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Glucoseis the primary source of energy for the brain; however, it remains
controversial whether, upon neuronal activation, glucose is primarily used

by neurons for ATP production or if it is partially oxidized in astrocytes, as
proposed by the astrocyte—-neuron lactate shuttle model for glutamatergic
neurons. Thus, aninvivo picture of glucose metabolism during cognitive
processes is missing. Here, we uncover in Drosophila melanogaster a
glia-to-neuron alanine transfer involving alanine aminotransferase that
sustains memory formation. Following associative conditioning, glycolysis
inglial cells produces alanine, which is back-converted into pyruvate

in cholinergic neurons of the olfactory memory center to uphold their
increased mitochondrial needs. Alanine, as a mediator of glia-neuron
coupling, could be an alternative to lactate in cholinergic systems. In
parallel, adedicated glial glucose transporter imports glucose specifically
for long-term memory, by directly transferring it to neurons for use by

the pentose phosphate pathway. Our results demonstrate in vivo the
compartmentalization of glucose metabolism between neurons and glial
cells during memory formation.

Glucose is the primary energy metabolite consumed by the brain’,
for which neuronal electrical activity and neurotransmission are the
major energy sinks.Inmammals, glucose is transported from the blood
circulationinto both neurons and neighboring glial cells, particularly
astrocytes’; however, determining which of the two cell typesis the pri-
mary site of glucose uptake accompanyingincreased neuronal activity
haslongbeen amatter of controversy**. The astrocyte-neuron lactate
shuttle (ANLS) is one hypothesized synaptic mechanism in which the
astrocytes are the main glucose consumers. According to this model,
astrocytes transfer glycolysis-derived lactate to neurons upon glu-
tamate neurotransmitter reuptake®®. In turn, lactate can be used by
neurons for signaling’ or oxidative purposes and energy production.
The observations that astrocytes can be net suppliers of lactate and
that the glycolysis rateis higher in astrocytes thanin neurons are well
supported®. Several studies have shown that long-term memory (LTM)

in particular, relies on lactate transfer from astrocytes to neurons®™'’;
however, other studies continue to challenge the ANLS scheme, as
they have shown that glucose is preferentially consumed by neurons
upon acute stimulation™", In support of this opposing model, it was
reported that neuronal glycolysisis upregulated for energy production
in response to neuronal stimulation”. Therefore, although the ANLS
model aptly solves how energy supply is tailored to synaptic activity,
its relevance in vivo is still disputed>'*. Moreover, the precise fate of
glucose in upholding neuronal oxidative metabolismin vivo, especially
during cognitive functions like memory, remains elusive. Notably, the
controversy regarding the compartmentalization of glucose metabo-
lism between neurons and glia has crystallized around the ability of
lactate to fuel neuronal oxidative metabolism, leaving alternative
metabolic derivations of glial glycolysis largely under-investigated.
For instance, the L-amino acid alanine is derived from glial glucose
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metabolism and can serve as a metabolic substrate™™", makingita
potential substitute for lactate as an energy source.

Theunmatched genetic, behavioral and cellular-resolutionimag-
ingtoolsets available to Drosophila studies provide a powerful and tem-
porally precise means to investigate, in vivo, the metabolic processes
engaged in high-order brain functions such as memory. Drosophila
canformaversive olfactory memory upon the association between an
odorant and electric shocks, and a variety of conditioning protocols
have been designed that evoke memories with different properties and
persistence'®". All forms of olfactory memories are encoded within
specific subsets of neurons in the mushroom body (MB), a bilateral
structure of about 2,000 cholinergic neurons in each brain hemi-
sphere®. Drosophila neurons are surrounded by several types of glial
cells, making this model relevant for the study of neuron-gliametabolic
coupling supporting memory formation.

Recently, we successfully unveiled several metabolic adaptations
invivo that underlie memory formation, including neuron-glia meta-
bolic coupling processes®*2. We found that the early phase of LTM
formationis sustained by the rapid upregulation of neuronal pyruvate
metabolism by mitochondria”. Furthermore, we revealed the existence
of a concomitant glucose shuttle from perisomatic glial cells (known
as cortex glia) to neuronal somata that supplies the neuronal pentose
phosphate pathway (PPP) specifically for LTM formation, such that MB
neuron glucose utilization is uncoupled from pyruvate oxidation for
LTM?.. Because the cellular and molecular origins of pyruvate sustain-
ingmemory had not yet been determined, this prompted us to identify
the mechanisms supporting upregulated pyruvate metabolism for
memory formation.

Here, we have uncovered the reliance of specific forms of aver-
sive memories (middle-term memory (MTM) and LTM), on pyruvate
metabolism in MB neurons. Our results indicate that a main source of
neuronal pyruvate forbothMTM and LTM is the amino acid L-alanine.
We further show that alanine is produced by neighboring cortex glia
throughglycolysis. Finally, we revealed that two distinct glucose trans-
porters contributein parallel to glucose import by glial cells for distinct
fates: one for glial glycolysis that sustains MTM and LTM, and one for
direct glucose transfer to MB neurons specifically for LTM. Overall,
ourresults demonstrate the in vivo compartmentalization of glucose
metabolism between neurons and glial cells for memory formation,
withalanine transfer fromgliato neurons bridging glial glycolysis with
neuronal mitochondrial pyruvate consumption.

Results
Mitochondrial pyruvate uptake sustains specific
memory forms
Following a single pairing of electric shocks with an odorant
(single-cycle training), associative odor-avoidance memory persists
for several hours but decays within 1d. Based on genetic and circuit
analyses, this memory was dissected into two distinct components,
designated as MTM"*" and middle-term anesthesia-resistant memory
(MT-ARM). A stable protein synthesis-dependent LTM, which persists
for several days, can be formed by subjecting flies to repeated condi-
tioning cycles separated by restintervals (5x spaced training)'*">. MTM
and LTM are encoded in the same subset of MB neurons and retrieved
through the same downstream circuits***, so that LTM formation is
thoughttorely oninitial cellular substrates that are shared withMTM.
Notably, repeated conditioning cycles without rest (5x massed train-
ing) induce a distinct form of consolidated memory (LT-ARM). This
memory differs from LTM in terms of persistence®, the underlying
neuronal circuits® and support genes**” and metabolic regulations®>,
Pyruvateimportinto mitochondriaviathe mitochondrial pyruvate
carrier Mpcl (ref. 28) isan obligatory step in the oxidative metabolism
of glucose derivatives. To probe the reliance of Drosophila memory
formation on neuronal pyruvate mitochondrial metabolism, weinves-
tigated the effect ofimpaired pyruvate uptake on memory using RNAi

interference (RNAI) targeted against Mpcl expression. For this, an MpcI
RNAiwas expressed selectively in MB neurons using the VT30559-GAL4
driver”. Toavoid putative developmentaliissues, the thermosensitive
GAL4 inhibitor GAL80" was ubiquitously coexpressed (tub-GAL80*
(ref. 29); Methods provides details) so that GAL4-mediated RNAIi
expressionwould be induced only at the adult stage by heat activation
for 3 d before conditioning. After single-cycle training, 3-h memory
was strongly but partiallyimpaired (Fig. 1a and Extended Data Fig. 1a).
Cold-shock treatment, which erases the labile MTM component while
leaving the MT-ARM componentintact, revealed that this impairment
corresponds to acomplete loss of MTM (Fig. 1a). LTM, measured 24 h
after spaced training, was also fully impaired by MpcI knockdown
(Fig. 1a). By contrast, LT-ARM, measured 24 h after massed training,
was not affected by Mpcl knockdown (Fig. 1a). This is in agreement
with our previous report that LTM formation relies on the pyruvate
dehydrogenase (PDH) mitochondrial enzyme complex and involves
increased mitochondrial pyruvate consumptionin MB neurons®. MTM
and LTM performances were normal when RNAi expression was not
induced (Extended Data Fig. 1a), which rules out the possibility that
the observed memory defects could be due to leaky RNAi expression
during development. We also verified that innate sensory acuity for
therelevant stimuliwas normalinthe flies of interest (Supplementary
Tablel). These behavioral experiments were replicated using asecond,
non-overlapping MpcI RNAi (Extended Data Fig. 1b). MTM and LTM
were not impaired when Mpcl RNAi was not induced (Extended Data
Fig.1c). Together, these results demonstrate that MTM and LTM forma-
tionrely critically on mitochondrial pyruvate importinto MB neurons.

Using invivo pyruvate imaging experiments to monitor the pyru-
vate consumption by mitochondria in MB neurons, we previously
reported that LTMrelies on anincreased mitochondrial pyruvate flux
inMB vertical lobes (a structure encompassing the axonal projections
of MB neurons). This increased pyruvate metabolism occurred in the
first3 hafter the end of spaced training®. As the behavioral results fol-
lowing MpcI knockdown also suggest a role for pyruvate metabolism
inMTM, we performed similarimaging experiments after single-cycle
training. For this, we expressed the pyruvate FRET sensor Pyronic®® in
MB neurons (Fig. 1b) and measured pyruvate flux in MB vertical lobes
within 1.5 h after training. Pyruvate accumulation was measured fol-
lowing the application of sodium azide, a blocker of mitochondrial
complex 1V, as in our previously characterized method”. Here, we
observed afaster accumulation of pyruvate insingle-cycle trained flies
as compared to flies that had a non-associative (unpaired) condition-
ing protocol, as revealed by the increased slope (Fig. 1c). This result
shows thatanincreased mitochondrial pyruvate consumption by MB
neurons occurs after single-cycle training and spaced training, in the
first hours following training.

To confirm that pyruvate is actually routed to the mitochondrial
tricarboxylic acid (TCA) cycle after single-cycle training, we targeted
one of the enzymes of the pyruvate dehydrogenase (PDH) complex,
which catalyzes the conversion of pyruvate to acetyl-CoA.Knockdown
of the 3 subunit of PDHE1 in adult MB neurons impaired MTM (Fig. 1d
and Extended Data Fig. 1d) and, as previously reported using another
RNAI, LTM formation (Fig.1d)*. MTM and LTM were not impaired when
PDHEIBRNAiwas notinduced (Extended DataFig.1d). LT-ARM was not
affected by PDHE1f knockdown (Fig. 1d). Furthermore, sensory acuity
for the relevant stimuliwas normalintheflies of interest (Supplemen-
tary Table 1). All together, these results show that MB neuron mito-
chondrial pyruvate consumptionisincreased forbothMTM and LTM.

