we used the camera perpendicular to the beam. The iliac
crest, hip, knee, ankle and hindpaw coordinates were tracked using
DeepLabCut (version 2.3.5) in markerless animals. We also used Dee-
pLabCut tolabel the beam position, and establish the baseline for the
vertical axis. The initiation of swing, the end of swing and the end of
stance were manually annotated for each step. Steps resulting in foot-
slips were excluded from the kinematic analysis. Notably, ATG5 cKOs
displayed a higher number of slips on the narrowest beam (5 mm);
therefore, only three mice could be analysed in this task. We used
AutoGaitA® to integrate the manual annotations of individual steps
with the DeepLabCut tracked coordinates.

Statistical analysis

Sample sizes were not chosen based on prespecified effect size.
Instead, multiple independent experiments were carried out using
several samples replicates, as detailed in the figure legends. For all
experiments, statistical power was adequate to detect the corre-
sponding effect size. Data collection and analysis were not performed
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blind due to the conditions of the experiments. Data were excluded
only when sample quality was not optimal or due to re-genotyping
results. Predefined quality criteria were: in living samples—vacuoliza-
tion or other signs of cellular degeneration, normal cell morphology
and image streams that are in focus; proper sample preparation
and mounting in fixed samples. The data were tested for normality
and equal variances to meet the assumptions of the statistical test.
Statistical analyses were done ex vivo on cell values (indicated by
data points) and/or mice for in vivo from at least three independent
experiments (indicated by ‘N, biological replicates). Excel (Micro-
soft) and GraphPad Prism version 9 (GraphPad Software) were used
for statistical analysis. Values were normalized to the average of the
corresponding control values to account for distribution of single
experiments. Statistical analysis of normalized data between the
two groups was performed using a one-tailed unpaired Student’s
t-test. Statistical significance between two groups for normally
distributed non-normalized data was evaluated with a two-tailed
unpaired Student’s ¢-test. For comparisons between two groups
in a set of multiple data, multiple ¢-test with post hoc correction
using atwo-stage linear step-up procedure of Benjamini, Krieger and
Yekutieli was performed. For comparison between more than two
groups, one-way ANOVA followed by a Holm-Sidak post hoc test was
applied. Two-way ANOVA (or mixed-model ANOVA, if the number of
Nwas not equal between conditions) was used for the comparison of
two groups and two independent variables, followed by Holm-Sidak
post hoc test for multiple comparisons. P values of less than 0.05
were considered statistically significant. Data are reported as mean
values +s.e.m.

Inclusion and ethics statement

All contributors to this study meet the authorship criteria mandated
by Nature Portfolio journals and have been credited as authors, given
their indispensable involvement in shaping and executing the study.
The study encompasses findings tailored to local contexts, devel-
oped in conjunction with local partners. Importantly, the research
was conducted without significant constraints or prohibitions in the
researchers’ environment, and safeguards against stigmatization,
incrimination, discrimination or personal risks to participants were
ensured. Moreover, citations acknowledge pertinent local and regional
research relevant to our study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data needed to evaluate the conclusions in the paper are present
in the paper and/or the Supplementary Information. Proteome data
of all experiments are deposited in the PRIDE database (ID: 3283) and
are publicly accessible after publishing. Metabolomics data have been
deposited in the Zenodo data repository and can be downloaded via
https://doi.org/10.5281/zenodo.10635080 (ref. 117). Source data are
provided with this paper. Additional datarelated to this paper may be
requested from N.L.K.
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Extended Data Fig. 1| Impaired autophagy in ATGS5 cKO cerebellum without
DCN orinterneuronloss. a, ATG5 - ATG12 protein levelsin WT and ATGS cKO

cortical lysates. N =4 mice for each genotype and condition.1M:p = 0.0006, 3 M:

p=0.0005.b,LC31I/LC3 Iratioin WT and ATGS5 cKO cortical lysates. N = 3 mice
for each genotype for1MandN =4 for3M.1M:p=0.013,3 M: p=0.004. ¢, p62
proteinlevelsin WT and ATG5 cKO cortical lysates. N = 3 mice for each genotype
for1Mand N =4 for each genotype for3M.1M:p =0.008,3 M: p=0.0002.

d, ATGS5 ~ ATG12 protein levelsin WT and ATG5 cKO cerebellar lysates. N = 4 for
each genotype and condition.1M:p =0.0002,3 M:p =0.0004.e,LC311/LC31
ratioin WT and ATGS5 cKO cerebellar lysates. N = 4 mice for each genotype and
condition.1M:p =0.033,3 M: p=0.008.f, p62 proteinlevelsin WT and ATG5 cKO

cerebellar lysates. N =4 mice for each genotype and condition.1M: p = 0.019,3 M:

p=0.011.g, GFAP levels in WT and ATGS cKO cortical lysates. N = 4 mice for each
genotype and condition. h, GFAP levels in WT and ATG5 cKO cerebellar lysates.

N =4 mice for each genotype and condition. 3 M: p = 0.008.4,j, Calbindin protein
levelsin WT and ATGS5 cKO cerebellar lysates. N = 4 mice for each genotype and
condition.3 M: p =0.007.k, WT and ATG5 cKO cerebellum, immunostained for
parvalbumin. Scale bar, 200 pm. 1, Average volume analysis of WT and ATG5
cKO cerebellumat3 M based on Nissl staining. N =5 for WT and N = 4 for ATG5
cKO mice. Two-tailed unpaired t-Test: p = 0.002. m,n, Cell density in the deep
cerebellar nuclei (DCN) in WT and ATGS5 cKO cerebellum.N=5forWTandN =4
for ATGS cKO mice. Two-tailed unpaired t-Test. o,p NeuN levels in WT and ATGS
cKO cerebellar lysates. N = 4 mice per genotype. Two-tailed unpaired t-Test.
1Mand 3 Mindicate1and 3 months, respectively. All graphs show mean + SEM.
Statistical significance in a-j was determined by Two-way ANOVA followed by
Holm-Sidak multiple comparisons. n.s.—non-significant; *indicates P < 0.05;
**indicates P < 0.01; ***indicates P < 0.001; **** indicates P < 0.0001.
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Extended Data Fig. 2 | See next page for caption.

Nature Metabolism



Article

https://doi.org/10.1038/s42255-024-01196-4

Extended Data Fig. 2| Basal mitochondrial functionis intactin ATG5 cKO
cerebellum. a,b, RNAscope in situ hybridization examples (a) and cell density
analysis in the cervical and lumbar spinal cord segments (b) of WT and ATG5

cKO animals at 3 M for probes against VGAT, GlyT2 or VGIuT2 mRNAs. Scale bar,
200 pum. N =3 mice per genotype. Multiple t test with two-stage linear step-up
procedure of Benjamini, Krieger and Yekutieli, with Q =1%. ¢, Cerebellum and
cortex of WT and ATG5 cKO mice at 3 M, immunostained for p62. Scale bar, 25 pm.
See quantification in Fig. 1j (N = 4 for cKOs both ages and 3 M WT mice, N = 3 for
1MWT mice). d-f, Cerebellum and cortex of WT and ATG5 cKO mice at1M (d) and
3 M (e),immunostained for NBR1. Scale bar, 25 pm. Fluorescence analysis of the
area of NBR1fociin PCs and cortical interneurons (f). N = 4 mice per genotype
for ATG5 cKO™*™and WT™, and N = 3 for WT*™. Two-way ANOVA followed by
Holm-Sidak multiple comparisons test (1 M cKO®re* ™ ys cKO®"*: p = 0.003; 1M
cKO®"** vs WT"**: p = 0.002). g, Mitochondrial areain WT and ATGS5 cKO PCs at
3 M.N =4 mice for each genotype. Two-tailed unpaired t-Test. h, Mitochondrial
cristae perimeter normalized to mitochondrial areain WT and ATGS5 cKO PCs

at3 M.N =4 mice for each genotype. Two-tailed unpaired t-Test. i-o, OCR rates
during Seahorse XF Cell Mito Stress testin WT and ATG5 cKO primary cerebellar
cells withinjections of 1.5 pM Oligomycin A, 2 uM FCCP and 0.5 uM Rotenone/
Antimycin A.N = 5 cultures per genotype with 26 wells with £ 20 000 cells.
Two-tailed unpaired t-Test. p,q, mt-mKeima ratioin WT and ATG5 cKO PCs in
OTCs at baseline or after 6 hincubation with 10 pM CCCP. Scale bar, 20 pm.
N=5WT/N =3 ATGS5 cKO mice for controland N =3 WT/N =4 ATG5 cKO for CCCP.
Two-way ANOVA followed by Holm-Sidak multiple comparisons test (WTe""!

