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In brief

Higher brain functions are associated
with increased metabolic demand.
Through in vivo imaging and behavioral
approaches, de Tredern et al. reveal that
the neuronal pentose phosphate pathway
is crucial for long-term memory
formation, supported by glucose transfer
from glia to neurons.
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SUMMARY

Brain function relies almost solely on glucose as an energy substrate. The main model of brain metabolism
proposes that glucose is taken up and converted into lactate by astrocytes to fuel the energy-demanding
neuronal activity underlying plasticity and memory. Whether direct neuronal glucose uptake is required for
memory formation remains elusive. We uncover, in Drosophila, a mechanism of glucose shuttling to neurons
from cortex glia, an exclusively perisomatic glial subtype, upon formation of olfactory long-term memory
(LTM). In vivo imaging reveals that, downstream of cholinergic activation of cortex glia, autocrine insulin
signaling increases glucose concentration in glia. Glucose is then transferred from glia to the neuronal
somata in the olfactory memory center to fuel the pentose phosphate pathway and allow LTM formation.
In contrast, our results indicate that the increase in neuronal glucose metabolism, although crucial for LTM

formation, is not routed to glycolysis.

INTRODUCTION

In humans, the brain consumes about 20% of whole-body en-
ergy (Attwell and Laughlin, 2001). It is currently assumed that
most of the brain’s energy is consumed by neurons for molecular
processes that support neurotransmission, such as action po-
tential generation, ion concentration restoration, or vesicular re-
cycling (Alle et al., 2009; Harris et al., 2012). Glucose is the major
energy metabolite consumed by the brain under physiological
conditions (Siesjo, 1978) that can be stored locally as glycogen
(Magistretti and Allaman, 2015). Glycogen is not stored in the en-
ergy-demanding neurons but in neighboring glia in various spe-
cies (Kis et al., 2015; Magistretti and Allaman, 2015). This
compartmentation imposes the existence of coupling mecha-
nisms between neurons and glia so that neuronal energy needs
and supply are matched precisely. At the synapse, the astrocyte-
neuron lactate shuttle (ANLS) is one proposed mechanism that
couples glutamate uptake and recycling by astrocytes with
transfer of glycolysis-derived lactate to neurons (Pellerin and
Magistretti, 1994; Magistretti and Allaman, 2015). In this sce-
nario, lactate would then be converted into pyruvate to fuel
neuronal oxidative phosphorylation and produce ATP. This
effectively explains how the energy supply can be adjusted to
local synaptic activity. However, this paradigm is still debated;
other studies suggest that glucose itself is used preferentially
by neurons upon acute activation (Bak et al., 2009; Diaz-Garcia
etal., 2017; Ashrafi et al., 2017; Bak and Walls, 2018; Barros and
Weber, 2018), whereas lactate uptake would occur mostly at rest
(Yellen, 2018). In response to sensory stimulation, neurons

metabolize glucose for energy production through glycolysis
(Diaz-Garcia et al., 2017). In contrast, it has also been shown
that glycolysis is actively inhibited in neurons, with glucose pref-
erentially fueling the pentose phosphate pathway (PPP) to pro-
tect them against oxidative stress (Herrero-Mendez et al.,
2009). Thus, the fate of glucose in neurons is still unclear,
although some studies have started to address the question
directly by cell-type-specific in vivo visualization of activity-
dependent glucose consumption (Diaz-Garcia et al., 2017,
2019; Keller et al., 2021). In particular, how glucose is used by
neurons upon memory formation remains elusive.