Pyruvate is produced from alanine in the MB for memory

Next, we aimed toidentify the source of neuronal pyruvate for MTM and
LTM. The main routes of pyruvate productionare (1) glycolysis, which
allows pyruvate production from glucose through a sequence of ten
enzymatic reactions; (2) lactate conversion into pyruvate, catalyzed
bylactate dehydrogenase (LDH); and (3) L-alanine transaminationinto
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Fig.1|Pyruvate consumption by MB neurons increases upon memory
formation. a, MpcI knockdown (KD) in adult MB neurons impaired memory after
single-cycle (1) training (n =12, F, 3; =11.40, P= 0.00017) and spaced training
(n=12,F,3,=19.36, P=3.10"°), but did not affect memory after single-cycle
training followed by cold shock (n =12, F, 53 = 0.83, P= 0.45) or massed training
(n=12,F,3=0.36,P=0.70). b, The pyruvate sensor Pyronic was expressed in
adult MB neurons. The two images show the mTFP and Venus channels. The
dashed lines delimit bundles of MB neuron axons, namely the vertical lobes,
where the pyruvate FRET signal was quantified. Scale bar, 50 pm (Supplementary
Video1). ¢, Single-cycle training elicited a faster pyruvate accumulationin MB

neuron axons following sodium azide application (5 mM) compared to non-
associative unpaired training (n = 14 (control); n =17 (1x), t,, = 3.39, P= 0.002).

d, PDHE1B knockdown in adult MB neurons impaired memory after single-cycle
training (n =10, F, ;= 5.08, P=0.01) and spaced training (n =14 (blue and gray
bars); n=15 (white bar), F, ,, = 6.25, P=0.004), but did not affect memory after
single-cycle training followed by cold shock (n =10, F, ,,=1.91, P= 0.17) or massed
training (n=12, F,3;=0.27,P=0.76). All data are presented as mean + s.e.m.
Asterisks (*P< 0.05; **P < 0.01;**P < 0.001; NS, not significant, P> 0.05) illustrate
the significance level of a two-sided ¢-test or of the least significant pairwise
comparison following one-way analysis of variance (ANOVA).
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pyruvate, catalyzed by alanine aminotransferase (ALAT)* (Fig. 2a).
We therefore tested each of these three routes for a role in memory
formationin MB neurons. Inadult MB neurons, knockdown of phospho-
fructokinase (PFK), encoding an enzyme that catalyzes arate-limiting
step inglycolysis, had no effecton MTM or LTM (Fig. 2b and Extended
Data Fig. 2a)*'. Knockdown of LDH in adult MB neurons had no effect
on MTM or LTM (Fig. 2c and Extended Data Fig. 2b). To rule out the
possibility that knockdown of glycolysis and lactate dehydrogenation
were compensated by each other, we knocked downboth PFKand LDH
in adult MB neurons. As this resulted inintact MTM (Extended Data
Fig.2c), we focused on the third route of pyruvate production, through
the transamination of L-alanine catalyzed by ALAT. In Drosophila, the
gene CG1640 encodes a putative ALAT (http://flybase.org/reports/
FBgn0030478). Ubiquitous knockdown of CG1640 decreased ALAT
activity in Drosophila heads (Fig. 2d), confirming that the product
of CG1640 features ALAT enzymatic activity. We therefore refer to
CG1640 as ALAT.Knocking down ALAT in adult MB neurons led to an
impairment of both MTM and LTM (Fig. 2e and Extended Data Fig. 3a).
MTM and LTM were not impaired when ALAT RNAi was not induced
(Extended DataFig.3b). Memory after massed training was not affected
by ALATknockdown (Fig. 2e). Sensory acuity for the relevant stimuli was
normalinthe flies of interest (Supplementary Table 2). We replicated
these behavioral experiments using a second, non-overlapping ALAT
RNAi (Extended DataFig.3c). MTM and LTM defects were observedin
ALAT mutant flies (CG1640%Y¢°%%), which also showed impaired ALAT
enzymatic activity (Extended Data Fig. 3d,e). To verify that ALAT is
indeed expressed in MB neurons, we generated an ALAT-HA knock-in
line. Immunohistochemistry experiments on ALAT-HA brains showed
immunoreactivity against the HA-tagin MB neurons, and in particular
inthe calyx which corresponds to the dendritic field, where it colocal-
ized with neuronal marker nc82 (Fig. 2f). These results confirmed the
expression of ALAT in MB neurons.

To confirmthatalanineisindeed asource of pyruvate for MTM, we
performed invivo pyruvateimaging in MB vertical lobes while knocking
down ALAT in adult MB neurons. Single-cycle training failed to elicit
anincreased pyruvate accumulation when ALAT was knocked downin
adult MB neurons (Fig. 2g). Overall, these results show that MTM and
LTM do notrely on neuronal glycolysis or lactate dehydrogenation, but
instead rely on alanine metabolism as arelevant source of pyruvatein
MB neurons for memory formation.

Cortex glia transfers glycolysis-derived alanine to neurons

Previously, it was shownin Drosophila that alanine canbe produced as
abyproductofglial glycolysis and released by glial cells”. We therefore
hypothesized that the alanine required for neuronal pyruvate produc-
tionand consumption for MTM and LTM originates from neighboring
glial cells. The transamination reaction catalyzed by ALAT isreversible,
so that alanine can be produced from glycolysis-derived pyruvate.
ALAT knockdown inalladultglial cells using repo-GAL4 impaired MTM
(Fig. 3a) and MTM was not impaired when RNAi was not induced
(Extended DataFig. 4a), suggesting that alanineis produced in glia for
MTM. Next, we examined which specific glial cell types require ALAT.

The Drosophilabrain contains several types of glial cells, including three
typesthat arein close contact with different neuronal compartments
(Fig.3b). The ensheathing glia delimit major brain structures, whereas
astrocyte-like glial cells contact synapses and cortex gliaenwrap neuron
somata®**, ALAT knockdown in either adult astrocyte-like glia (using
thealrm-GAL4 driver) or ensheathing glia (using the 56F03-GAL4 driver)
had no effect on MTM (Fig. 3¢c); however, ALAT knockdown in adult cor-
tex glia (using the 54H02-GAL4 driver) impaired both MTM and LTM
(Fig. 3d and Extended Data Fig. 4b). MTM and LTM were not impaired
when RNAi was not induced (Extended Data Fig. 4c). LT-ARM was not
affected by ALAT knockdown (Fig. 3d). Sensory acuity for the relevant
stimuli was normal in the flies of interest (Supplementary Table 3).
We then replicated these behavioral experiments using a second,
non-overlapping ALATRNAi (Extended Data Fig. 4d). Notably, the MTM
defectinduced by ALAT knockdown in adult cortex glia was rescued
by exposing flies to an alanine-enriched diet, suggesting that alanine
itselfis the substrate transferred to MB neurons for MTM (Fig. 3d). To
confirmthat ALATis expressed in cortex glia, we performed immuno-
histochemistry experiments on brains from ALAT-HA flies and detected
HA immunoreactivity in wrapper-positive cortex glia (Fig. 3e).

We hypothesized that cortex glia alanine is transferred to MB
neurons as a pyruvate precursor. If so, the loss of ALAT activity solely
in adult cortex glia should prevent the increased pyruvate consump-
tion in MB neurons after training. Indeed, single-cycle training failed
to elicit an increased pyruvate accumulation in the MB vertical lobes
compared to non-associative training when ALAT was knocked down
in adult cortex glia (Fig. 3f). As the cortex glia specifically surround
neuronal somata, we next hypothesized that alanine is transferred to
this MB neuron compartment. If so, alanine could be transaminated
into pyruvate in MB neuron somata. We therefore monitored the pyru-
vate flux in MB neuron somata (Extended Data Fig. 4e). Sodium azide
application triggered a faster pyruvate accumulation in MB neuron
somata after single-cycle training compared to non-associative train-
ing (Extended Data Fig. 4f). Furthermore, as in the axonal compart-
ment, this effect was abolished by ALAT knockdown in adult cortex
glia (Extended Data Fig. 4f). To further confirm that alanine, and not
pyruvate, was transferred to MB neurons for MTM, we knocked down
the main monocarboxylate transporters (MCTs) in cortex glia or MB
neurons. None of the MCTs tested was necessary for MTM, suggesting
that pyruvate is not transferred from cortex glia to MB neurons for
MTM (Extended Data Fig. 5). Together, our behavioral and imaging
results suggest that the cortex gliaproduce alanine to sustain neuronal
pyruvate needs during MTM and LTM formation.

Next, we sought to confirm whether alanine productionis derived
fromglucose metabolismin cortex glia. Indeed, knockdown of the gene
encodingthe glycolytic enzyme PFK inadult cortex gliaimpaired both
MTMand LTM (Fig. 4a and Extended Data Fig. 6a). MTM and LTM were
notimpaired when PFKRNAi was notinduced (Extended Data Fig. 6b).
LT-ARM was not affected by PFK knockdown (Fig. 4a). Sensory acuity for
therelevant stimuliwas normalinthe flies of interest (Supplementary
Table 4). These behavioral experiments were replicated using a sec-
ond, non-overlapping PFK RNAi (Extended Data Fig. 6c). In addition,

Fig.2|Pyruvateis produced from alanine for MTM and LTM. a, Scheme of

the three main pyruvate production routes. b, PFKKD in adult MB neurons did
not affect memory after single-cycle training (n = 12 for all datasets except the
tub-GAL80"; VT30559-GAL4/+ control without cold shock (n=11), F, 5, =2.43,
P=0.10; after cold shock: n =12, F, 53 =21, P=0.81) or spaced training (n =10,
F,3,=0.65,P=0.53).c,LDHknockdownin adult MB neurons did not affect
memory after single-cycle training (n =11, F, ;o = 0.98, P= 0.39; after cold shock,
n=11,F,;,=0.75,P=0.48) or after spaced training (n =10, F,,,=0.25, P= 0.78).
d, ALAT enzymatic activity in heads was decreased due to ubiquitous KD of ALAT,
n=8,t,=2.23,P=0.04).e, ALATKD in adult MB neurons impaired memory after
single-cycle training (n =12, F, ;,=10.2, P=0.00035) and spaced training (n =11,
F,30,=7.95,P=0.002), but did not affect memory after single-cycle training

followed by cold shock (n=12, F, ;;=0.41, P=0.66) or massed training (n =12,
F,33,=0.012, P=0.99).f, Inmunohistochemistry of ALAT-HA brain (green) with
pan-neuronal counterstaining (nc82, red) in the MB calyx region (dashed line).
Scale bar, 20 pum. g, Single-cycle training elicited a faster pyruvate accumulation
in MB neuron axons following sodium azide application (5 mM) compared to non-
associative unpaired training (n =11 (control); n =10 (1x), t,, =2.39, P=0.027).
This effect was impaired by ALATKD in adult MB neurons (n =10 (control);
n=11(1x), t,,= 0.064, P=0.95). All data are presented as mean + s.e.m. Asterisks
(*P<0.05; *P < 0.01; NS, not significant, P> 0.05) illustrate the significance level
of atwo-sided t-test or of the least significant pairwise comparison following
one-way or two-way ANOVA.
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single-cycle training failed to elicitincreased pyruvate consumption in
the MB vertical lobes or somatacompared to non-associative training
when PFKwas knocked downin adult cortex glia (Fig. 4b and Extended
Data Fig. 6d). To confirm that glycolysis and alanine transamination
incortex gliaacttogether for MTM formation, we tested whether PFK
and ALAT enzyme functionally interact. For this, we optimized the
RNAi induction protocol so that simple knockdown of either PFK or
ALATin cortex gliawould notyield any MTM defect, allowing us to test
the effect of the double knockdown of PFK and ALAT. Mild induction
of PFK and ALATRNAi together in cortex gliaimpaired MTM, whereas
mild induction of PFK or ALAT RNAIi alone had no effect on MTM
(Fig. 4c). This result suggests that PFK and ALAT belong to the same
pathway allowing MTM formation. These behavioral and imaging
results therefore suggest that cortex glia glycolysis is required for
alanine production as well as MTM and LTM formation. Collectively,
these data demonstrate the existence of a cortex glia-to-MB neuron
alanine transfer that is dependent on glial glycolysis to sustain their
pyruvate need required by memory formation.