vs WTSP: p = 0.007, WT vs cKO ““ p = 0.005). r, Example confocal images
of WT and ATGS5 cKO cerebellum, immunostained for TIM23 and BNIP3 from

N =1experiment. Scale bar, 25 um.s,t, BNIP3 protein levelsin WT and ATG5 cKkO
cerebellar lysates. N = 3 per genotype. Two-tailed unpaired t-Test. 1Mand 3 M
indicate1and 3 months of age, respectively. All graphs show mean + SEM.
n.s.—non-significant; *indicates P < 0.05; **indicates P < 0.01; **indicates

P <0.001; ***indicates P < 0.0001.
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Extended Data Fig. 3| Deregulated pathways in ATG5 cKO cerebellum.

a,b, ShinyGO v0.741-based GO analysis of Biological Processes (BP)-enriched
termsinthe cerebellar proteome (p < 0.05 and log, fold change of <-0.25 > 0.25)
at1M(a)and 3 M(b). c,d, ShinyGO v0.741-based GO analysis of Cellular
Component (CC)-enriched termsin the cerebellar proteome (p < 0.05and

log, fold change of <-0.25 > 0.25) at 1 M(c) and 3 M (d). e,f, Venn diagram of
commonly upregulated (e) and downregulated (f) proteins (p < 0.05 and log,
fold change of <-0.25 > 0.25) in the 1- and 3-months-old ATGS cKO cerebellum.
g,h, ShinyGO v0.741-based GO analysis of Cellular Component (CC)- (g) and

Biological Processes (BP) (h) enriched terms in the commonly upregulated

and downregulated cerebellar proteome of ATG5 cKO (p < 0.05 and log, fold
change of <-0.25 > 0.25) at1 M and 3 M. i, MetaboAnalyst-based pathway analysis
of significantly upregulated and downregulated metabolites in ATG5 cKO
cerebellum (p < 0.05and log, fold change of <-0.5 > 0.5) a1 M. j, MetaboAnalyst-
based pathway analysis of significantly upregulated and downregulated
metabolites in ATGS cKO cerebellum (p < 0.05 and log, fold change of
<-0.25>0.25)at3M.1Mand 3 Mindicate 1and 3 months of age, respectively.
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Extended Data Fig. 4| The decrease in TCA cycle intermediates is secondary
to altered glycolysis in the ATG5 cKO cerebellum. a,b, Relative profile of TCA
cycleintermediatesin1M (a) and 3 M (b) WT and ATGS cKO cerebellum.N = 5 per
genotype. Multiple unpaired two-sided t-Tests with linear Benjamini, Krieger
and Yekutieli correction. c¢,d, ECAR rates during Seahorse XF glycolysis stress
testin WT and ATGS cKO primary cerebellar cells cultured either in10 or 30 mM
glucose. WT'*™: 29 wells from N = 6, ATG5 cKO'*™ 22 wells fromN =5,

WT3™™: 29 wells from N = 6, ATGS5 cKO**™ 17 wells from N = 4 with +20 000 cells
per well. Two-way ANOVA followed by Holm-Siddk multiple comparisons
(WTO™Mys WT0™: p < 0.0001; ATGS cKO*™ vs WT*™: p = 0.0005,

WT30™ys ATGS cKO*™: p = 0.024, ATG5 cKO**™ vs ATG5 cKO'*™: p < 0.0001).
e, Enrichment of *C-glucose in the glucose-6-P M + 6 fraction in acute cerebellar
WTand ATG5 cKOsslicesat3 M (N =10 for WT, N = 8 for ATGS5 cKO mice).

cKO values are normalized to WT. One-tailed unpaired t-Test. f, Analysis of the
metabolic flux of *C-glucose into TCA cycle intermediates in acute cerebellar
WT and ATGS5 cKOsslicesat 3 M. N =10 mice for WT, N = 8 for ATG5 cKO. cKO
values are normalized to WT. One-tailed unpaired t-Test.1 M and 3 M indicate
1and 3 months of age, respectively. All graphs show mean + SEM. n.s.—
non-significant; * indicates P < 0.05; **indicates P < 0.01; *** indicates

P <0.001; ***indicates P < 0.0001.
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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| pAMPK levels and GLUT1/3/4 levels in the ATG5 cKO
cerebellum. a, 2-NBDG uptake in PCs from WT OTCs from 1independent
experiment. b, 2-NBDG uptake in molecular cell layer interneurons in WT

(290 cells from N = 6) and ATGS5 cKO (242 cells from N = 4) OTCs. Two-tailed
unpaired t-Test. ¢, Ratiometric analysis of Laconic and AUC in molecular cell layer
interneuronsin WT (158 cells from N = 5) and ATGS cKO (134 cells from N = 4)
OTCs at DIV21. Two-tailed unpaired t-Test. d,e, Protein levels of AMPK and its
phosphorylated form (pPAMPKa-Thr172) in cerebellar WT and ATGS5 cKO lysates at
3 M.N =4 per genotype. Two-tailed unpaired t-Test. f-k, Representative confocal
images and analysis of WT and ATGS5 cKO cerebellum, immunostained for GLUT1
(N=3for1Mpergenotypeand3MWT and N = 5for 3 M ATGS cKO animals),
GLUT3 (N =4 per genotype forIMand N =3 for 3 M) and GLUT4 (N =3 for 1M and

N =4 for 3 Manimals per genotype). Scale bar, 50 pm. Two-way ANOVA followed
by Holm-Sidak multiple comparisons. l,m, Fluorescence analysis of hexokinase
11 (HK2) in PC soma of WT and ATGS cKO cerebellum at 1 M. Scale bar, 50 pm
(Inserts, 10 pm). N = 4 mice per genotype. Two-tailed unpaired t-Test: p = 0.017.
n, Slc2a2 mRNA levelsin WT and ATG5 cKO cerebellum at 3 M. mRNA levels of
each genotype were normalized to Gapdh. N = 4 mice per genotype. One-tailed
unpaired t-Test. 0, Ponceau S-stained membrane used for Western Blot shown in
Fig.4n (representative image from N =4 independent experiments).1Mand3 M
indicate1and 3 months, respectively. m.g.v.-mean gray value. All graphs show
mean + SEM. n.s.—non-significant; *indicates P < 0.05; **indicates P < 0.01;
***indicates P < 0.001; ***indicates P < 0.0001.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | GLUT2 trafficking dynamics in the ATG5 cKO
cerebellum. a, Schematic representation of surface GLUT2 antibody uptake in
acute cerebellar slices at 3 M. Created with BioRender.com. b, Representative
confocalimages of PCs at 3 M, immunostained for surface GLUT2, total GLUT2,
and Cathepsin D. Scale bar, 5 pm. N = 4 mice for control, Pitstop2- and SBI-treated
slices and N =3 mice without surface GLUT2. ¢, Transferrin-488 uptake in PCs
from WT acute cerebellar slices at 3 M pretreated either with vehicle or Pitstop2
(50 pM, 1 h). Scale bar, 10 pm. 76 PCs for control and 75 PCs for Pitstop2 from

N =4 mice. Two-tailed unpaired t-Test: p < 0.0001.d, Surface GLUT2 levelsin
lysosomes from WT PCs pretreated with vehicle, Pitstop2 (50 uM, 1 h) or SBI-
0206965 (500 nM, 1 h). Surface GLUT2 levels were normalized to total GLUT2
levels. N =4 mice for control, Pitstop2- and SBI-treated slices, and N = 3 mice
without surface GLUT2 antibody. One-way ANOVA followed by Holm-Sidak
multiple comparisons (control vs Pitstop2: p = 0.031, control vs SBI: p = 0.015,

control vs negative control, p = 0.0004). e,f, WT and ATGS cKO cerebellum,
immunostained for GLUT2 and RABS5 (e) and the percentage of RABS5 puncta
overlapping with GLUT2in PCs (f) at 3 M. Scale bar, 20 pm (Inserts, 5 um).