Long-term memory (LTM) is a paramount example of a cogni-
tive process featuring a broad spectrum of energy-demanding
events, such as activity-dependent synaptic plasticity, gene
expression regulation and de novo protein synthesis. Several
studies in rodents have shown that lactate supply to neurons
from astrocytes is necessary for LTM formation but dispensable
for short-term memory (Newman et al., 2011; Suzuki et al., 2011;
Gao et al., 2016). After conditioning, glycogen-derived lactate is
transported from astrocytes to neurons to fuel neuronal activity
and local protein translation at the synapses (Descalzi et al.,
2019). However, it is doubtful that the cost of LTM only stems
from protein synthesis in a limited number of synapses. As an
illustration, it has been reported that, in Drosophila, the high
metabolic cost of LTM formation can imbalance the energy
budget of the whole organism (Mery and Kawecki, 2005) so
that adaptive mechanisms exist to shut down LTM formation un-
der nutritional deficit (Placais and Preat, 2013). This suggests
that other signaling events and regulations, uncoupled from
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synaptic activity, occur at the scale of the whole cell, represent-
ing additional sinks in energy fuels, whose nature remains to be
identified. Notably, it is still unknown whether, in addition to
lactate, neuronal glucose uptake is also increased to form LTM.

The genetic tractability and corresponding versatile analytic
tools available in Drosophila offer the possibility to manipulate
specific pathways in precisely defined cell types, making it a
choice organism to address this question. The best-established
memory paradigm in Drosophila is associative olfactory condi-
tioning, resulting from pairing of an odorant with electric shocks
(Tully et al., 1994). Although memory decays within a few hours
after a single pairing (1x training), stable protein synthesis-
dependent LTM can be formed by subjecting flies to repeated
conditioning cycles separated by rest intervals (5% spaced
training) (Tully et al., 1994; Yin et al., 1994).

Compared with the fine anatomical and functional dissection
of neuronal circuits underlying Drosophila memory (Cognigni
etal., 2018), our knowledge of the role of Drosophila glia in mem-
ory processes is scarce (Yamazaki et al., 2014; Matsuno et al.,
2015). In particular, neuron-glia metabolic coupling during mem-
ory formation has not yet been studied in Drosophila. The
Drosophila brain contains about 100,000 neurons and 15,000
glial cells (Kremer et al., 2017). All neuronal somata segregate
in the periphery of the brain, in a region called the cortex. Neu-
rons project a single neurite toward the center of the brain, in
the neuropil, where it can ramify and elaborate synapses. Match-
ing this organization, glial cells are classified into five categories
(Awasaki et al., 2008). Two layers of perineurial and subperineu-
ral glia form a physical and chemical barrier similar to the
mammalian blood-brain barrier, isolating the central nervous
system from hemolymph-borne molecules. Immediately under-
neath lies the cortex region, where neuronal somata are enwrap-
ped individually by processes from cortex glial cells, forming a
honeycomb-shaped structure (Freeman, 2015). Within the neu-
ropil, ensheathing glia delimit major brain structures, and astro-
cyte-like glial cells infiltrate the neuropil in relatively close appo-
sition to the synapses.

Brain energetics in Drosophila have remained understudied so
far, but recent studies have revealed strong similarities between
flies and vertebrates in terms of metabolic coupling between
neurons and glia. From the main circulating sugar trehalose,
Drosophila glial cells produce and release glucose, lactate, and
alanine (Volkenhoff et al., 2015), which are taken up by neurons
and, hence, may serve as potential fuel. It has also been shown
that all glial cell types, in addition to neurons, can take up glucose
(Volkenhoff et al., 2018). Nonetheless, how production of energy
substrates is dispatched and regulated within the different glial
cell types and according to different brain functions is unknown.
The core neuronal assembly underlying olfactory learning and
memory is the mushroom body (MB), a bilateral structure of
about 2,000 neurons in each brain hemisphere. MB-intrinsic
neurons, called Kenyon cells (KCs), are cholinergic neurons
(Barnstedt et al., 2016) with somata packed in the dorso-poste-
rior part of the brain (Figure S1A).

We have previously reported that, in Drosophila, LTM forma-
tion involves upregulation of energy metabolism because MB
neurons increase their pyruvate consumption after spaced
training (Placais et al., 2017). In this work, we examined the
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neuronal reliance on metabolic fuels during LTM formation by
addressing glucose dynamics and the role of glia. We first estab-
lished a specific need for glucose uptake and consumption by
MB neurons for LTM. We identified cortex glia as the source of
increased glucose supply for neuronal somata. We further
showed that activation of cholinergic signaling in cortex glia trig-
gers insulin-dependent autocrine regulation of intracellular
glucose concentration. Finally, we revealed that the purpose of
the LTM-specific neuronal glucose uptake is to fuel the PPP in-
dependent of neuronal pyruvate consumption. Our results
demonstrate the critical role of prolonged neuronal glucose
consumption, supported by a glucose shuttle between glial cells
and neuronal somata during the early phase of memory
consolidation.