Two glucose transporters actin cortex gliafor memory

Our results show that glycolysisin cortex gliais required for MTM and
LTM. Cortex glia have multiple potential sources of glucose. Indeed,
cortex glia can (1) import trehalose as they express the enzyme tre-
halase®, which catalyzes the breakdown of trehalose into glucose;
(2) directly take up glucose from the extracellular space”~* to fuel
glycolysis; or (3) use glucose-6-phosphate derived from glycogen
breakdown®. Therefore, we aimed to decipher the origin of glucose in
the fueling of glycolysis for MTM formation. Trehalase knockdownin
adult cortex glia had no effect on MTM (Extended Data Fig. 7a). Simi-
larly, knocking down glycogen phosphorylase (GlyP), the product of
which catalyzes the breakdown of glycogeninto glucose-1-phosphate,
inadult cortex gliahad no effect on MTM (Extended Data Fig. 7b). These
results suggest that the glucose used for glycolysis-derived alanine
production might be directly imported into the cortex glia through
aglucose transporter. We previously published that Drosophila Glutl,
the homolog of mammalian members of the SLC2 membrane trans-
porters Glutland Glut3 (ref. 38), isresponsible for glucose export from
cortex glia upon LTM formation, rather than being responsible for
glucose import?. According to single-cell transcriptomic data, several
other members of the SLC2 family of glucose transporters are highly
expressed in glial cells*. Specifically, among the SLC2 family, two
genes encoding predicted hexose sugar transporters are enriched in
cortex gliacompared to other transporters: CG31100, which we named
glug (for glucose uptake by glia) and nebu (https://scope.aertslab.
org/#/Davie_et_al_Cell_2018/Davie_et_al_Cell 2018%2FAerts_Fly Adult-
Brain_Filtered_57k.loom/gene). To confirm expression of both glug
and nebu in cortex glia, we generated glug-HA and nebu-HA knock-in
lines. Immunohistochemistry experiments on brains of both glug-HA
and nebu-HA flies showed HA patterns matching the honeycomb-like
structure of cortex glia, colocalizing with wrapper-positive cortex
glia (Fig. 5a). Glug and Nebu therefore represent good candidates
for mediating glucose uptake in cortex glia to sustain MTM and

LTM. Knockdown of nebu in adult cortex glia had no effect on MTM
(Fig. 5b). Notably, knockdown of glugin adult cortex glialed to MTM
and LTM defects, whereas memory after massed training remained
intact (Fig.5c). MTM and LTM were not impaired when glug RNAi was
not induced (Extended Data Fig. 8a). Sensory acuity for the relevant
stimuli was normal in the flies of interest (Supplementary Table 5).
These behavioral experiments were replicated using a second glug
RNAi (Extended Data Fig. 8b).

Next, to test whether glugmediates the glucose uptake necessary
forglycolysis-derived alanine production aimed at fueling MB neurons,
we performed invivo pyruvate imaging in MB neurons while knocking
downglugin cortex glia. As seen for PFK and ALAT, we found that glug
knockdown in adult cortex glia abolished the increase in pyruvate
consumption in MB neuron vertical lobes induced by single-cycle
training (Fig. 5d) as well as in MB neuron somata (Extended Data
Fig. 8c). Conversely, when nebu was knocked down in adult cor-
tex glia, we were still able to observe an increase in pyruvate flux
after single-cycle training in MB neuron vertical lobes (Fig. 5d and
Extended Data Fig. 8d) and in MB neurons somata (Extended Data
Fig. 8d). Together, these data show that the import of glucose into
cortex glia via glugfuels glial glycolysis to support neuronal pyruvate
metabolism (Fig. 5e).

Inadditionto providing alanine to fuel neuronal mitochondria for
MTMand LTM, cortex glia glucose isinvolved in a metabolite transfer
with neurons that is specific to LTM formation®. Indeed, we previ-
ously demonstrated that cortex glia activation through the nAchRa7
nicotinic receptor triggers an insulin-dependent increase in glucose
concentration, allowing the transfer of glucose to MB neurons to sus-
tain neuronal PPP, specifically for LTM formation®. As the glucose
transporter mediating glucose import in cortex glia for LTM was not
identified at that time, we wondered if the transporter identified
here, glug, could also be involved in this process. To test this hypoth-
esis, we performed in vivo glucose imaging experiments in cortex
glia in response to nicotine stimulation, using a FRET glucose sensor
(Fig. 6a) and our previously well-characterized method*. Nicotine
application resulted in the expected rise of glucose concentration
in cortex glia, whereas glug knockdown in adult cortex glia did not
affect the nicotine-induced glucose increase (Fig. 6b). To confirm that
glug does not mediate acetylcholine-dependent glucose import into
cortex glia, we checked that it was not involved in the LTM-specific
cortex glia-to-MB neuron glucose shuttle. For this, we performed
glucose imaging in MB neuron somata (Fig. 6¢) and monitored glu-
cose consumption after spaced training, as previously described?.
We thus confirmed that spaced training triggers increased glucose
consumption by MB neuron somatain normal flies. A similar increase
inglucose consumption by MB neuron somatawas observed when glug
was knocked down in cortex glia (Fig. 6d). Together, these data show
that glug does not mediate glucose uptake for the LTM-specific cortex
glia-MB neuron glucose shuttle.

We therefore hypothesized that another glucose transporter
might mediate glucose uptake in cortex glia specifically for LTM.
Knockdown of nebu in adult cortex glia impaired LTM (Fig. 7a).

Fig.3| Cortex glia transfer alanine to MB neurons for MTM and LTM. a, ALAT
KD in adult gliaimpaired memory after single-cycle training (n =10, F,,,=10.56,
P=0.0004), but did not affect memory after single-cycle training followed

by cold shock (n=10, F,,,=0.38, P=0.69).b, Subtypes and localization of
Drosophila glia contacting neuronsin the brain. ¢, ALATKD in adult astrocyte-like
glia (left) or ensheathing glia (right) did not affect memory after single-cycle
training (astrocyte-like glia, n =10, F, ,, = 0.48, P= 0.62; ensheathing glia, n =10,
F,,,=0.07,P=0.93) or single-cycle training followed by cold shock (astrocyte-
like glia, n=10, F, ,,= 0.18, P= 0.83; ensheathing glia, n =10, F, ,,= 0.037, P=0.96).
d, ALATKD in adult cortex gliaimpaired memory after single-cycle training
(n=10, F,,,=18.67,P=8.10"°) and spaced training (n =16, F, ;s= 6.57, P= 0.0031),
but did not affect memory after single-cycle training followed by cold shock

(n=10, F,,;=1.26,P=0.30) or massed training (n =12, F, ;= 0.45, P= 0.64).
L-alanine feeding (60 mM) for 72 h before training rescued memory defects
induced by ALATKD in cortex glia (two-way ANOVA, n =10; genotype effect,
F54=12.69, P=0.0008; food medium effect, F, 5, =1.04, P= 0.36; interaction,
F,54=9.60,P=0.0003). e, Immunohistochemistry of ALAT-HA brain (green) with
cortex glia counterstaining (wrapper, red-dashed line, MB calyx region) Scale
bar, 20 um. f, The increased mitochondrial pyruvate flux elicited by single-cycle
training (n =12, t,, = 2.65, P= 0.015) was impaired by ALAT knockdown in adult
cortexglia(n=12,¢t,,=0.34, P=0.74). All data are presented as mean + s.e.m.
Asterisks (*P < 0.05; **P< 0.01; **P < 0.001; NS, not significant, P> 0.05) illustrate
the significance level of a two-sided t-test or of the least significant pairwise
comparison following one-way ANOVA.
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Fig.4|Glycolysisin cortex gliais necessary for MTM and LTM. a, PFK

KD in adult cortex gliaimpaired memory after single-cycle training (n =12,
F,3=8.26, P=0.001) and spaced training (n =12, F, ;;=14.21, = 0.000035),

but did not affect memory after single-cycle training followed by cold shock
(n=12,F,3,=1.99, P=0.15) or massed training (n =12, F, ;3= 3.16, P= 0.055).

b, Single-cycle training elicited a faster pyruvate accumulation in MB neuron
axons following sodium azide application (5 mM) compared to non-associative
unpaired training (n =12, t,,=2.75, P=0.012). PFKKD in adult cortex gliaimpaired
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the single-cycleinduced increase in pyruvate accumulation in MB neuron

axons following sodium azide application (n =13, t,, = 0.94, P=0.36).c, Amild
decrease inboth ALAT and PFK expression in cortex gliaimpaired memory after
single-cycle training, whereas the mild induction of RNAi against ALAT or PFK
alone did not affect memory (n =18, F,3s=5.08, P=0.001). All data are presented
asmean + s.e.m. Asterisks (*P < 0.05; **P < 0.01; NS, not significant, P> 0.05.)
illustrate the significance level of a two-sided t-test or of the least significant
pairwise comparison following one-way ANOVA.

LTM was not impaired when nebu RNAi was not induced (Extended
DataFig.9a).Sensory acuity for the relevant stimuliwas normalin the
flies of interest (Supplementary Table 6). These results were confirmed
with asecond, non-overlapping nebu RNAi (Extended Data Fig. 9b). As
nebu is specifically required for LTM, we tested whether it mediates
the nicotine-induced glucose uptake in cortex glia. Indeed, knocking

downnebuinadult cortex gliadampened the nicotine-induced glucose
increase in cortex glia (Fig. 7b). Furthermore, spaced training failed
to induce any glucose consumption increase in MB neurons when
nebuwasknocked downin cortexglia (Fig. 7c). We previously showed
that this glucose transfer was linked to a transient increase in glucose
concentration in cortex glia upon LTM formation®. By expressing a
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low-affinity glucose sensor in cortex glia”, we show here that nebu
is necessary for the increase in glucose level in cortex glia upon LTM
formation (Fig. 7d and Extended Data Fig. 9c). The cortex glia-MB
neuron glucose shuttle depends oninsulin receptor activationin cor-
tex glia. Spaced training failed to increase glucose levelsin cortex glia
wheninsulinreceptor /nRwas knocked downin cortex glia (Fig. 7d and
Extended DataFig.9c). These datasuggest that during LTM formation,
nebuacts downstream of InR activation toimport glucose into cortex
glia, to sustain MB neuron glucose needs for the PPP. To strengthen
this hypothesis, we tested the functional interaction of nebuandInR. A
mild decrease in nebu and InR expression together led toan LTM defect,
whereas amild decreaseineither nebu or InR expression alone left LTM
intact (Extended Data Fig. 9d). Collectively, these results reveal that
glial glycolysis forMTM and LTM and LTM-specific glucose importare
supported by two different transportersin cortex glia (glugand nebu).

Astrocyte-derived alanine fuels MB neurons for LTM
formation

As LTM relies on highly energy-demanding processes®, we wondered
whether it could require additional metabolic resources compared to
MTM. In mammals, LTM is sustained by energy fuel provided to neu-
rons by astrocytes®. We thus asked whether astrocytes in our model
participate in LTM formation by sustaining neuronal energy needs. As
MB neurons do not need glycolysis or LDH activity for LTM (Fig. 2b,c),
we hypothesized that energy might be provided to neuronsin the form
of alanine for LTM.Indeed, knockdown of ALAT inastrocytes, but notin
ensheathinggliaimpaired LTM (Fig. 7e, Extended DataFig. 9e,fand Sup-
plementary Table 6). We confirmed by immunohistochemistry experi-
ments that ALAT was expressed in astrocyte-like glia (Extended Data
Fig.9g). LT-ARM was not impaired by knockdown of ALATin astrocytes
(Fig. 7e). These behavioral experiments were replicated using the other
ALATRNAI (Extended DataFig. 9h). To test whether astrocyte-derived
alanineis used by MB neurons as an energy substrate for LTM, we per-
formed pyruvate imaging experiments upon spaced training. Pyruvate
consumption by MB neurons wasincreased upon LTM formation, aswe
previously demonstrated® (Fig. 7f). Notably, spaced training failed to
increase pyruvate consumption by MB neurons when ALAT was knocked
downinastrocyte-like glia (Fig. 7f). Collectively, these data show that
astrocyte-like glia-derived alanine sustains neuronal pyruvate needs
for LTM formation.