N =4 mice per genotype. Two-tailed unpaired t-Test. g,h, WT and ATG5 cKO
cerebellum,immunostained for GLUT2 and RAB11 (g) and the percentage of
RABI1 puncta overlapping with GLUT2 in PCs (h) at 3 M. Scale bar, 20 pm (Inserts,
5um).N =4 mice per genotype. Two-tailed unpaired t-Test. i-k, Fluorescence-
based analysis of GLUT2 levels in VPS35+ endosomes and VPS35 puncta density in
WT and ATGS cKO PCs at 3 M. In (i) two examples from WT (WT and WT’) and ATG5
cKO (cKO and cKO’) cerebellum are shown. Scale bar, 20 um (Inserts, 5 pm). N =4
mice per genotype. Two-tailed unpaired t-Test: (j) p=0.031. 1M and 3 Mindicate 1
and 3 months, respectively. Squares in Fig. b,e,g and i indicate regions magnified.
All graphs show mean + SEM. n.s.—non-significant; *indicates P < 0.05;
**indicates P < 0.01; **indicates P < 0.001; ****indicates P < 0.0001.
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Extended Data Fig. 7| See next page for caption.
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Extended Data Fig. 7| Age-related alterations in GLUT2 expression and
degradation dynamicsin the cerebellum. a, GLUT2 proteinlevelsin WT
cerebellar lysates at different postnatal stages. N = 5 mice per condition.
One-way ANOVA followed by Holm-Sidak multiple comparisons (p7 vs 12 M:
p=0.034,p7vs3M:p=0.024, p7 vs12M:p =0.003).b, GLUT2 protein levels

in PC dendrites. N = 4 mice for 1M and N = 3 mice for 3 M. Two-tailed unpaired
t-Test: p=0.007.¢c,d, LC3 protein levels in DMSO- and CQ- treated cerebellar and
cortical acute slices of WT animals at 3 M. LC3 Il levels in (d) were normalized to
DMSO- treated acute slices (set to 100%). N = 6 mice for cerebellumand N =4
for cortex. Two-way ANOVA followed by Holm-Sidak multiple comparisons
(cerebellumh<e ys cerebellum® p = 0.003, cortex*""* ys cortex“% p = 0.027).
e, Slc2a2mRNA levelsin3 MWT cerebellar acute slices after 6 hin ACSF. mRNA
levels were normalized to Gapdh. N = 6 mice per condition. One-tailed unpaired
t-Test. f-h, GLUT2 levelsin3 MWT cerebellar slices after 0 h,3.5hand 7 h of
incubation in control medium, CHX (60 pM), ACSF or ACSF + CHX. GLUT2 levels
were normalized to O h. N =4 for each condition and timepoint. For (g) two-way
ANOVA followed by Two-stage linear step-up procedure of Benjamini, Krieger

and Yekutieli (control ©*33"ys ACSFEHX35h: b = 0,032; control®X 7" vs ACSFCH*7h:
p=0.011, ACSF""vs control™ p = 0.015). For (h) GLUT2 levels were normalized

to control®™°" followed by two-way ANOVA followed by Holm-Sidak multiple
comparisons (ACSF*35"ys control®*33": p = 0.0008, ACSF*** " vs control “¥*7";
p=0.0002). i, Example confocal images of cerebellar slices from WT animals at
3 M, immunostained for Puromycin from N =1independent experiment. Scale
bar, 50 pm. j,k, LC3 puncta density in cortical WT interneurons. Scale bar, 50 pm.
N =4 mice for1Mand N =3 for 3 M. Two-tailed unpaired t-Test. I-0, Fluorescence-
based (I-n) and EM-based (o) analyses of lysosomal density and areain WT

and ATG5 cKO PCs at 3 M. Scale bar, 50 um. Image in (I) represents Cathepsin
channelshownin Fig. 5. N =4 mice per genotype. Two-tailed unpaired t-Test.
p,q, Analysis of mKeima-GLUT2in PCs from WT and ATG5 cKO OTCs. Scale bar,
50 pm.N=4WTand N =3 ATG5 cKO mice. Two-tailed unpaired t-Test: p = 0.041.
1Mand 3 Mindicate1and 3 months, respectively. Squaresin Fig. S7j,p indicate
regions magnified. All graphs show mean + SEM. n.s.—non-significant; *indicates
P < 0.05; *indicates P < 0.01; **indicates P < 0.001; ***indicates P < 0.0001.
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Extended Data Fig. 8| GABAergic ATGS5 deletion does not induce apoptosis or

alter MG-modified protein levels in cerebellar interneurons. a-c, Fluorescence-

based analysis of MG-modified proteins in PC dendrites (b) and molecular cell
layer interneurons (c) in WT and ATG5 cKO mice. Scale bar, 50 pm (Inserts,

10 pm).N=4for1Mand N =5for 3 Manimals. Two-way ANOVA followed by Holm-
Sidak multiple comparisons. Inb WT* vs cKO*™: p = 0.027.d,e, Fluorescence-based
analysis of D-Serine in molecular cell layer interneurons from WT and ATG5 cKO
mice. Scale bar, 25 pm. N =4 mice for1Mand N =5 for 3 M. Two-way ANOVA
followed by Holm-Siddk multiple comparisons. f,g, Representative confocal
images of WT OTCs cultured in media containing either vehicle, LPA or LPA+Fer1.
Scale bar,100 pm. See quantification in Fig. 6n.15 images for control, 17 images
for LPA and 17 images for LPA + Ferl, from N = 3 independent experiments.

g, Representative confocal images of WT OTCs cultured in media containing

either vehicle, D-Serine or D-Serine+Ferl. Scale bar, 100 pm. See quantification
inFig. 60.14 images for control, 22 images for D-Serine, 17 images for D-Serine +
Ferl, from N = 4 independent experiments. h,i, Fluorescence-based analysis of
cleaved Caspase-3levelsin PCs from WT and ATG5 cKO mice. Scale bar, 200 pm.
N =3 per genotype for1Mand N = 4 per genotype for 3 M. Two-way ANOVA
followed by Holm-Sidak multiple comparisons. j,k, GCAMP7f-based analysis

of untreated WT PCs, LPA-treated WT PCs and ATG5 cKO PCs. (159 PCs for WT,

79 PCs for WT** and 117 PCs for ATG5 cKO, from N = 3 per genotype). One-way
ANOVA followed by Holm-Sidak multiple comparisons.1Mand 3 M indicate
1and 3 months, respectively. m.g.v.-mean gray value. Squares in Fig. S8a indicate
regions magnified. All graphs show mean + SEM. n.s.—non-significant; *indicates
P <0.05;**indicates P < 0.01; ***indicates P < 0.001; ****indicates P < 0.0001.
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Extended Data Fig. 9| Impact of conditional ATG5:GLUT2 deletionin
GABAergic neurons on bodyweight and motor coordination in mice.

a, PCRfor floxed (700 bp) and WT Atg5 (350 bp), floxed (326 bp) and WT Sic2a2
(235 bp). Double-floxed mice for Atg5 and Slc2a2 with additional hemizygosity
for the Cre gene (235 bp +326 bp) were defined as ATG5:GLUT2 cKO mice.