RESULTS

Glucose uptake is increased in MB neurons during the
first hours of LTM formation

The Drosophila glucose transporter gene Glut1, a homolog of
Glut1 and Glut3 in mammals (Escher and Rasmuson-Lestander,
1999), is strongly expressed in Drosophila neurons (Volkenhoff
et al., 2018). To address the role of potential glucose uptake by
MB neurons for LTM, we knocked down Glut1 expression selec-
tively in adult MB neurons. For this, we expressed an RNAi
directed against Glut1 under control of the MB neuron-selective
driver VT30559-GAL4 (Placais et al., 2017) together with the ther-
mosensitive GAL4 inhibitor GAL80' expressed ubiquitously
(tub-GALB80"; McGuire et al., 2003) to restrict RNAi expression
solely to adulthood (STAR Methods). We found that knocking
down Glut1 in MB neurons impaired LTM after spaced training
(Figure 1A). LTM was not impaired when RNAi expression was
not induced (Figure S1B1), ruling out any developmental effect
because of leaky RNAi expression in this experiment. Sensory
acuity for the relevant stimuli (Figure S1B3) was normal in the
flies of interest. To address whether this impairment was specific
to LTM, we assessed memory following two other paradigms.
The first paradigm was 3 h after a single-cycle training, which
elicits a shorter-lasting memory than LTM. The second paradigm
was 24 h after a massed training, which consists of multiple
consecutive cycles and elicits formation of another long-lasting
memory that is distinct from LTM and does not involve de novo
protein synthesis (Tully et al., 1994; Isabel et al., 2004; Placais
et al., 2012, 2017). Memory was not impaired under either of
these conditions (Figures 1A and S1B2).

Because our behavioral results strongly suggest an important
role of neuronal glucose metabolism in LTM formation, we con-
ducted functional imaging experiments to monitor glucose up-
take and consumption by MB neurons (Figure 1B). We used a
genetically encoded fluorescence resonance energy transfer
(FRET) glucose sensor, FLII12Pglu-700u36 (Takanaga et al.,
2008), whose functionality has already been validated in
Drosophila brain neurons (Placais et al., 2017; Volkenhoff et al.,
2018). To measure the net glucose consumption by MB neurons
using the FRET glucose sensor, we devised an experimental
strategy that consists of acutely blocking new glucose synthesis
in the brain and measuring the resulting decrease in glucose
concentration over time in neurons of interest. Glucose is
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Figure 1. Glucose uptake is increased in MB neurons during the first hours of LTM formation

(A) Knockdown of Glut1 in MB neurons at the adult stage disrupted LTM compared with the genotypic controls after 5x spaced training (n = 18, Fo 53 = 6.79, p =
0.0024) but did not affect memory after 5x massed training (n = 11-14, F5 35 = 0.36, p = 0.70).

(B) Images of the FLII12Pglu-700136 FRET glucose sensor expressed in MB neurons showing the CFP (cyan fluorescent protein, labeled in blue) and YFP (yellow
fluorescent protein, labeled in yellow) channels for one brain (scale bar, 20 um). The dashed lines indicate the regions of interest.

(C) Glucose concentration in the somata of MB neurons following application of validamycin A (4 mM, dashed line) decreased faster in flies after 5x spaced
training compared with flies conditioned with a non-associative spaced unpaired training protocol (n = 19-20, t3; = 3.66, p = 0.0008).

(D) No difference in glucose decrease following validamycin application was observed between flies subjected to massed training or to a non-associative massed
unpaired protocol (n = 12, t,, = 0.18, p = 0.86). Flies used in this experiment also carried an inducible cortex glia GAL4 driver but no effector (tub-GAL80'/+;
54H02-GAL4/+) to match the conditions used for other experiments performed in parallel, displayed in Figures 2, 3, 4, and 5.