Discussion

In this study, we investigated how glia-neuron metabolic coupling
meets the energy demands of memory formation in Drosophila. We
found that glucose drawn from the extracellular space by cortex gliais
used to produce glycolysis-derived alanine. Alanine is in turn used by
MB neurons as an energy substrate, which fuels the increased pyruvate
mitochondrial uptake occurring after both single-cycle and spaced
training and sustains the formation of MTM and LTM. Combined, these
processes constitute a cortex glia-MB neuron alanine transfer at the
root of memory formation (Fig. 5e). We revealed that on top of glu-
cose supporting the alanine shuttle, the cortex glia mobilize, via the

nebu transporter, an additional flow of glucose specifically for LTM,
fueling the PPP in MB neurons”. In parallel, astrocyte-like glia pro-
vide additional alanine for LTM (Fig. 7g). The model we describe raises
the following questions: why is alanine used as an alternative energy
substrate for memory instead of lactate, which has been described as
necessary for memory formation in rats®? And is alanine used as an
energy substrate in other contexts?

Several pieces of evidence point to the potential use of alanine as
aneuronal energy substrate in other species. In PDH-deficient mice,
which have disrupted mitochondrial metabolism, NMR spectroscopy
analysis hasrevealed the accumulation of alanine in the brain, suggest-
ing that it is a substrate that normally fuels mitochondrial metabo-
lism*°. In support of this study, it was confirmed ex vivo that alanine
canbe produced from glucose in the murine hippocampus”, although
the cellular origin of alanine was not identified. ALAT is expressed
by both neurons and astrocytes in the mouse and human brain***,
Measurements of metabolic activity of cultured cortical neurons has
revealed substantial alanine uptake from neurons”. Moreover, cultured
cortical neurons produce CO, from alanine, indicating that they can
metabolize it for energy purposes. In parallel, cultured astrocytes
release alanine produced from glucose**. These features are consist-
ent with the existence of analanine transfer from glial cells to neurons,
at least in basal conditions. Our study takes this further by showing
that this alanine shuttling is physiologically relevant and specifically
activated in vivo upon memory formation. In support of our data,
previous NMR studies have demonstrated that glucose-derived alanine
is enriched in activated areas of the rat brain upon sensory stimula-
tion*>**, An activity-dependent glia-to-neuron alanine shuttle was fur-
ther describedin studies using ex vivo honeybee retina preparations, in
which stimulation of photoreceptors triggered anincrease in alanine
use for energy production®. Inthe same model, the alanine sourceis the
neighboringglial cells'®. A similar system exists in the mammalian retina
inwhichspecialized astrocytes, namely Miiller cells, transaminate pyru-
vate into alanine in response to glutamate stimulation. Collectively,
these studies support the existence of a glia—neuron alanine shuttle
across several species, similar to the cortex glia-MB neuron shuttle
that we have described for memory formationin Drosophila. Notably,
neither these studies nor our present work have identified the amino
acid transporter that mediates the glia-to-neuron alanine transfer. In
humans, several ALAT mutations have been associated with intellectual
disability, revealing theimportance of alanine metabolism for cerebral
functions**™°, Last, increased alanine metabolism has been correlated
with the development of the nervous system. Indeed, ALAT expression
isincreased at the peaks of synaptogenesis in the developing mouse
hippocampus*’. Additionally, the ALAT knockout mouse model exhibits
decreased TCA cycle activity associated with adecreased brain size and
reduced synapse formation®. This supports the participation of the
glia-neuron alanine shuttle in other energy-costly cerebral processes
inaddition to memory.

By monitoring neuronal pyruvate consumptionin vivo, we previ-
ously demonstrated that pyruvate metabolisminneuronsisincreased
following LTM formation?. This raised the question of the nature of the

Fig. 5| Cortex glia take up hexose through glug specifically for glycolysis-
derived alanine synthesis. a, Immunohistochemistry of nebu-HA (top) and
glug-HA (bottom) brains showing a nebu or glug expression pattern (HA, green)
within the cortex glia (wrapper, red). The dashed line indicates the MB calyx
region. Scale bar, 20 pm. b, Nebu KD in adult cortex glia did not affect memory
after single-cycle training (n =12, F,3;=2.21, P=0.13; after cold shock: n =12,
F,3,=0.31, P=0.73) ¢, Glugknockdown in adult cortex gliaimpaired memory
after single-cycle training (n =11, F, 3, = 5.36, P= 0.01) and spaced training (n = 10,
F,,,=5.92,P=0.007), but did not affect memory after single-cycle training
followed by cold shock (n=11, F, 3, = 0.84, P=0.44) or massed training (n =12,
F,3,=173,P=0.19).d, The increase in mitochondrial pyruvate flux elicited by
single-cycle training (n =12, t,,=4.62, P=0.0001) was impaired by glugKD in

adult cortex glia (n=12, t,, = 0.65, P=0.52). but not by nebu KD in adult cortex glia
(n=7(control);n=9(1x), t,,=2.41, P=0.03). e, Upon MTM formation, hexose
sugar, most likely glucose, taken up by cortex glia through glug is routed to
glycolysis, to form pyruvate. Pyruvate is then transaminated to alanine by ALAT.
Alanine in MB neurons is transaminated back to pyruvate by ALAT. Pyruvate
transported into mitochondria through mitochondrial pyruvate carrier 1 (Mpcl)
is transformed into acetyl-CoA (ACoA) by PDH, where it is likely integrated into
the TCA cycle to produce energy upon oxidative phosphorylation. All data are
presented as mean + s.e.m. Asterisks (*P < 0.05; **P < 0.001; NS, not significant,
P>0.05) illustrate the significance level of a two-sided ¢-test or of the least
significant pairwise comparison following one-way ANOVA.
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Fig. 6 | Glug does not mediate glucose transfer to MB neurons for LTM.

a, The FRET glucose sensor FLII12Pglu-700u867° was expressed in adult cortex
glia. The two images show the CFP and YFP channels. The dashed lines delimit
the cortex gliaregion where the glucose FRET signal was quantified. Scale bar,
50 pm. b, Nicotine stimulation (50 uM, 30 s) increased glucose concentration

in cortex glia. KD of glugin adult cortex glia had no effect on the nicotine-
induced glucose elevation (n =14, t,, = 0.99, P=0.33). ¢, The FRET glucose sensor
FLII12Pglu-700166 was expressed in adult MB neurons. The two images show
the CFP and YFP channels. The dashed lines delimit MB neuron somata where
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the glucose FRET signal was quantified. Scale bar, 30 um (Supplementary Video
2).d, The glucose concentration in MB neuron somata following the application
of validamycin A (4 mM, dashed line) decreased faster in flies after spaced
training as compared to flies conditioned with a non-associative spaced unpaired
training protocol (n =12, t,, =3.56, P= 0.002). When glug was knocked down in
adult cortex glia, spaced training continued to elicit a faster decrease of glucose
concentrationin MB neurons compared to unpaired controls (n =12, ¢,, =3.52,
P=0.002). All data are presented as mean + s.e.m. Asterisks (**P < 0.01; NS, not
significant, P> 0.05) illustrate the significance level of atwo-sided ¢-test.

fuel enabling pyruvate metabolism in MB neurons. In a more recent
study, we ruled out neuronal glycolysis as the source of MB neuron
pyruvate for LTM?. Here, we demonstrated that pyruvate uptake in
MB neuron mitochondria was necessary for both LTM and MTM. The
upregulation of pyruvate metabolismin MB neurons depends on ALAT
activity, suggesting that alanine is the substrate for pyruvate produc-
tion. Here, glia provide alanine to sustain upregulated pyruvate con-
sumption in MB neurons for LTM. In contrast, studies conducted in
rats have shown that LTM depends on lactate import fromastrocytes®.
This brings into question what advantage producing alanine instead of
lactate could offer. It should be noted that the ANLS model was initially
proposed to account for astrocyte-neuron coupling at glutamatergic
synapses. Glycolysis and lactate production in astrocytes are directly
coupled, as LDH regenerates NAD* from the NADH produced during
glycolysis. In parallel, astrocytes can oxidize glutamate to produce
NADH as well as TCA cycle intermediates to sustain their own energy
needs’** Indeed, glutamate is a substantial energy substrate in astro-
cytesasit contributesto morethan20% of astrocytic oxidative metabo-
lism****, In non-glutamatergic systems, it is likely that glial cells need
alternative sources to sustain their energy metabolism. In the absence
of LDH activity, glycolytic NADH can be spared for glial metabolic
needs. Furthermore, the transamination reaction of pyruvate into
alanine catalyzed by ALAT does not require the conversion of NADH
to NAD". Therefore, producing alanine instead of lactate in glial cells
would allow saving glycolysis-derived NADH for glial ATP production.
This would make the alanine shuttle an efficient mechanism to sustain

the energy needs of glial cells and neighboring non-glutamatergic
neurons. In support of such a neuron subtype-specific utilization of
alanine, studies conducted in vitro show that GABAergic neurons
display a higher net alanine uptake rate than glutamatergic neurons*.
Here, we describe amodel in which alanine is the end-product of glial
glycolysis, fueling cholinergic MB neurons. Interestingly, nicotinic
receptor activation leads to a potassium efflux, which has been shown
toactivate glial glycolysis®™*°. This could be away to enable metabolic
transfer in an activity-dependent manner. The alanine shuttle could
therefore be a relevant mechanism that sustains the energy needs of
cholinergic neurons.

ALAT transamination consists of alanine-pyruvate conversion
coupled to a-ketoglutarate-glutamate conversion. We show that glial
ALAT catalyzes the reaction in the direction of alanine production,
whereas neuronal ALAT catalyzes the reactionin the opposite direc-
tion (alanine to pyruvate). These reactions should resultin a parallel
production of a-ketoglutarate in glia and glutamate in neurons. In
both cell types, glutamate dehydrogenase could be involved in the
regeneration of glutamate or a-ketoglutarate, respectively. Such
reactions would produce ammonium ions in neurons and conversely
consume ammonium ions in glia. Neuronal ammonium is released
and uptaken by neighboring glial cells in both mammals®” and hon-
eybees’®. Notably, ammonium activates astrocyte metabolism in
rodents***° and has been shown to promote glial alanine production
and release in the honeybee retina®. Therefore, in our model, the
ammonium produced by neurons upon alanine transaminationinto
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pyruvate could maintain a positive loop to sustain glia-to-neuron
alanine transfer.