b,c, Bodyweight over time (b) and at 8 weeks of age (c) of WT, ATG5 cKO, GLUT2
cKO and ATG5:GLUT2 cKO mice (N =7 for WT, N = 8 for ATG5 cKO, N = 6 for
GLUT2 cKO and N = 8 for ATG5:GLUT2 cKO mice). One-way ANOVA followed by
Holm-Sidak multiple comparisons (WT vs ATG5 cKO: p = 0.011, WT vs GLUT2
cKO: p =0.0005). d-f, Fluorescent analysis of GLUT2 levels in PCs of WT, GLUT2
cKO (d) and ATG5:GLUT2 cKO (e) at 3 M. Scale bar, 100 pm. N = 3 mice for WT,
N=1for GLUT2 cKO and N =3 for ATG5:GLUT2 cKO. One-way ANOVA followed by
Holm-Sidak multiple comparisons (WT vs GLUT2 cKO: p < 0.0001, WT vs GLUT2
cKO:p <0.0001). g, Immunoblot analysis of GLUT2 and ATGS5 protein levels
inWT, ATG5 cKO and ATG5:GLUT2 cKO cerebellar lysates from1independent
experiment. h, 2-NBDG levelsin WT (125 PCs from N = 5mice) and GLUT2 cKO

(85PCs from N = 4) PCs. Two-tailed unpaired t-Test. i, Time spent on rotarod

by WT and ATG5 cKO mice at3 M. N=11for WT and N =12 for ATG5 cKO mice.
Two-tailed unpaired t-Test. j, Average number of slips of female WT and ATG5
cKO mice at 3 M when crossing 5 mm beam. N = 8 mice for WT, N = 6 for ATGS5
cKOandN =5 for ATG5:GLUT2 cKO. One-way ANOVA followed by Holm-Sidak
multiple comparisons (WT vs ATG5 cKO: p = 0.041). k, Average number of slips
of male WT and ATG5 cKO mice at 3 M when crossing 5 mm beam. N = 3 mice for
WT, N =4 for ATG5cKO and N = 3 for ATG5:GLUT2 cKO. One-way ANOVA followed
by Holm-Sidak multiple comparisons (WT vs ATG5 cKO: p = 0.004, ATG5 cKO

vs ATGS5:GLUT2 cKO: p = 0.019).1, Average number of slips of WT and ATG5 cKO
mice at12 Mwhen crossing 25 mmand 12 mmbeams.N=5micefor WTandN=7
for ATG5 cKO. Two-way ANOVA followed by Holm-Sidak multiple comparisons
(WT2mmys ATGS cKO'>™™: p =0.0002).1M,3 Mand12 Mindicate1,3and 12
months, respectively m.g.v.-mean gray value. Squares in Fig. S9d,e indicate
regions magnified. All graphs show mean + SEM. n.s.—non-significant; *indicates
P <0.05; *indicates P < 0.01; *** indicates P < 0.001; ***indicates P < 0.0001.
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Extended Data Fig. 10 | Kinematic analysis of motor coordination in 3-month-
old WT, ATGS5 cKO and ATG5:GLUT2 cKO mice. a,d,g, Y-coordinates of WT
(N=8)(a) ATG5cKO (N =11) (d) and ATG5:GLUT2 cKO (N = 6)(g) animals walking
onal2mm-wide beam.b,e,h, Hip, knee and ankle angles of WT (N = 8) (b), ATGS
cKO (N =11) (e) and ATG5:GLUT2 cKO (N = 6) (h) animals walking on a12mm-wide
beam. ¢,f,i, Hip, knee, ankle and hindpaw velocities of WT (N = 8) (c), ATG5 cKO
(N =11) (f) and ATG5:GLUT2 cKO (N = 6) (i) animals walking on a12mm-wide beam.
J,PCAanalysis based on the y-coordinates, angles, and velocities for 122mm-

wide beam. Individual mice are represented as colored circles and dashed lines
group mice of similar genotype. k,n,q, Y-coordinates of WT (N =10) (k), ATGS
cKO (N =3) (n) and ATG5:GLUT2 cKO (N = 6) (q) animals walking ona 5mm-wide
beam.l,o,r, Hip, knee and ankle angles of WT (N =10) (1), ATG5 cKO (N =3) (0)
and ATG5:GLUT2 cKO (N = 6) (r) animals walking on a5Smm-wide beam.m,p,s,
Hip, knee, ankle and hindpaw velocities of WT (N =10) (m), ATG5 cKO (N =3) (p)
and ATG5:GLUT2 cKO (N = 6) (s) animals walking on a Smm-wide beam. t, PCA
analysis based on the y-coordinates, angles, and velocities for Smm-wide beam.

Individual mice are represented as colored circles and dashed lines group mice
of similar genotype. u,v, Variationin knee (u) and hip (v) angles of WT (N =9),
ATG5 cKO (N =9) and ATG5:GLUT2 cKO (N = 6) animals walking on a25mm-wide
beam. Statistical significance was calculated with two-way ANOVA followed

by Bonferroni’s post-hoc test. w,x, Bar graphs showing the duration of stance

(w) and swing (x) of WT (N =9), ATG5 cKO (N =9) and ATG5:GLUT2 cKO (N = 6)
crossing beams of different widths. Statistical significance was calculated with
one-way ANOVA followed by Tukey’s post-hoc test. Red arrowheadsin (d,e,f,0,p)
indicate the points in the step cycle at which the relative positions of the join
differ in ATG5 cKOs compared to controls and ATG5:GLUT2 cKOs. Inj,k Individual
mice are represented as colored circles and dashed lines group mice of similar
genotype. All graphs show mean + SEM. Data presented in Fig. S10b-x show mean
asafilled darkline, and SEM as the shaded area around it. n.s.—non-significant;
*indicates P < 0.05;**indicates P < 0.01; ***indicates P < 0.001; ***indicates
P<0.0001.

Nature Metabolism



nature portfolio

Corresponding author(s): Natalia Kononenko

Last updated by author(s): Oct 28, 2024

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

X

O 0O 0OX 00 0O
X[ X

L1 X X
XD X X

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection

Data analysis

Seahorse XF96 analyzer; Focus 220 micro PET scanner 597 (CTI-Siemens, Erlangen, Germany); Vanquish Horizon UHPLC connected to an
Orbitrap 746 Exploris 240 mass spectrometer ( Thermo Fisher Scientific); Anion exchange chromatography (Integrion, Thermo Fisher
Scientific), coupled to high resolution mass spectrometry (Q-Exactive HF, Thermo Fisher Scientific); Dionex Integrion RFIC system (Thermo
Scientific) coupled to a Q Exactive HF quadrupole-orbitrap mass spectrometer (Thermo Scientific); Orbitrap Exploris 480 (Thermo Scientific);
S$360 Hamamatsu slide scanner; JEM-2100 Plus Transmission Electron Microscope (JEOL, Tokio, Japan); ECL-based autoradiography film
system (Super RX-N, Fujifilm); ChemiDocTM Imaging system (BioRad); StepOnePlusTM Real-Time PCR System (Applied Biosystems); LAS X
3.5.7.23225; LAS X 4.5.0.25531. DeeplabCut 2.3.5, AutoGaitA (Hosseini et al., 2024), Seahorse WAVE Controller Software 2.6.1 (Agilent),
TraceFinder software (Version 5.1 and Version 5.0, Thermo Fisher Scientific), Compound Discoverer software (v 3.2, Thermo Fisher Scientific),
StepOnePlusTM Real-Time PCR System (Applied Biosystems), Compound Discoverer v3.2, Skyline 21.2.0.369

Seahorse WAVE Controller Software 2.6.1 (Agilent); VINCI 5.21 (PET) for MacOS X; FlJI ImageJ 1.53u; Compund Discoverer software (v 3.2,
Thermo Fisher; Tracefinder software (v 5.0 and v5.1, Thermo Fisher Scientific). Scientific); MetaboAnalyst 5.0; GraphPad Prism 9.5.1; Nexera
X2 UHPLC System (Shimadzu) coupled to a QTRAP 6500 triple quadrupole/linear ion trap mass spectrometer (SCIEX); MultiQuant 3.0.2
software (SCIEX); DIA-NN 1.8.1; Perseus 1.6.15; ShinyGO 0.81 (South 927 Dakota State University); Venny2.1; Amira Software 2020.2 (Thermo
Fisher Scientific); Aperio ImageScope (Leica, version 12.4.3.5008); Microsoft Excel 2016; 3D SIMI Motion; AutoGaitA (Hosseini et al., 2024),
RStudio 1.0.153 for MaxOS X, Instant Clue v0.11.3, Excel 2016, ImageJ 1.53u (Fiji), Aperio Image Scope 12.4.3.5008, Amira Software 2020.2
(Thermo Fisher Scientific), Perseus 1.6.15, R Version 4.1.3, DIA-NN 1.8.1 (Demichev 2020)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

S
Q
—t
c
@

S}
O
=4
o
=
—
@

S}
O
=
>

Q
wv
c
3
=
Q

<




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All quantitative analyses performed in this study are provided with the manuscript and/or a Source Data file (excel files provided for each main and suppl. figure).
Immunoblots will be provided as uncropped films. Proteome and metabolome data of all experiments are provided as Tables EV1-4. Metabolome data deposited
in the database Zenodo (https://zenodo.org/uploads/10635080) and accessible for public after publishing. Proteomics data is deposided in PRIDE databsase (PRIDE
(ID: 3283) and will be accesible after publishing. Additional data related to this paper may be requested from the corresponding author.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n.a.