All data are presented as mean + SEM. Asterisks illustrate the significance level of the t test, or of the least significant pairwise comparison following an ANOVA,
with the following nomenclature: **p < 0.01; ***p < 0.001; ns: not significant, p > 0.05. See also Figure S1.

supplied to the fly brain upon uptake and breakdown of
trehalose, the circulating sugar in the fly body. Degradation of
trehalose into glucose is catalyzed by the enzyme trehalase,
highly expressed and functional in surface glia, the counterpart
of the mammalian blood-brain barrier (Volkenhoff et al., 2015).
In the brain, glucose is therefore available for neurons and glial
cells. Validamycin A is a water-soluble specific inhibitor of treha-
lase that has been characterized previously as a potential pesti-
cide in various insects, including Drosophila (Gruber et al., 2013).
We monitored glucose concentration in MB somata during acute
application of validamycin A, interrupting glucose supply to the
brain. In control flies, treatment with validamycin A resulted in
a decrease in intracellular glucose over time as expected (Fig-
ure 1C). We then performed similar experiments in flies within
2 h after olfactory conditioning. Strikingly, the observed

decrease in glucose occurred earlier in flies that had been sub-
jected to spaced training than in flies submitted to non-associa-
tive spaced unpaired conditioning that does not allow memory
formation (Figure 1C). This effect persisted for 5 h following
olfactory conditioning but faded after 12 h (Figure S1E). No
such effect could be observed following massed training or sin-
gle-cycle training (Figures 1D and S1D). These results suggest
that the rate of glucose consumption in MB neurons is increased
after spaced training.

However, it could be argued that, after spaced training, the
rate of glucose consumption would be unchanged, whereas
the baseline glucose concentration would be lower in MB neu-
rons. Assuming that the glucose sensor would be initially satu-
rated, this could also result in an earlier observed decrease.
We reasoned that use of a lower-affinity glucose sensor would
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Figure 2. Glucose is shuttled from cortex glia to MB neuron somata during LTM formation

(A) Knockdown of Glut1 in adult cortex glia disrupted LTM compared with the genotypic controls after 5x spaced training (n = 13/14, F5 39 = 5.40, p = 0.0088) but
did not affect 24-h memory after 5x massed training (n = 12, F 35 = 0.03, p = 0.97).

(B) The low-affinity glucose sensor iGlucoSnFR was expressed in cortex glia. An orange dashed lines delimit the cortex glia in the posterior part of the brain, where
the somata of MB neurons are located. The blue dashed line delimits cortex glia in the anterior brain, a region that does not contain MB neurons. Scale bar, 30 um.
(C) The basal glucose concentration increased in MB-neuron-surrounding cortex glia (orange) after 5x spaced training compared with after a non-associative
spaced unpaired training protocol (two-tailed unpaired t test, n = 16, t30 = 2.72, p = 0.011). The basal glucose concentration in a control anterior region containing
no MB neurons (blue) was not changed after 5x spaced training compared with after a non-associative spaced unpaired training protocols (two-tailed unpaired
ttest, n = 13/14, 1,5 = 0.011, p = 0.99).

(D) Spaced training failed to elicit a faster decrease in glucose in MB neurons upon knockdown of Glut1 in cortex glia at the adult stage (two-tailed unpaired t test,
n =12, t,, = 0.93, p = 0.36). Data were collected in parallel with the data presented in Figure 1C.

All data are presented as mean = SEM. Asterisks illustrate the significance level of the t test or of the least significant pairwise comparison following an ANOVA,

with the following nomenclature: *p < 0.05; ns: not significant, p > 0.05. See also Figure S2.

allow us, under the same protocol, to measure the initial glucose
level with higher sensitivity, making it possible to rule out this
alternative explanation. The single-fluorophore glucose sensor
iGlucoSnFR (Keller et al., 2021) displays a 10 times lower affinity
for glucose (K4 = 7.7 mM in vitro; Keller et al., 2021) compared
with the FLII12Pglu-700u36 glucose sensor (Kq = 0.7 mM
in vitro; Takanaga et al., 2008). Using this low-affinity sensor,
we verified that there was no difference in basal glucose level be-
tween flies subjected to spaced or non-associative unpaired
training (Figure S1C). We also confirmed with this sensor that
spaced training induced a higher rate of glucose decrease
following validamycin application (Figure S1C). These results
demonstrate that glucose uptake and consumption by MB
neuronal somata is increased when LTM formation is initiated.