We previously revealed the existence of a nicotinic acetylcholine
receptor-dependent glucose shuttle from cortex glia to MB neurons
that fuels the neuronal PPP, whichiis crucial for LTM formation®. Here
weidentify nebu, another member of the SLC2 family thatis also highly
expressed in cortex glia according to single-cell transcriptomic pro-
filing in the fly brain®, as necessary for LTM specifically. In addition,
nebu was necessary for nicotine-induced glucose uptake in cortex
glia, increased glucose consumption in MB neurons and increased
glucose concentration in cortex glia following LTM conditioning.
Notably, we previously reported that the glucose shuttle from cor-
tex glia to MB neurons for LTM was dependent on insulin signaling?.
Indeed, the glucose concentration increase in cortex glia depends
on insulin peptide llp4, which acts autocrinally on its receptor InR in
cortex glia. Insulin-dependent glucose uptake has been reported in
mammalian peripheral organs and the brain, where it acts through
theinsulin-sensitive glucose transporter Glut4 (refs. 61,62). Similar to
what occurs in mammalian adipose tissue in response to insulin, InR
signaling in Drosophila fat cells allows glucose uptake and storage®*“*;
however, to date, no equivalent glucose transporter responding to
insulin has been identified in Drosophila®. Here, we demonstrate that
the glucose transporter nebu and the insulin receptor belong to the
same pathway and act together to increase glucose concentration
in cortex glia, suggesting that nebu functions as an insulin-sensitive
glucose transporter in Drosophila.

Overall, this work, along with our recent demonstration that glia
provide glucose to neurons for the PPP, provides a global picture of
glucose metabolism underlying memory formation in Drosophila,
highlighting the existence of two parallel fates for glucose orchestrated
by cortex glia.

Methods

Experimental model

Flies (D. melanogaster) were raised on standard mediumat18 or 23 °C
(depending on the experiments; see respective details below) and
60% humidity in a12-h light-dark cycle. The study was performed on
1-4-day-old adult flies. For behavior experiments, both mated male
and female flies were used. For imaging and biochemistry experi-
ments, mated female flies were used because of their larger size. All flies
obtained from libraries or received after the injection of transgenes
(except flies from the TRiP RNAi collection) were outcrossed for five
generations to a reference strain carrying the w'® mutationin an oth-
erwise Canton Special (Canton S) genetic background. Because TRiP
RNAitransgenes are labeled by ay" marker, these lines were outcrossed
toay'w**straininan otherwise Canton S background. All strains used
inthis study are described in Supplementary Table 8.

Behavior experiments

For behavior experiments, flies were raised on standard medium at
18 °Cand 60% humidity ina12-hlight-dark cycle. We used the TARGET
system” to inducibly express RNAi constructs exclusively in adult flies

and not during development. To achieve the induction of RNAi expres-
sion, adultflieswerekeptat 30.5 °C for 3 d before conditioning. To test
for geneticinteractions, flies were kept at 30.5 °C for 36 h before con-
ditioning. Otherwise, experimental flies (0-3 d old) were transferred
to freshbottles containing standard medium 24 hbefore conditioning.

Thebehavior experiments, including the sample sizes, were con-
ducted similarly to other studies from our laboratory?-***, Groups of
20-50 flies (females and males, mated) were subjected to one of the
following olfactory conditioning protocols: asingle cycle (1x training),
five consecutive associative training cycles (5x massed training), or five
associative cycles spaced by 15-mininter-trial intervals (5x spaced train-
ing). Non-associative control protocols (unpaired protocols) were also
employed forimaging experiments. Conditioning was performed using
previously described barrel-type machines that allow the parallel train-
ing of up to six groups. Throughout the conditioning protocol, each
barrelwas plugged into a constant air flow at2 1 min™. For asingle cycle
of associative training, flies were first exposed to an odorant (the CS*)
for1 minwhile12 pulses of 5-slong 60 V electric shocks were delivered;
flies were then exposed 45 s later to a second odorant without shocks
(the CS") for1 min. The odorants 3-octanol and 4-methylcyclohexanol,
diluted in paraffin oil to a final concentration of 2.79 x 10" g ™!, were
alternately used as conditioned stimuli. During unpaired condition-
ings, the odor and shock stimuli were delivered separately in time, with
shocks occurring 3 min before the first odorant.

Flies were kept on standard medium between conditioning and the
memory test, either at 25 °C for flies tested 3 hafter training orat 18 °C
for flies tested 24 h after training. To test for anesthesia-resistant mem-
ory after 1x training, flies were subjected to cold treatment exposure
(4 °Cfor2 min)1hbeforetesting. The memory test was performedina
T-maze apparatus, typically 3 hafter single-cycle training or 24 hafter
massed or spaced training. Each arm of the T-maze was connected toa
bottle containing 3-octanol and 4-methylcyclohexanol, diluted in par-
affin oilto afinal concentration identical to the one used for condition-
ing. Flieswere given1 minto choose between either arm of the T-maze.
A performance score was calculated as the number of flies avoiding
the conditioned odor minus the number of flies preferring the condi-
tioned odor, divided by the total number of flies. A single performance
index value is the average of two scores obtained from two groups of
genotypicallyidentical flies conditioned in two reciprocal experiments,
using either odorant (3-octanol or 4-methylcyclohexanol) as the CS".
The indicated ‘n’ is the number of independent performance index
values for each genotype.

The shock response tests were performed at 25 °Cby placing flies
in two connected compartments; electric shocks were provided in
only one of the compartments. Flies were given 1 min to move freely
inthese compartments, after which they were trapped, collected and
counted. The compartment where the electric shocks were delivered
was alternated between two consecutive groups. Shock avoidance was
calculated as for the memory test.

Because the delivery of electric shocks can modify olfactory acu-
ity, our olfactory avoidance tests were performed on flies that had first
been presented another odor paired with electric shocks. Innate odor

Fig.7|Dual neuron-glia metabolic exchange for LTM. a, Nebu KD in adult
cortex gliaimpaired memory after spaced training (n =14, F, 3, = 6.92, P= 0.003),
but not after massed training (n =12, F, 33 = 0.25, P=0.78). b, Nicotine stimulation
(50 pM, 30 s) increased glucose concentration in cortex glia. KD of nebu in adult
cortex gliaimpaired the nicotine-induced glucose elevation (n =10, t;s=3.70,
P=0.002). ¢, The glucose concentration in MB neuron somata following the
application of validamycin A (4 mM, dashed line) decreased faster in flies after
spaced training compared to flies conditioned with a non-associative spaced
unpaired training protocol (n =15, t,s = 2.38, P= 0.025). Spaced training failed to
elicit afaster glucose decrease in MB neurons upon nebu KD in adult cortex glia
(n=15,t,3=1.10,P=0.28).d, The basal glucose concentration increased in cortex
gliafollowing spaced training (n =11-12, ¢,, = 3.08, P= 0.006). Spaced training

failed to increase the basal glucose concentration in cortex gliawhen either
nebu or InR was knocked down in cortex glia (nebu KD, n =12 (control); n =11 (5%
spaced), t; =1.64,P=0.12;InRKD,n=11,t,,= 0.77,P= 0.45).e, ALATKD in adult
astrocyte-like gliaimpaired memory after spaced training (n =12, F, ;= 7.69,
P=0.002), but did not affect memory after massed training (n =12, F, ;= 0.25,
P=0.78).f, Theincreased in mitochondrial pyruvate flux elicited by spaced
training (n =10, t,3=2.32, P=0.03) was impaired by ALATKD in adult astrocyte-
like glia (n =11 (control); n =12 (5x spaced), ¢,, =1.18, P= 0.25).g, Scheme of MB
neurons-gliametabolic coupling upon LTM formation. All data are presented
asmean +s.e.m. Asterisks (*P < 0.05; **P < 0.01; NS, not significant, P> 0.05)
illustrate the significance level of a two-sided ¢t-test or of the least significant
pairwise comparison following one-way ANOVA.

Nature Metabolism | Volume 5 | November 2023 | 2002-2019

2013


http://www.nature.com/natmetab

Article https://doi.org/10.1038/s42255-023-00910-y

a b

Nebu KD in cortex glia Glucose imaging in cortex glia, nebu KD in cortex glia

0 5x spaced 80 - 5x massed .
3 % —
60 4 60 - AR/Ro &
g o g 30s % 64
32 o 8 * a NS 8 ° *%*
> 40 8o S > 40 4 o)
& 5 8 - oo oo
5 8 o S 44
£ 2
5 s 2 o
€ £ 204 g og 3
< < — P
< .- c
S I Nicotine 50 yM g 1
=
04
-20 - -20 - [} ts.
[ tub-GAL8O'S; 54H02-GAL4/+ tub-GAL80'; 54H02-GAL4>UAS-FLII2Pglu-700ud6
. I tub-GAL8O'; 54H02-GAL4>UAS-FLIIN2Pglu-700u36;
[ +/UAS-nebu RNAi HMS01072 UAS-nebu RNAI HMSO1072
[ tub-GAL8O'; 54H02-GAL4>UAS-nebu RNAi HMS01072
€ Glucose imaging in MB neuron somata, 5x spaced training d Baseline glucose measurements in cortex glia (low affinity sensor), 5x spaced training
13F02-LexA>LexAop-FLIIN2Pglu-700p86 54H02-LexA>LexAop-iGlucoSnFR
I Control (unpaired) 2.0 Nebu KD in cortex glia InR KD in cortex glia
Validamycin A [ 5x spaced * tub-GAL8O'; 54H02-GAL4>  tub-GAL8O'; 54H02-GAL4>
' Y 3 ° UAS-nebu RNAi HMS01072 UAS-InR RNAi HMS03166
e, s 15 . — _
: sy g S 15 3 3 3 NS
50 Kk o
28 = ° = =
€9 10+ S e 3
20 % o¢ 2 | _E | _E |
AR/RoL 85 g8t o o 5% i g5 * ’
<3 05 A = S o2 @ <2 ®
100s 5 2o ° 2o ° o
-2 s2 8l 52 | oo o 52
gs 23 25
ol &G 14 =k ® 86 1 0o 85 1
o
Nebu KD in cortex glia % 8 % o %
tub-GAL80'; 54H02-GAL4>UAS-nebu RNAi HMS01072 = = 0%° 008 =
2.0 § °
. . s B 0 = 0 0-
Valldar\:ycm A Tg ® [ Control (unpaired)
g5 [ 5x spaced
5 O
o8
% o
s ¢
§ 5 Pyruvate imaging in MB neuron axons, 5x spaced training
<z 13F02-LexA>LexAop-Pyronic
o

5%
AR/R,

ALAT KD in astrocyte-like glia

80 5x spaced 80 5x massed — 5xspaced
= Unpaired
NS
© 601 60 -
I ° °
3 ° ° 8 o .
> 40 4 %co ° 40 4 o 8 Sodium azide [ Control (unpaired)
o
5 op :: Fosd 5mM M 5x spaced
20| o ||o00] = 20| ° g% | |°ge
@ o
=
3 o o° tub-GAL8O' ; alrm-GAL4>UAS-ALAT RNAi GD9174
o o
25 7 NS
o
20 - -20 -
[ tub-GAL8O'; alrm-GAL4/+ Afr)z;/roe 20 1
[] +/UAS-ALAT RNAi GD9174 0

[ tub-GAL8O'; alrm-GAL4>UAS-ALAT RNAi GD9174 208 —— 5x spaced

= Unpaired

Glucose
Nebu ﬁhlhR Pyruvate
e 'S .
ALATL‘ 2 Sodium azide [ Control (unpaired)
Glutl 5mM I 5x spaced
‘ Mg L-alanine
%, e
& % e
Z L-alanine
PPP warr [l
Pyruvate
m Mpc1

o

PDI

H |
TCA ACoA
cycle,

Nature Metabolism | Volume 5 | November 2023 | 2002-2019 2014


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-023-00910-y

avoidance was measured ina T-maze similar to those used for memory
tests, in which one arm of the T-maze was connected to a bottle with
odor diluted in paraffin oil and the other arm was connected to abottle
with paraffin oil only. Naive flies were given the choice between the two
armsfor1min. The odor-interlaced side was alternated for successively
tested groups. Odor concentrations used in this assay were the same
asfor the memory assays. At these concentrations, both odorants are
innately repulsive.