Reporting on race, ethnicity, or n.a.
other socially relevant

groupings

Population characteristics n.a.
Recruitment n.a.
Ethics oversight n.a.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were not chosen based on pre-specified effect size. Instead, multiple independent experiments were carried out using several
samples replicates, as detailed in the figure legends. For all experiments, there was enough statistical power to detect the corresponding
effect size. Sample sizes were chosen based on previos publications (Overhoff et al., 2022, Negrete-Hurtado et al., 2020).

Data exclusions  Data was only excluded when the quality of the sample was not optimal or due to re-genotyping results. Predefined quality criteria were: in
living samples- vacuolization orother signs of cellular degeneration, normal cell morphology and protein transport (which is usually hampered
inunhealthy cells) and image streams that are in focus; proper sample preparation and mounting in fixed samples.

Replication Each experiment was replicated a minimum of three times and data was reliably reproduced with each replication attempt.

Randomization  Mice were genotyped for allocation into control or experimental groups. Within each group, all animals were generally used for experimental
procedures, so no randomization was applied. Covariates were controlled by using litter mates.

Blinding Animals were genotyped prior to experiments, i.e. no blinding was used to allocate experimental groups. Immunofluorescence image data
collection and analysis was not blinded since KO phenotype differentiated from controls. Data analysis was performed blinded whenever
possible. Western blot data were not blindly analysed since samples came from WT and KO animals. Blinding was not applicable since
phenotype of the animals were clear to distinguish between WT and KO, even though genotype was not known.

Reporting for specific materials, systems and methods

S
Q
—t
c
@

S}
O
=4
o
=
—
@

S}
O
=
>

Q
wv
c
3
=
Q

<




We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Eukaryotic cell lines |:| Flow cytometry
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Animals and other organisms
Clinical data
Dual use research of concern

Plants

XXXOXO s
DO0X XX

Antibodies

Antibodies used Rabbit polyclonal anti-CASPASE-3 cleaved (Asp175) Cell Signaling # 9661
Recombinant Rabbit Monoclonal BNIP3 Themo Fisher Sie #MA5-41227 clone JA71-10
Chicken polyclonal anti- Calbindin (D-28K) Novus Biological #NBP2-50028
Rabbit polyclonal anti-GLUT2 Merck #07-1402-

Mouse monoclonal anti-GFAP Sigma #G3893 clone G-A-5

Chicken polyclonal anti-GFP Abcam #ab13970

Rabbit polyclonal anti-GLUT1 Novus Biological #NB110-39113

Rabbit polyclonal anti-GLUT2 Novus Biological #NB22218

Rabbit polyclonal anti-GLUT3 Invitrogen #0SG00012W

Rabbit polyclonal anti-GLUT4 Novus Biological #NBP1-49533

Rabbit polyclonal anti-Hexokinase Il Abcam #ab227198

Mouse monoclonal anti-LC3 Biozol #M152-3 clone 4E12

Mouse polyclonal anti-Cathepsin D R&D Systems #AF1029

Mouse monoclonal anti-Methylgloxal Novus Biologicals #NBP2-59368 clone 9E7
Mouse monoclonal anti-NBR1 Santa Cruz Biotechnology #sc-130380 clone 4BR
Rabbit polyclonal anti-Parvalbumin SySy #195002

Guinea pig polyclonal anti-p62 (SQSTM1) Progen #GP62-C

Mouse monoclonal anti-Tim23 BD Biosciences #611223 clone 32/Tim23 (RUO)
Rabbit polyclonal anti-Ubiquitin Sigma #U5379

Alexa Fluor 488 Goat anti-Chicken 1gG Thermo Fisher Sci Cat# A-11039

Alexa Fluor 488 Goat anti-Mouse 1gG Thermo Fisher Sci Cat# A-11029

Alexa Fluor 488 Goat anti-Rabbit IgG Thermo Fisher Sci # A-11034

Alexa Fluor 488 Donkey anti-Mouse IgG Thermo Fisher Sci # A-32766

Alexa Fluor 488 Goat anti-Guinea Pig IgG Thermo Fisher Sci # A-11073

Alexa Fluor 568 Goat anti-Rabbit IgG Thermo Fisher Sci Cat# A-11011

Alexa Fluor 647 Donkey anti-Rabbit Thermo Fisher Sci #A-31573

Alexa Fluor 647 Goat anti-Guinea Pig IgG Thermo Fisher Sci # A-21450

Alexa Fluor 647 Goat anti-Rabbit IgG Thermo Fisher Sci # A-21245

Alexa Fluor 647 Goat anti-Mouse 1gG Thermo Fisher Sci # A-21236

Mouse monoclonal anti-AMPK (alpha 1 & alpha 2) Abcam #ab80039 clone 34.2
Rabbit monoclonal anti-phospho-AMPK (Thr172). Cell Signalling #2535 clone 40H9
Rabbit monoclonal anti-ATG5 Abcam # ab108327 clone EPR1755(2)

Mouse monoclonal anti-a-Tubulin (clone 3A2) Synaptic Systems # 302 211 clone 3A2
Mouse monoclonal anti-B-Actin Sigma #A5441 clone AC-15

Rabbit polyclonal anti-GLUT2 ProteinTech #20436-1-AP

Rabbit polyclonal anti-LC3B Novus Biologicals # NB600-1384

Rabbit monoclonal anti-Vinculin Abcam #ab129002 clone EPR8185

Rabbit polyclonal anti-Mouse 1gG (H+L) peroxidase-conjugated Sigma #A9044
Goat polyclonal anti-Rabbit 1gG (H+L) peroxidase-conjugatedSigma #A0545

Goat polyclonal anti-Guinea Pig 1gG (H+L) peroxidase-conjugated Jackson ImmunoResearch # 106-035-003
Rabbit polyclonal anti-Chicken IgG (H+L) peroxidase-conjugated Millipore #AP162P
Mouse monoclonal anti-Puromycin Merck #MABE343 clone 12D10

Mouse monoclonal anti-RAB11A Proteintech #67902-1-Ig clone 4A4C9

Mouse monoclonal anti-RAB5 SySy # 108 011 clone 621.3

Mouse monoclonal anti-VPS35 Santa cruz #sc-374372 clone B-5

Purified mouse anti- eCadherin BD Biosciences #610182 clone 36/E-Cadherin (RUO)
Mouse polyclonal anti-GLUT2 AdipoGen #AG-25B-0042-C050

Mouse monoclonal anti-NeuN Abcam #ab104224 clone 1B7

Rabbit anti-D-Serine Origene #AP02025PU-S

Validation Rabbit polyclonal anti-CASPASE-3 cleaved (Asp175) Cell Signaling Cat# 9661: manufacturer validation (https://www.cellsignal.com/
products/primary-antibodies/cleaved-caspase-3-asp175-antibody/9661). Liu, Z., Wang, X., et al. TNFa-induced Up-regulation of Ascl2
Affects the Differentiation and Proliferation of Neural Stem Cells. Aging ans Disease (2019). Tested in IHC in mouse tissue. Lachance,
V., Wang, Q., et al. Autophagy protein NRBF2 has reduced expression in Alzheimer's brains and modulates memory and amyloid-beta
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homeostasis in mice. Mol Neurodegeneration (2019). Tested by WB in brain mouse samples.