Alanine feeding

Flieswere transferred on regular medium supplemented with L-alanine
(Sigma-Aldrich, cat. no. 05129) to a final concentration of 60 mM for
72 hat30.5 °C (to achieve RNAi induction). The behavior experiment
was performed as described in the Methods.

Invivo pyruvate imaging

Pyruvate imaging experiments were performed on flies expressing
the pyruvate sensor in MB neurons via the VT30559-GAL4 driver
or 13F02-LexA driver, in combination with either UAS-Pyronic® or
LexAop-Pyronic (this study). RNAis were expressed in MB neurons
using the inducible tub-GAL80"; VT30559-GAL4 driver or in cortex
glia using the inducible tub-GAL80%; 54H02-GAL4 driver. For imag-
ing experiments, flies were raised at 23 °C to increase the expres-
sion level of genetically encoded sensors. To achieve the induction
of RNAi expression, adult flies were kept at 30.5 °C for 3 d before
conditioning.

As in all previous imaging work from our laboratory, all in vivo
imaging was performed on female flies, which are preferred because
their larger size facilitates surgery. Data were collected indiscrimi-
nately from 30 min to 1.5 h after 1x training. A single fly was picked
and prepared for imaging as previously described®. Briefly, the head
capsule was opened and the brain was exposed by gently remov-
ing the superior tracheae. The head capsule was bathed in artificial
hemolymph solution for the duration of the preparation. The com-
position of this solution was NaCl 130 mM (Sigma cat. no. S9625),
KCI5 mM (Sigma cat. no. P3911), MgCl, 2 mM (Sigma cat. no. M9272),
CaCl,2 mM (Sigmacat.no. C3881), D-trehalose 5 mM (Sigma T cat. no.
9531), sucrose 30 mM (Sigma cat. no. S9378) and HEPES hemisodium
salt 5mM (Sigma cat. no. H7637). At the end of surgery, any remain-
ing solution was absorbed and a fresh 90-pl droplet of this solution
was applied ontop of the brain. Two-photonimaging was performed
using a Leica TCS-SP5 upright microscope equipped with a x25, 0.95
NA water-immersion objective. Two-photon excitation was achieved
using a Mai Tai DeepSee laser tuned to 825 nm. The frame rate was
one or two images per second. Image acquisition was performed
using the LAS AF software (Leica Microsystems). Measurements of
pyruvate consumption were performed according to a previously
well-characterized protocol®. After 1 min of baseline acquisition, 10 pl
of a50 mM sodium azide solution (Sigma cat. no. 71289; prepared in
the same artificial hemolymph solution) was injected into the 90-pl
droplet bathing the fly’s brain, bringing sodium azide to a final con-
centration of 5 mM.

For the analysis of all pyruvate imaging experiments, regions of
interest (ROIs) were delimited by hand around each visible MB vertical
lobes or MB neuron somata, and the average intensity of the mTFP and
Venus channels over each ROl was calculated over time after back-
ground subtraction. The Pyronic sensor was designed so that FRET
from mTFP to Venus decreases when pyruvate concentration increases.
To obtain a signal that positively correlates with pyruvate concentra-
tion, the inverse FRET ratio was computed as mTFP intensity divided
by Venusintensity. This ratio was normalized by a baseline value calcu-
lated over the 30 s preceding druginjection. The slope was calculated
between 10 and 70% of the plateau, while the rise time was calculated
from¢,to the time reaching 70% of the plateau. The indicated ‘n’is the
number of animals that were assayed in each condition.

Invivo glucose imaging

Glucose imaging experiments were performed on flies expressing
the glucose sensor in cortex glia using the 54H02-GAL4 driver or in
MB neurons via the 13F02-LexA driver, in combination with either
UAS-FLII12Pglu-700u86 (ref. 23) or LexAop-FLII12Pglu-700166 (ref. 23).
RNAis were expressed in cortex glia using the inducible tub-GAL8O®;
54H02-GAL4 driver. Fly preparation was performed as described for
invivo pyruvate imaging. Two-photon excitation was achieved usinga
Mai Tai DeepSee laser tuned to 820 nm. The frame rate was one image
per second.

Nicotine stimulation experiments were performed as previ-
ously described”. On each experimental day, nicotine was freshly
diluted from a commercial liquid (Sigma N3876) into the saline used
for imaging. A perfusion setup at a flux of 2.5 ml min™ enabled the
time-restricted application of 50 uM nicotine on top of the brain. A
baseline recording was performed for 1 min, after which the saline
supply was switched to drug supply. The solution reached the in vivo
preparation within30 s. The stimulation was maintained for 30 s before
switching back to the saline perfusion for an additional 5 min.

Glucose consumption experiments were performed as previously
described”. validamycin A (Sigma 32347), atrehalase-selective inhibi-
tor, was directly diluted into artificial hemolymph solution at a final
concentration of 40 mM, aliquoted, and stored at —20 °C. A freshly
thawed aliquot was used for every fly. After 1 min of baseline acquisi-
tion, 10 pl of the solution was added to the 90-pl saline droplet on top
ofthe brain, bringing validamycin A to a final concentration of 4 mM.
The signal was then acquired for another 12 min. Data were collected
indiscriminately from 30 min to 2 h after 5x spaced training. Image
analysis was performed as previously described”. ROlIs were delimited
by hand aroundthelabeled regions of interest (cortex gliaor MB neuron
somata). The average intensity of the YFP and CFP channels over each
ROlwas calculated over time after background subtraction. The FRET
ratio (YFP/CFP) of the FLII12Pglu-7001166 glucose sensor was computed
toobtain asignal positively correlated with the glucose concentration.
This ratio was normalized by a baseline value calculated over the 30 s
preceding druginjection.

For the glucose consumption experiments, the area over the curve
(AOC) was computed to obtain values positively correlated with glu-
cose consumption. The AOC was calculated as the integral between
200sand900ss.

To measure basal glucose levels in cortex glia, glucose imag-
ing experiments were performed in cortex glia by expressing the
low-affinity glucose sensor iGlucoSnFR (LexAop-iGlucoSnFR®) via
the 54HO02-LexA driver as previously described”. Fly preparation was
performed as described for in vivo imaging. Two-photon excitation
was achieved using aMai Tai DeepSee laser tuned to 905 nm. The frame
rate was one image per second. To estimate the baseline glucose con-
centrationincortexglia, the trace of fluorescence decrease following
validamycin A application was normalized to the value of the stable
floor plateau that ended all recordings, corresponding to the fully
unbound state of the sensor. The decrease was recorded for 900 s after
the drugapplication, and the floor value was set as the average over the
last 150 s of the recording. The baseline glucose level was measured
duringthe 90 s preceding validamycin A application. Theindicated ‘n’
is the number of animals that were assayed in each condition.

ALAT activity measurements

ALAT activity was measured using acommercial colorimetricassay (ALT
assay kit, Sigma-Aldrich, cat.no. MAK052), according to the manufac-
turer’sinstructions. For each genotype, 100 females were snap frozenin
liquid nitrogen and heads were separated frombodies. Heads were then
homogenized inthe manufacturer’s buffer, and the resulting samples
were diluted 1:4 for the assay. Samples were read in a FlexA-200 micro-
plate spectrophotometer (Allsheng) at 570 nm, alongside a pyruvate
standard and the positive control, according to the manufacturer’s
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instructions. To assess ALAT-specific activity, measured ALAT activ-
ity was normalized to the measured protein content by performinga
Lowry assay (Thermo Fisher Scientific, cat. no. 23240), according to
the manufacturer’sinstructions.

Immunohistochemistry

Before dissection, 2-4-day-old female flies were fixed in 4% par-
aformaldehyde in PBST (PBS containing 1% Triton X-100) at 4 °C
overnight. Fly brains were dissected on ice in PBS solution, fixed
for1hin 4% paraformaldehyde PBST, and rinsed three times for
20 min in PBST. Brains were blocked with 2% BSA in PBST for 2 h
beforeincubation with primary antibodies in the blocking solution
(2% BSAin PBST) at 4 °C overnight. The following primary antibodies
were used: rat anti-HA (1:400 dilution; Roche, cat. no.11867423001),
mouse anti-nc82 (1:100 dilution, DSHB), mouse anti-wrapper (1:100
dilution, DSHB) and rabbit anti-GFP (1:400 dilution; Thermo Fisher
Scientific, A11122). The following day, brains were rinsed three times
for 20 min with PBST and then incubated for 3 h at room tempera-
ture with the respective secondary antibodies diluted in blocking
solution. The following secondary antibodies were used: anti-rat
conjugated to Alexa Fluor 488 (1:400 dilution; Invitrogen, A11006),
anti-mouse conjugated to Alexa Fluor 594 (1:400 dilution; Invitro-
gen, A11005), anti-rat conjugated to Alexa Fluor 594 (1:400 dilution;
Invitrogen, A11007) and anti-rabbit conjugated to Alexa Fluor 488
(1:400 dilution; Invitrogen, A11034). Brains were then rinsed once in
PBST for 20 min and twice in PBS for 20 min. After rinsing, brains were
mounted using Prolong Mounting Medium (Invitrogen). Acquisitions
were made using a Nikon AIR confocal microscope, with a x60/1.40
oilimmersion objective.

Quantitative PCR
The efficiency of the knockdowns used in this study was validated by
quantitative PCR with reverse transcription (RT-qPCR) to measure the
messenger RNA of the target gene. Female flies carrying the elav-Gal4
pan-neuronal driver or the repo-Gal4 pan-glial driver were crossed
either with males carrying the specified UAS-RNAi or with CS males.
Fly progeny were reared at 25 °C throughout their development. Then,
0-1-day-old flies were transferred to fresh food for 1 d before RNA
extraction. RNA extraction and complementary DNA synthesis were
performed as described elsewhere®®® using the same reagents: the
RNeasy Plant Mini kit (QIAGEN), RNA MinElute Cleanup kit (QIAGEN),
oligo(dT)20 primers and the SuperScript Il First-Strand kit (Life Tech-
nologies). The level of cDNA for each gene of interest was compared
againstthe level of the a-Tub84B (Tub, CG1913) reference cDNA. Ampli-
fication was performed using aLightCycler 480 (Roche) and the SYBR
GreenlMaster mix (Roche). Reactions were carried outintriplicate. The
specificity and size of amplification products were assessed by melting
curve analyses. Expression relative to the reference was expressed as
aratio (27*“?, where Cp is the crossing point). The primers used in this
study are described in Supplementary Table 9.

Results of RT-qPCR data are presented in Supplementary Table 7.
For KDs that did not yield memory impairments (negative results),
both RNAis were checked by gPCR. For KDs that induced memory
impairments with two distinct RNAis, at least one of the two RNAi lines
was validated. Exceptions were for those RNAi constructs that were
already validated by RT-qPCR in previous studies, in which case the
corresponding referenceisindicated, as well as the reported decrease
inmRNA levels.

Generation of transgenic flies

The 2545 _pcDNA3.1(-)Pyronic plasmid®® was digested by BamHI and
Bcll. Theresulting 2,287-bp fragment was purified by electrophoresis
and clonedintoa pJFRC19 plasmid (13XLexAop2-IVS-myr::GFP) previ-
ously digested by Bglll and Xbal to remove the myr::GFP sequence. The
resulting construct was verified by restriction. Transgenic fly strains

were obtained by site-specific embryonic injection of the resulting vec-
tor in the attP18 landing site (chromosome 1), which was outsourced
to Rainbow Transgenic Flies.

HA-tag knock-inlines were generated using the CRISPR technique,
outsourced to Rainbow Transgenic Flies. ALAT-HA was generated by
inserting the 3xHA sequence

(TACCCATACGATGTTCCTGACTATGCGGGCTATCCCTAT-
GACGTCCCGGACTATGCAGGATCCTATCCATATGACGTTCCAGAT-
TACGCT) and a GS linker after the sixth exon of the ALAT gene, using
guide RNA (sequence: CTTGTACTTCTTCATGAACTCGG). Nebu-HA
and glug-HA were generated by inserting a 3xHA-3xFLAG sequence
(TACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGACGTCC-
CGGACTATGCAGGATCCTATCCATATGACGTTCCAGATTACGCTGACTA-
CAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGAT-
GACGATGACAAG) followed by a GS linker after the firstexon of the nebu
gene using gRNA (sequence: GATGCGGTGGACATATCGAAGGG) or the
glug gene using gRNA (sequence: ACCACAAGGATTTACCAAAATGG).

Statistics and reproducibility

All data are presented as mean * s.e.m. For behavior experiments,
two groups of approximately 30 flies were reciprocally conditioned
using either octanol or methylcyclohexanol as the CS*. The memory
score was calculated from the performance of two groups as described
above, whichrepresents an experimental replicate. Forimaging exper-
iments, onereplicate corresponds to one fly brain. Forimmunostain-
ing (Figs. 2f, 3e and 5a and Extended Data Fig. 9g), representative
images are presented but five brains of each conditions were acquired
independently. Comparisons of the data series between two condi-
tions were achieved by a two-tailed unpaired ¢-test. Comparisons
between more than two distinct groups were made using a one-way
ANOVA test, followed by Tukey’s method for pairwise comparisons
between the experimental groups and their controls. For alanine
feeding rescue experiments, we performed a two-way ANOVA test,
followed by Tukey’s post hoc test. ANOVA results are presented as the
value of the Fisher distribution F(x,y) obtained from the data, where
x is the number of degrees of freedom between groups and y is the
total number of degrees of freedom for the distribution. Statistical
tests were performed using the GraphPad Prism v.8 software. In the
figures, asterisks illustrate either the significance level of the ¢-test or
oftheleast significant pairwise comparison followingan ANOVA, with
the following nomenclature: *P < 0.05; **P < 0.01; ***P < 0.001; NS, not
significant, P> 0.05.

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

No datasets that require mandatory depositioninto a public database
were generated during the current study. Source data that are reported
asgraphsonfigures and extended data figures are available as Supple-
mentary Information alongside the paper. Additional raw data will be
shared with norestrictionby the corresponding authors uponrequest.
This study made use of the FlyBase database to identify a putative
ALAT fly ortholog (http://flybase.org/reports/FBgn0030478) and of
the SCOPE database of single-cell transcriptomics in the fly brain to
identify hexose transporters expressed in cortex glia (https://scope.
aertslab.org/#/Davie_et_al_Cell_2018/Davie_et_al_Cell_2018%2FAerts_
Fly_AdultBrain_Filtered_57k.loom/gene). Source data are provided
with this paper.

Code availability

This paper does not report original code. Any additional information
required to reanalyze the datareported in this paper is available from
the corresponding authors upon request.
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Extended Data Fig. 1| Behavioral controls of Mpc1 and PDHE18 KD in MB
neurons (related to Fig. 1). a. MpcI knockdown (KD) in MB neurons impaired
memory after single-cycle training in both females and males (females:n =12,
F,33=6.46,P=0.004; males:n=12,F, 3 = 6.81, P = 0.003). Mpcl knockdown (KD)
in MB neurons impaired memory after spaced training in both females and males
(females: n=9-11, F,,, = 6.45,P = 0.005; males: n = 9-10, F, ,, = 25.98,P = 6.107).

b. Without induction of MpcI RNAi, memory after single-cycle (1x) training (n=12,
F,33=0.28,P=0.76) and spaced training (n =12, F, ;;=1.53, P=0.23) was normal.
c. The behavioral experiments were performed with asecond RNAi against Mpcl.
MpcIKDinadult MB neurons impaired memory after single-cycle training (n =12,
F,133=9.74,P=0.00047) and spaced training (n =15, F,,,=26.03, P =4.10"®), but
did not affect memory after single-cycle training followed by cold shock (n =12,
F,3;=1.14,P=0.33) or massed training (n =12, F, ;= 0.14, P = 0.87). Without

induction of Mpcl RNAi, memory after single-cycle training (n =10, F, ,, = 0.09,
P=0.91) and spaced training (n =1L, F, 5, = 0.37, P = 0.69) was normal. d. Without
induction of PDHEIB RNAi, memory after single-cycle training (n =10, F,,,=2.12,
P = 0.14) and spaced training (n =11 (blue and gray bars);n =12 (white bar),
F,3=0.60, P =0.55) was normal. e. The behavioral experiments were performed
withasecond RNAi against PDHE1f. PDHEIS knockdown in adult MB neurons
impaired memory after single-cycle training (n = 21, F, 4, = 7.05, P = 0.002), but
did not affect memory after single-cycle training followed by cold shock (n =21,
F,60=0.48, P=0.62). Without induction of PDHEI RNAi, memory after single-
cycle training (n=12, F, ;;=0.02, P=0.98) was normal. All data are presented

as mean + SEM. Asterisks (*P < 0.05; **P < 0.01; ***P < 0.001; ns: not significant,

P >0.05)illustrate the significance level of two-sided t-test, or of the least
significant pairwise comparison following 1-way ANOVA.
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Extended Data Fig. 2| Behavioral controls of PFK and LDHKD in MB neurons training (n =12, F,3;=1.73,P = 0.19). c¢. Double KD of PFK and LDH in MB neurons
(related to Fig. 2). a. PFK knockdown (KD) in adult MB neurons using a second did not affect memory after single-cycle training (n=10, F,,,=1.37,P=0.27) or
RNAi did not affect memory after single-cycle training (n=10, F,,; = 0.85, after single-cycle training followed by cold shock (n=10, F,,,=3.19,P = 0.06) All
P =0.44) or single-cycle training followed by cold shock (n=10, F,,; = 0.35, dataare presented as mean + SEM. Asterisks (*P < 0.05; **P < 0.01; ***P < 0.001; ns:
P=0.71).b. LDHknockdown in adult MB neurons using a second RNAi did not notsignificant, P > 0.05) illustrate the significance level of two-sided t-test, or of
affect memory after single-cycle training (n =15-16, F, ;s =1.52, P = 0.23), single- the least significant pairwise comparison following 1-way ANOVA.

cycle training followed by cold shock (n=16,F, ., = 0.76, P = 0.47), or spaced
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Extended Data Fig. 3 | Behavioral controls of ALAT KD in MB neurons (related
to Fig.2).a. ALAT knockdown (KD) in MB neurons impaired memory after single-
cycle training in both females and males (females:n =12, F, 3, =5.13, P=0.01;
males:n=12,F, ;;=3.50, P = 0.04). ALATKD in MB neurons impaired memory
after spaced training in both females and males (females:n =16, F, ,s=13.14,
P=3.10"; males:n=14,F,,=5.08,P=0.01). b. Without induction of ALAT RNAi
in MB neurons, memory after single-cycle training (n =12, F, 5;=0.92, P = 0.41)
and spaced training (n=12, F,5;=0.32, P=0.73) was normal. c. The behavioral
experiments were performed with a second RNAi against ALAT. ALAT knockdown
inadult MB neurons impaired memory after single-cycle training (n =10,
F,,;=12.61,P=0.00014) and spaced training (n =1L, F, 5, = 8.76, P = 0.001), but
did not affect memory after single-cycle training followed by cold shock (n =10,

F,,;=0.09,P=0.91) or massed training (n =10, F, ,, =1.90, P = 0.17). Without
induction of ALATRNAi in MB neurons, memory after single-cycle training
(n=12,F,3=0.19,P=0.83) and spaced training (n =12, F, ;= 0.77, P = 0.47) was
normal. d. ALAT enzymatic activity in heads is decreased in flies mutant for
ALAT (n=8,t,,=4.19,P=0.0009). e. The ALAT mutation impaired memory after
single-cycle training (n =14 (control); n =15 (mutant), t,, = 3.86,P = 0.0006)

and spaced training (n =12, t,,=3.56, P = 0.002), but did not affect memory

after single-cycle training followed by cold shock (n=9,t,, = 0.18,P = 0.86) or
massed training (n =12, t,, = 0.86, P = 0.40). All data are presented as mean + SEM.
Asterisks (*P < 0.05; **P < 0.01; ***P < 0.001; ns: not significant, P > 0.05) illustrate
the significance level of two-sided t-test, or of the least significant pairwise
comparison following 1-way ANOVA.
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Extended Data Fig. 4 | Behavioral controls of ALATKD in glia, and pyruvate
imagingin ALATKD (related to Fig. 3). a. Without induction of ALATRNAi in
allglial cells, memory after single-cycle training (n =10, F, ,, = 0.77, P = 0.47) was
normal.b.ALAT knockdown (KD) in cortex gliaimpaired memory after single-
cycle training in both females and males (females:n=12,F, ;;=20.68,P=1.10"%;
males:n=12,F,,;,=10.68,P=3.10"*).ALATKD in cortex gliaimpaired memory
after spaced training in both females and males (females:n=14, F, 5, =12.48,
P=6.10"; males:n=14,F,,=26.99,P =4.10"%). c. Withoutinduction of ALAT
RNAiin cortex glia, memory after single-cycle training (n =10, F,,;=1.57,P=0.23)
and spaced training (n =11, F, 5, = 2.43, P = 0.10) was normal. d. The behavioral
experiments were performed with asecond RNAi against ALAT. ALATKD in
adult cortex gliaimpaired memory after single-cycle training (n=9,F,,,=5.46,
P =0.01) and spaced training (n =12, F, ;;=5.60, P = 0.008), but did not affect
memory after single-cycle training followed by cold shock (n =10, F,,,=0.22,

P=0.80) or massed training (n =12, F, ;= 0.10, P = 0.90). Without induction of
ALATRNAi in cortex glia, memory after single-cycle training (n =10, F,,, = 0.56,

P =0.58) and spaced training (n=10, F,,, = 2.34, P = 0.12) was normal.e. The
pyruvate sensor Pyronic was expressed in adult MB neurons. The dashed lines
delimit the somata of MB neurons where the pyruvate FRET signal was quantified.
Scale bar:50 pm. f. Single-cycle training elicited a faster pyruvate accumulation
inMB neuron somata following sodium azide application (5 mM) as compared to
non-associative unpaired training (n =12, t,,=2.70, P = 0.01). ALAT knockdown
inadult cortex gliaimpaired the single-cycle induced increase in pyruvate
accumulation in MB neuron somata following sodium azide application (n =12,
t,,=0.27,P=0.79). All data are presented as mean + SEM. Asterisks (*P < 0.05;