Recombinant Rabbit Monoclonal BNIP3 Themo Fisher Sie #MA5-41227: manufacturer validation (https://www.thermofisher.com/
antibody/product/BNIP3-Antibody-clone-JA71-10-Recombinant-Monoclonal/MA5-41227).

Chicken polyclonal anti- Calbindin (D-28K) Novus Biological #NBP2-50028: manufacturer validation (https://www.novusbio.com/
products/calbindin-d-28k-antibody_nbp2-50028) . Chen et al., Loss of Flot2 expression in deep cerebellar nuclei neurons of mice with
Niemann-Pick disease type C Heliyon (2023). Tested in IHC in mouse brain tissue. Jiang et al. Neuronal signal-regulatory protein
alpha drives microglial phagocytosis by limiting microglial interaction with CD47 in the retina (2022. Tested in IHC in mouse tissue.

Rabbit polyclonal anit-GLUT2 Merck #07-1402-1. manufacturer validation (https://www.merckmillipore.com/DE/de/product/Anti-
GLUT-2,MM_NF-07-1402-1).

Mouse monoclonal anti-GFAP Sigma #G3893. manufacturer validation (https://www.sigmaaldrich.com/DE/en/product/sigma/g3893).

Chicken polyclonal anti-GFP Abcam #ab13970. manufacturer validation (https://www.abcam.com/en-de/products/primary-
antibodies/gfp-antibody-ab13970). Blanco et al., Stem cell function and stress response are controlled by protein synthesis (2022).
Tested in IHC. Armbruster et al., Glutamate Clearance Is Locally Modulated by Presynaptic Neuronal Activity in the Cerebral Cortex
(2022). Tested in IHC in mouse tissue.

Rabbit polyclonal anti-GLUT1 Novus Biological #NB110-39113 . manufacturer validation (https://www.novusbio.com/products/glut1-
antibody_nb110-39113). Jacobs et al., Cluster analysis of DCE-MRI data identifies regional tracer-kinetic changes after tumor
treatment with high intensity focused ultrasound (2015). Tested in IHC in mouse tissue.

Rabbit polyclonal anti-GLUT2 Novus Biological #NB22218. manufacturer validation (https://www.novusbio.com/products/glut2-
antibody_nbp2-22218). Yang et al., Reduction of mRNA m6A associates with glucose metabolism via YTHDC1 in human and mice
(2023). Tested in WB in mouse tissue. Juras et al., In situ microwave fixation provides an instantaneous snapshot of the brain
metabolome (2023). Tested in IHC in mouse tissue.

Rabbit polyclonal anti-GLUT3 Invitrogen #0SG00012W. manufacturer validation (https://www.thermofisher.com/antibody/product/
SLC2A3-Antibody-Polyclonal/OSG00012W-100UL). Nagamatsu et al., Neuron-specific glucose transporter (NSGT): CNS distribution of
GLUT3 rat glucose transporter (RGT3) in rat central neurons (1993).

Rabbit polyclonal anti-GLUT4 Novus Biological #NBP1-49533. manufacturer validation (https://www.novusbio.com/products/glut4-
antibody_nbp1-49533). Gauger et al., Mice deficient in Sfrp1 exhibit increased adiposity, dysregulated glucose metabolism, and
enhanced macrophage infiltration (2013). Tested in IHC in mouse tissue.

Rabbit polyclonal anti-Hexokinase Il Abcam #ab227198. manufacturer validation (https://www.abcam.com/en-de/products/primary-
antibodies/hexokinase-ii-antibody-ab227198). Xiaoyan et al., Circular RNA circSEC24A Promotes Cutaneous Squamous Cell
Carcinoma Progression by Regulating miR-1193/MAP3K9 Axis (2021).

Mouse monoclonal anit-LC3 Biozol #M152-3. manufacturer validation (https://www.biozol.de/en/product/mbl-m152-3). Chalazonitis
et al. Homeodomain interacting protein kinase 2 regulates postnatal development of enteric dopaminergic neurons and glia via BMP
signaling (2011). Tested in IHC in mouse tissue. Nakano et al. The role of p62/SQSTM1 in sporadic inclusion body myositis (2017).
Tested in IHC in mouse tissue.

Mouse polyclonal anti-Cathepsin D R&D Systems #AF1029. manufacturer validation (https://www.rndsystems.com/products/mouse-
cathepsin-d-antibody_af1029). Jung et al., Anti-inflammatory clearance of amyloid-beta by a chimeric Gas6 fusion protein (2022).
Tested in IHC in mouse tissue. Lee et al., Astrocytes phagocytose adult hippocampal synapses for circuit homeostasis (2020). Tested
in IHC in mouse tissue.

Mouse monoclonal anti-Methylgloxal Novus Biologicals #NBP2-59368. manufacturer validation (https://www.novusbio.com/
products/methylglyoxal-antibody-9e7_nbp2-59368).

Mouse monoclonal anti-NBR1 Santa Cruz Biotechnology #sc-130380. manufacturer validation (https://www.scbt.com/de/p/nbr1-
antibody-4br). Whitehouse et al., Brcal expression is regulated by a bidirectional promoter that is shared by the Nbr1 gene in mouse
(2004). Chen et al. Sequential barriers and an obligatory metastable intermediate define the apparent two-state folding pathway of
the ubiquitin-like PB1 domain of NBR1 (2008).

Rabbit polyclonal anti-Parvalbumin SySy #195002. manufacturer validation (https://sysy.com/product/195002). Wang et al., Loss of
the parkinsonism-associated protein FBXO7 in glutamatergic forebrain neurons in mice leads to abnormal motor behavior and
synaptic defect (2023). Tested in IHC in mouse tissue. Schulz and Richter, In vivo optogenetic inhibition of striatal parvalbumin-
reactive interneurons induced genotype-specific changes in neuronal activity without dystonic signs in male DYT1 knock-in mice
(2023). Tested in IHC in mouse tissue.

Guinea pig polyclonal anti-p62 (SQSTM1) Progen #GP62-C. manufacturer validation (https://www.progen.com/anti-p62-SQSTM1-C-
terminus-guinea-pig-polyclonal-serum/GP62-C). Akwa et al., Stimulation of synaptic activity promotes TFEB-mediated clearance of
pathological MAPT/Tau in cellular and mouse models of tauopathies (2023). Tested in IHC in mouse tissue. Suzuki et al. Lack of
Cathepsin D in the central nervous system results in microglia and astrocyte activation and the accumulation of proteinopathy-
related proteins (2022). Tested in IHC in mouse tissue.

Mouse monoclonal anti-Tim23 BD Biosciences #611223. manufacturer validation (https://www.bdbiosciences.com/en-eu/products/
reagents/microscopy-imaging-reagents/immunofluorescence-reagents/purified-mouse-anti-tim23.611223/). Moro et al., The
TIM17.23 preprotein translocase of mitochondria: composition and function in protein transport into the matrix (1999). Rassow et
al., The preprotein translocase of the mitochondrial inner membrane: function and evolution (1999).
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Rabbit polyclonal anti-Ubiquitin Sigma #U5379. manufacturer validation (https://www.sigmaaldrich.com/DE/en/product/sigma/
u5379). Kertesz et al., The evolution and pathology of frontotemporal dementia (2005).

llexa Fluor 488 Goat anti-Chicken 1gG Thermo Fisher Sci Cat# A-11039: manufacturer validation (https:/7www.thermofisher.com/
antibody/product/Goat-anti-Chicken-lgY-H-L-Secondary-Antibody-Polyclonal/A-11039). Quadrato, G., Nguyen, T., Macosko, E. et al.
Cell diversity and network dynamics in photosensitive human brain organoids. Nature 545, 48-53 (2017).

Alexa Fluor 488 Goat anti-Mouse 1gG Thermo Fisher Sci Cat# A-11029: manufacturer validation (https://www.thermofisher.com/
antibody/product/Goat-anti-Mouse-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11029). Shumilov, A., Tsai, M.,
Schlosser, Y. et al. Epstein—Barr virus particles induce centrosome amplification and chromosomal instability. Nat Commun 8, 14257
(2017).

Alexa Fluor 488 Goat anti-Rabbit IgG Thermo Fisher Sci Cat# A-11034: manufacturer validation (https://www.thermofisher.com/
antibody/product/Goat-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11034). Lopez, J., Lim, R.,
Cruceanu, C. et al. miR-1202 is a primate-specific and brain-enriched microRNA involved in major depression and antidepressant
treatment. Nat Med 20, 764-768 (2014).

Alexa Fluor 488 Donkey anti-Mouse IgG Thermo Fisher Sci Cat# A-32766. manufacturer validation (https://www.thermofisher.com/
antibody/product/Donkey-anti-Mouse-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32766). Yang et I., UBRS
promotes antiviral immunity by disengaging the transcriptional brake on RIG-I like receptors (2024). Bittel et al., Voluntary wheel
running improves molecular and functional deficits in a murine model of facioscapulohumeral muscular dystrophy (2024).

Alexa Fluor 488 Goat anti-Guinea Pig 1gG Thermo Fisher Sci Cat# A-11073. manufacturer validation (https://www.thermofisher.com/
antibody/product/Goat-anti-Guinea-Pig-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11073). Rylaarsdam et al.,
iPSC-derived models of PACS1 syndrome reveal transcriptional and functional deficits in neuron activity (2024).

Alexa Fluor 568 Goat anti-Rabbit IgG Thermo Fisher Sci Cat# A-11011. manufacturer validation (https://www.thermofisher.com/
antibody/product/Goat-anti-Rabbit-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11011). lopez et al., Early Post-Natal
Immune Activation Leads to Object Memory Deficits in Female Tsc2+/- Mice: The Importance of Including Both Sexes in Neuroscience
Research (2024). Ruturaj et al., Regulation of the apico-basolateral trafficking polarity of the homologous copper-ATPases ATP7A and
ATP7B (2024).

Alexa Fluor 647 Donkey anti-Rabbit Thermo Fisher Sci #A-31573. manufacturer validation (https://www.thermofisher.com/antibody/
product/Donkey-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31573). Rylaarsdam et al., iPSC-
derived models of PACS1 syndrome reveal transcriptional and functional deficits in neuron activity (2024). Saffari et al., High-content
screening identifies a small molecule that restores AP-4-dependent protein trafficking in neuronal models of AP-4-associated
hereditary spastic paraplegia (2024).

Alexa Fluor 647 Goat anti-Mouse 1gG Thermo Fisher Sci Cat# A-21236: manufacturer validation (https://www.thermofisher.com/
antibody/product/Goat-anti-Mouse-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-21236). Kim, S., Im, S., Oh, S.
et al. Anisotropically organized three-dimensional culture platform for reconstruction of a hippocampal neural network. Nat Commun
8, 14346 (2017).

Alexa Fluor 647 Goat anti-Rabbit IgG Thermo Fisher Sci Cat# A-21245: manufacturer validation (https://www.thermofisher.com/
antibody/product/Goat-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21245). Loo, L., Bougen-
Zhukov, N. & Tan, W. Early spatiotemporal-specific changes in intermediate signals are predictive of cytotoxic sensitivity to TNFa and
co-treatments. Sci Rep 7, 43541 (2017).

Alexa Fluor 647 Goat anti-Guinea Pig 1gG Thermo Fisher Sci Cat# A-21450: manufacturer validation (https://www.thermofisher.com/
antibody/product/Goat-anti-Guinea-Pig-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21450). Bramini, M.,
Sacchetti, S., Armirotti, A., et al. Graphene Oxide Nanosheets Disrupt Lipid Composition, Ca2+ Homeostasis, and Synaptic
Transmission in Primary Cortical Neurons. ACS Nano 10 (7), 7154-7171 (2016).

Mouse monoclonal anti-AMPK (alpha 1 & alpha 2) Abcam #ab80039. manufacturer validation (https://www.abcam.com/en-de/
products/primary-antibodies/ampk-alpha-1-ampk-alpha-2-antibody-342-ab800394#). Liang et al., Therapeutic efficacy of apelin on
transplanted mesenchymal stem cells in hindlimb ischemic mice via regulation of autophagy (2016). Tested in WB in mouse tissue.

Rabbit monoclonal anti-phospho-AMPK (Thr172). Cell Signalling #2535. manufacturer validation (https://www.cellsignal.com/
products/primary-antibodies/phospho-ampka-thr172-40h9-rabbit-mab/2535). Arumugam et al., Multiomics analyses reveal dynamic
bioenergetic pathways and functional remodeling of the heart during intermittent fast (2023). Tested in WB in mouse tissue.

Rabbit monoclonal anti-ATG5 abcam Cat# ab108327: manufacturer validation (https://www.abcam.com/apg5latg5-antibody-
eprl7552-ab108327.html). Ma, Z., Li, F., Chen, L. et al. Autophagy promotes hepatic differentiation of hepatic progenitor cells by
regulating the Wnt/B-catenin signaling pathway. J Mol Hist 50, 75-90 (2019). Tested by WB in mouse cells.

Mouse monoclonal anti-a-Tubulin Synaptic Systems Cat# 302 211: manufacturer validation (https://www.sysy.com/products/tubulin/
facts-302211.php). Gotzke H et al., The ALFA-tag is a highly versatile tool for nanobody-based bioscience applications. Nature
communications (2019). Tested by WB in mouse.

MMouse monoclonal anti-B-Actin Sigma #A5441. manufacturer validation (https://www.sigmaaldrich.com/DE/en/product/sigma/
a5441?
utm_source=google&utm_medium=cpc&utm_campaign=12410876063&utm_content=120911499323&gclid=CjwKCAIA8YyuBhBSEiw
AS5R3-EwQrfZixgMCk2DgxzrOHepXVgWtkPERiHIIq1lILzZJZ5--gaEGMMRoCBXx8QAVD_BWE).

Rabbit polyclonal anti-GLUT2 ProteinTech #20436-1-AP. manufacturer validation (https://www.ptglab.com/de/products/SLC2A2-
Antibody-20436-1-AP.htm). Smith et al., TIR2 receptor-mediated glucose sensing in the upper intestine potentiates glucose
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absorption through activation of local regulatory pathways (2018). Used for WB in mouse tissue.

Rabbit polyclonal anti-LC3B Novus Biologicals Cat# NB600-1384: manufacturer validation (https://www.novusbio.com/products/Ic3b-
antibody_nb600-1384). He X., et al. RNF34 functions in immunity and selective mitophagy by targeting MAVS for autophagic
degradation. The EMBO Journal (2019). Tested by WB in mouse cells.

Rabbit monoclonal anti-Vinculin Abcam #ab129002. manufacturer validation (https://www.abcam.com/en-de/products/primary-
antibodies/vinculin-antibody-epr8185-ab129002). Kalble et al., Selective Blocking of TNF Receptor 1 Attenuates Peritoneal Dialysis
Fluid Induced Inflammation of the Peritoneum in Mice (2016). Heintze et al., Ribose 5-phosphate isomerase inhibits LC3 processing
and basal autophagy (2016).

Rabbit anti-Mouse IgG Sigma #A9044. manufacturer validation (https://www.sigmaaldrich.com/DE/en/product/sigma/a9044).
Goat anti-Rabbit 1gG Sigma #A0545. manufacturer validation (https://www.sigmaaldrich.com/DE/en/product/sigma/a0545).