**P <0.01;**P < 0.001; ns: not significant, P > 0.05) illustrate the significance
level of two-sided t-test, or of the least significant pairwise comparison following
1-way ANOVA.
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Extended Data Fig. 5| Behavioral controls of Hrm, Mct1, Chk and SIn KD in MB
neurons (related to Fig. 3). a. Hrm knockdown (KD) in adult cortex glia did not
affect memory after single-cycle training (RNAi GD1807:n =9, F,,,=2.13,P=0.14;
RNAiHMC03642:n=10, F,,, =2.88, P = 0.07) or single-cycle training followed

by cold shock (RNAi GD1807:n=9,F,,,=1.25,P = 0.30; RNAiHMC03642:n =10,
F,,,=1.67,P=0.21).b. MctIKD in adult cortex glia did not affect memory after
single-cycle training (n =12, F, ;3= 0.36, P = 0.70) or single-cycle training followed
by cold shock (n=12, F, ;= 0.49, P = 0.62). c. ChaskiKD in adult cortex glia did
not affect memory after single-cycle training (n=12, F, ;= 0.25,P = 0.78) or
single-cycle training followed by cold shock (n =12, F, 53 = 0.02, P = 0.98).

d. Hrm KD inadult MB neurons did not affect memory after single-cycle training
(RNAiGD1807:n =8, F,, =2.31,P = 0.12;RNAiHMCO03642:n = 8,F, ,, =1.30,

P =0.29) or single-cycle training followed by cold shock (RNAi GD1807:n =8,
F,2=0.25,P=0.78;RNAiHMC03642:n=8,F,, = 0.79,P = 0.47). e. MctI KD
inadult MB neurons did not affect memory after single-cycle training (n =8,
F,,=0.23,P =0.79) or single-cycle training followed by cold shock (n = 8,
F,,=0.86,P=0.44).f. SInKD in adult MB neurons did not affect memory after
single-cycle training (RNAi KK104306:n =14, F, ;, = 1.16, P = 0.32; RNAi GD1940:
n=12,F,;;=2.56,P = 0.09) or single-cycle training followed by cold shock (RNAi
KK104306:n =14, F, ;,= 0.11, P = 0.89; RNAi GD1940:n =12, F, ;, = 0.09, P = 0.91).
All dataare presented as mean + SEM. Asterisks (*P < 0.05; **P < 0.01; **P < 0.001;
ns: not significant, P > 0.05) illustrate the significance level of the least significant
pairwise comparison following 1-way ANOVA.
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Extended Data Fig. 6 | Behavioral controls of PFK KD in cortex glia, and
pyruvate imaging in PFKKD (related to Fig. 4). a. PFK knockdown (KD) in
cortex gliaimpaired memory in both females and males after single-cycle
(females:n=16,F, 4, = 6.89,P = 0.003; males: n =17 (white bar); n =19 (gray bar);
n=18 (pinkbar), F,5;=3.22, P=0.048) and spaced training (females: n = 14,
F,39=5.04,P=0.01; males:n=14, F, 3, =4.95,P = 0.01). b. Without induction of
PFKRNAi, memory after single-cycle (n=12,F, ;;=0.18,P = 0.84) and spaced
training (n=10, F,,, = 0.24, P=0.79) were normal. c. Behavioral results were
confirmed with a second RNAi against PFK. Although no significant effect on
memory after single-cycle training was revealed (total: n =13, F, 5, =1.60, P=0.22;
with cold shock:n=13, F, ;, =4.56, P = 0.02), subtracting the memory after cold
shock from the total memory, which measures only MTM, revealed an MTM

impairment (n=13,F, ;, =5.23,P = 0.01). LTM was also impaired (n = 20, F, 5, = 5.10,
P=0.009), but not memory after massed training (n =14, F, 3, = 3.05,P = 0.06).
Withoutinduction of PFKRNAI, allmemories were normal (single-cycle:n=12,
F,33=0.60, P = 0.55; single-cycle followed by cold shock:n=12,F, ;= 0.41,
P=0.67;MTM:n=12,F,3;=0.38,P=0.69; spaced training:n=18, F, 5, = 0.35,
P=0.70).d. Theincreased mitochondrial pyruvate flux elicited by single-cycle
training in MB neuron somata (n=12,t,,=3.36,P = 0.003) was impaired by PFK
knockdownin adult cortex glia (n =12, t,,=1.88, P = 0.07). All data are presented
as mean + SEM. Asterisks (*P < 0.05; **P < 0.01; ***P < 0.001; ns: not significant,

P >0.05)illustrate the significance level of two-sided t-test, or of the least
significant pairwise comparison following 1-way ANOVA.
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Extended Data Fig. 8 | Behavioral controls of glug KD in cortex gliaand
pyruvate imaging in glug and nebu KD (related to Fig. 5). a. Without induction
of glug RNAi in cortex glia, memory after single-cycle training (n =12, F, ;= 0.40,
P =0.67) and spaced training (n =10, F, ,,=0.23,P = 0.79) was normal. b. The
behavioral experiments were performed with a second RNAi against glug. Glug
knockdown (KD) in adult cortex gliaimpaired memory after single-cycle training
(n=15,F,,,=4.88,P=0.01) and spaced training (n =14, F, 3, = 7.10, P= 0.002),
but did not affect memory after single-cycle training followed by cold shock
(n=14,F,,,=0.32,P=0.73) or massed training (n =12, F,3;=1.06, P = 0.36).
Without induction of glug RNAi in cortex glia, memory after single-cycle training
(n=10,F,,,=0.45,P=0.64) and spaced training (n =14, F, 3, = 1.11,P = 0.90)

was normal. c. Single-cycle training elicited a faster pyruvate accumulationin

MB neuron somata following sodium azide application (5 mM) as compared

to non-associative unpaired training (n =12, t,,=3.89, P = 0.0008). Glug KD
inadult cortex gliaimpaired the single-cycle induced increase in pyruvate
accumulation in MB neuron somata following sodium azide application (n =12,
t,,=0.66,P=0.62).d. Nebu knockdown in adult cortex glia did notimpair the
single-cycle-induced increase in pyruvate accumulation ta following sodium
azide applicationin MB neuron soma (n=12,t,,=3.21,P=0.004) or in MB neuron
axons (n=12,t,,=2.73,P =0.012). All data are presented as mean + SEM. Asterisks
(*P <0.01;**P < 0.001; ns: not significant, P > 0.05) illustrate the significance
level of two-sided t-test, or of the least significant pairwise comparison following
1-way ANOVA.
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Extended Data Fig. 9 | Behavioral controls of nebu and ALTAKD in glia, and
glucose imaging for nebu and InR (related to Fig. 7). a. Without induction of
nebu RNAi, memory after spaced training (n=10, F,,,=1.31, P = 0.29) was
normal. b. Behavioral results were confirmed with a second RNAi against
Nebu.LTMwasimpaired (n=12,F, ;;=7.47,P=0.002), but not memory after
single-cycle (n=15,F,,,=2.40,P =0.10; cold shock:n=15,F,,,=1.15,P = 0.33),
ormassed training (n =10, F,,; = 0.96, P = 0.40). Without induction, LTM was
normal (n=10, F,,,=0.60, P = 0.55). c. Glucose concentration measurements
corresponding to datain Fig. 7d (see also Supplementary Video 3). Validamycin
A (4 mM, dashed line) was applied to measure the sensor floor level, providing
aninternal reference. d. Mild decrease in both nebu and InR expressionin
cortex gliaimpaired memory after spaced training, whereas the separate mild
induction of either RNAi did not (n =22 for all datasets except plain blue and

purplebars (n=21),F,,0; =6.03,P=0.00021). e. ALATKD in ensheathing glia
did not affect LTM (n =12, F, ;;=0.76, P = 0.48). f. Without induction of ALAT
RNAiin astrocyte-like glia, LTM was normal (n =12, F, ;;= 0.23, P = 0.80).
g.Immunohistochemistry of ALAT-HA; Alrm-GAL4 > mCD8&::GFPbrain (dashed
line delimits MB lobes). Scale bar: 20 pm. h. Behavioral experiments witha
second RNAi against ALAT in astrocyte-like glia. LTM was impaired (n =18,
F,5=5.76,P=0.006), but not memory after single-cycle (n=11,F,5,=0.38,
P=0.69; coldshock:n=11,F,;,=0.43,P=0.66), or massed training (n =18,
F,51=1.96, P =0.15). Without RNAi induction, LTM was normal (n =18, F, 5, = 0.53,
P =0.59).All data are presented as mean + SEM. Asterisks (*P < 0.05; **P < 0.01;
***P < 0.001; ns: not significant, P > 0.05) illustrate the least significant pairwise
comparison following 1-way ANOVA.
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and of the SCOPE database of single-cell transcriptomics in the fly brain to identify hexose transporters expressed in cortex glia (https://scope.aertslab.org/#/
Davie_et_al_Cell_2018/Davie_et_al_Cell _2018%2FAerts_Fly_AdultBrain_Filtered_57k.loom/gene)
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Population characteristics No human participant or human data are reported in this study.
Recruitment No human participant or human data are reported in this study.
Ethics oversight No human participant or human data are reported in this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size No sample size calculation was performed. For both behavior and live imaging experiment, sample size was determined based on previous
studies from our group : Plagais et al. Nat. Com. 2017 and de Tredern et al. Cell Rep., 2021. Sample size for qPCR was determined based on
another previous study from our group: Silva et al., Nat. Metabolism 2022. For enzymatic activity measurement, sample size was determined
based on pilot experiments comparing wild-type and ALAT mutant line.

Data exclusions  No data was excluded in this study

Replication All experiments were repeated in at least 2 independent experiments. In vivo imaging experiments were replicated in at least 4 independent
experiments. All replications were successful.

Randomization  Flies were assigned to experimental groups based on their genotypes.

Blinding Investigators were not blinded, as for each experiment the same investigator performed crosses, data collection and analysis.
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Antibodies

Antibodies used

Validation

The following primary antibodies were used: rat anti-HA (1:400; Roche, cat. # 11867423001), mouse anti-nc82 (1:100, DSHB), mouse
anti-Wrapper (1:100, DSHB) and rabbit anti-GFP (1:400; Thermo Scientific, A11122).

The following secondary antibodies were used: anti-rat conjugated to Alexa Fluor 488 (1:400; Invitrogen, A11006), anti-mouse
conjugated to Alexa Fluor 594 (Invitrogen, A11005), anti-rat conjugated to Alexa Fluor 594 (Invitrogen, A11007) and anti-rabbit
conjugated to Alexa Fluor 488 (Invitrogen, A11034)

anti-HA: https://antibodyregistry.org/search.php?q=AB_390918
anti-nc82: https://antibodyregistry.org/search.php?q=AB_2314866
anti-wrapper: https://antibodyregistry.org/search.php?q=AB_528514
anti-GFP: https://antibodyregistry.org/search.php?q=AB_221569

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

Experiments involved Drosophila melanogaster. The reference strain was Canton S. All transgenic lines used in the study (reported in
Supplementary Table 8) were outcrossed to the reference strain. Experiments were done on 1-4 day-old adult flies.

Wild animals were not used in this study

For behavior experiments, both mated male and female flies were used. However, key results were repeated in separate
experiments where memory performance from males and females was assessed separately. Memory phenotypes obtained in males
and females were similar. For other experiments (imaging and biochemistry experiments) mated female flies were used because of
their larger size.

No field-collected samples were used in this study

No ethical approval was required for experiments done on Drosophila melanogaster.

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