Goat anti-Guinea Pig 1gG (H+L) peroxidase-conjugated Jackson ImmunoResearch # 106-035-003: manufacturer validation (https://
www.jacksonimmuno.com/catalog/products/106-035-003). Saito et al. Autophagy regulates lipid metabolism through selective
turnover of NCoR1 (2019)

Rabbit anti-Chicken 1gG (H+L) peroxidase-conjugated Millipore AP162P. Effect of divalent cations on the porcine kidney cortex
membrane-bound form of dipeptidyl peptidase IV. Pascual et al., The international journal of biochemistry & cell biology 43 2010.
Detention of specific yolk 1gY in the human oral cavity. David Carlander, Hans Kollberg, Anders Larsson. BioDrugs : clinical
immunotherapeutics, biopharmaceuticals and gene therapy 16 433-7 2002

Mouse monoclonal anti-Puromycin Merck MABE343 (https://www.merckmillipore.com/DE/de/product/Anti-Puromycin-Antibody-
clone-12D10,MM_NF-MABE343). Immunofluorescence Analysis: A representative lot detected Puromycin-incorporated
neosynthesized proteins in WB (Reineke, L. C., et al. (2012). Mol Biol Cell. 23(18):3499-3510.; Trinh, M. A. et al. (2012). Cell Rep.
1(6):678-688.; Fortin, D. A, et al. (2012). J Neurosci. 32(24):8127-8137.;David, A., et al. (2012). J Cell Biol. 197(1):45-57.; David, A., et
al. (2011). J Biol Chem. 286(23):20688-20700.; White, L. K., et al. (2011). J Virol. 85(1):606-620.; Hoeffer, C. A., et al. (2011). Proc Natl
Acad Sci USA. 108(8):3383-3388.; Schmidt, E., K., et al. (2009). Nat Methods. 6(4):275-277.; Goodman, C. A, et al. (2012). Proc Natl
Acad Sci USA. 109(17):E989.; Santini, E., et al. (2013). Nature. 493(7432):411-415.; Quy. P. N., et al. (2013). J Biol Chem.
288(2):1125-1134.).Immunohistochemistry Analysis: A representative lot detecte Puromycin-incorporated neosynthesized protein in
IHC (Goodman, C. A, et al. (2010). FASEB J. 25(3):1028-1039.).

Mouse monoclonal anti-RAB11A Proteintech #67902-1-Ig (https://www.ptglab.com/de/products/RAB11A-Antibody-67902-1-Ig.htm).

Mouse monoclonal anti-RAB5 SySy # 108 011 (https://sysy.com/product/108011). The amyloid precursor protein is a conserved Wnt
receptor. Liu T, Zhang T, Nicolas M, Boussicault L, Rice H, Soldano A, Claeys A, Petrova I, Fradkin L, De Strooper B, Potier MC, et al.
elife (2021) 10:. 108 011 WB, ICC; tested species: mouse. CtBP1-Mediated Membrane Fission Contributes to Effective Recycling of
Synaptic Vesicles. Ivanova D, Imig C, Camacho M, Reinhold A, Guhathakurta D, Montenegro-Venegas C, Cousin MA, Gundelfinger ED,
Rosenmund C, Cooper B, Fejtova A, et al. Cell reports (2020) 307: 2444-2459.e7. 108 011 ICC; tested species: mouse. Neuronal
lysosomal dysfunction releases exosomes harboring APP C-terminal fragments and unique lipid signatures.

Miranda AM, Lasiecka ZM, Xu Y, Neufeld J, Shahriar S, Simoes S, Chan RB, Oliveira TG, Small SA, Di Paolo G

Nature communications (2018) 91: 291. 108 011 WB, ICC; tested species: mouse.

Mouse monoclonal anti-VPS35 Santa cruz #sc-374372 (https://www.scbt.com/de/p/vps35-antibody-b-5?
srsltid=AfmBOopAIA8SYdIXHHEF89TqrZrx-DO0zdzmO5GXUCFcnmVVBmM1AnzEx). The mammalian retromer regulates transcytosis of
the polymeric immunoglobulin receptor. | Verges, M., et al. 2004. Nat Cell Biol. 6: 763-9. PMID: 15247922. PMID: 35993307 |
RAB21 kontrolliert die Autophagie und die zellulére Energiehomdostase, indem es das Retromer-vermittelte Recycling von SLC2A1/
GLUT1 reguliert. | Pei, Y. et al. 2023. Autophagy. 19: 1070-1086. PMID: 36538041 | CLEC16A interagiert mit Retromer und TRIM27,
und sein Verlust beeintrachtigt das endosomale Trafficking und die Neuroentwicklung. | Smits, DJ. et al. 2022. Hum Genet.

PPurified mouse anti- eCadherin BD Biosciences #610182 (https://www.bdbiosciences.com/en-de/products/reagents/microscopy-
imaging-reagents/immunofluorescence-reagents/purified-mouse-anti-e-cadherin.610182). C3G down-regulation enhances pro-
migratory and stemness properties of oval cells by promoting an epithelial-mesenchymal-like process. In International Journal of
Biological Sciences on 21 October 2022 by Palao, N., Sequera, C., et al. SYNCRIP Modulates the Epithelial-Mesenchymal Transition in
Hepatocytes and HCC Cells. In International Journal of Molecular Sciences on 14 January 2022 by Riccioni, V., Trionfetti, F., et al.
Epigenetic targeting of neuropilin-1 prevents bypass signaling in drug-resistant breast cancer. In Oncogene on 1 January 2021 by
Abdullah, A., Akhand, S. S., et al.

Mouse polyclonal anti-GLUT2 AdipoGen #AG-25B-0042-C050 (https://adipogen.com/ag-25b-0042-anti-glut2-mouse-pab-in118.html).
The loss of GLUT2 expression by glucose-unresponsive beta cells of db/db mice is reversible and is induced by the diabetic
environment: B. Thorens, et al.; J. Clin. Invest. 90, 77 (1992)

Mouse monoclonal anti-NeuN Abcam #ab104224 (https://www.abcam.com/en-us/products/primary-antibodies/neun-antibody-1b7-
neuronal-marker-ab104224). Frontiers in aging neuroscience 10:20 2018. Atrial Natriuretic Peptide Acts as a Neuroprotective Agent
in Models of Parkinson's Disease via Up-regulation of the Wnt/B-Catenin Pathway. Applications: WB, ICC/IF. Arianna Colini Baldeschi
et. al. Scientific reports 7:16855 2017. 661W is a retinal ganglion precursor-like cell line in which glaucoma-associated optineurin
mutants induce cell death selectively.

Applications: WB

Rabbit anti-D-Serine Origene #AP02025PU-S. Using conjugated D-Serine-KLH, antibody specificity was erformed with an ELISA test by
competition experiments with the following compounds:

Compound : Cross-reactivity Ratio(a)

D-Serine-BSA: 1
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L-Serine-BSA: 1 /> 50000

D-Cysteine-BSA: 1 /> 50000

D-Alanine-BSA: 1 /> 50000

(a) D-Serine-BSA concentration/unconjugated or conjugated amino acids concentration at half displacement

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK293T cells

DSMZ #ACC 635

Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines | Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Mus Musculus, C57BI/6, both sexes, postnatal days P1-3, P7-9, 3-4 weeks ols, 12-13 weeks old, 40-50 weeks old.
Mice were maintained in a pathogen-free environment in ventilated polycarbonate cages. Animals were housed in groups of five
animals per cage with constant temperature and humidity at 12h/12h light/dark cycles. Food and water were provided ad libitum.

This study did not involve wild animals

Initial observations indicated lack of sex-specific effect. In accordance with the SAGER guidelines, we have ensured that both male
and female mice were included in all experimental groups. Specifically, our assessment of locomotor performance revealed that both
female and male ATG5 cKO mice exhibited a significant increase in foot slips when crossing a narrow 5 mm beam compared to their
littermate controls (Fig. S9j,k). Therefore, our study is balanced and does not skew towards one sex.

This study did not involve samples collected from the field

All animal experiments were reviewed and approved by the ethics committee of the "Landesamtes fur Natur, Umwelt- und
Verbraucherschutz des Landes Nordrhein-Westfalen", Cologne (AZ 81-02.04.2020.A418, AZ 81-02-.04.2021.A067, AZ
81-02.04.2022.A116, AZ 81-02.04.2021.A067, AZ 81-02.04.2023.VGQ76, AZ 81-02.04.4.20.021).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

n.a.

S
Q
—t
c
@

S}
O
=4
o
=
—
@

S}
O
=
>

Q
wv
c
3
=
Q

<