Glucose transfer from cortex glia to MB neurons is
required for LTM

Having established that glucose uptake and consumption by MB
neurons is necessary for LTM formation, we sought to determine
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the source of this glucose. Glial cells provide metabolic support
to neurons. To identify which glial subtype could export glucose
to feed MB neurons, we selectively knocked down the glucose
transporter Glut1 in each of the glial cell types contacting neu-
rons: astrocyte-like, ensheathing, and cortex glia (Figure S2D).
LTM was normal when Glut1 RNAi was expressed in adult astro-
cyte-like glia via the Alrm-GAL4 driver (Figure S2E) or in en-
sheathing glia via the 56F03-GAL4 driver (Figure S2F). However,
selective knockdown of Glut1 in adult cortex glia using the
54H02-GAL4 driver impaired LTM performance after spaced
training (Figure 2A). Sensory controls were normal, and without
RNAi induction, LTM was normal (Figures S2B1 and S2B2).
Moreover, memory after massed training was not affected by
Glut1 knockdown in cortex glia (Figures 2A). Expression of
Glut1 RNAIi exclusively in cortex glia significantly decreased
Glut1 mRNA levels in whole heads by about 25% (Figure S2A),
confirming that cortex glia express Glut1 in addition to neurons
(Volkenhoff et al., 2018). We replicated these behavioral experi-
ments using a second, non-overlapping Glut1 RNAi (Figure S2C).



Cell Reports

These results indicate that glucose transport across cortex glia is
required specifically for LTM.

Because MB neuron somata increased their glucose uptake
(Figure 1), we hypothesized that spaced training would involve
a flux of glucose from cortex glia to MB neuron somata, which
might rely on arise in glucose availability in cortex glia. Indeed,
we observed that the glucose levels in cortex glia, measured
with the low-affinity glucose sensor (Figure 2B), were higher
in flies subjected to spaced training compared with non-asso-
ciative training (Figure 2C). Strikingly, this increased glucose
level was observed specifically in the posterior cortex glia re-
gion surrounding MB neuron somata, whereas the glucose level
in cortex glia of an anterior brain domain was unchanged (Fig-
ure 2C). These results reveal that spaced training induces a
local increase in glucose concentration in cortex glia in the
MB region. Because the basal glucose concentration was un-
changed in MB neurons (Figure S1C), these results are consis-
tent with the existence of a glia-to-neuron glucose gradient af-
ter spaced conditioning, which could drive glucose transport
from cortex glia to MB neurons, where it is then metabolized
to sustain LTM.

Finally, to test whether Glut1 in cortex glia mediates glucose
export to fuel MB neuron somata, we conducted glucose imag-
ing experiments in MB neurons using the FLII12Pglu-700u36
glucose FRET sensor with Glut1 knockdown in adult cortex
glia. As expected if cortex glia were the source of glucose for
neurons, spaced training failed to induce upregulation of glucose
metabolism under that condition (Figure 2D). Overall, these re-
sults establish the existence of a glucose flux between cortex
glia and MB neuron somata sustaining LTM formation.

A cholinergic signal activates cortex glia during LTM
formation
The existence of a glucose shuttle between cortex glia and MB
neurons hints at a dialog between the two cell types. Therefore,
we first investigated the nature of the signal that cortex glia might
receive from neurons upon LTM formation. Acetylcholine is the
main excitatory neurotransmitter in the fly brain (Yasuyama and
Salvaterra, 1999). In particular, MB neurons activate their down-
stream output neurons through cholinergic synapses (Barnstedt
et al., 2016). We thus investigated whether an acetylcholine re-
ceptor is required in cortex glia for LTM. Because the nicotinic
receptor subunit nNAChRa7 is expressed and functional in
mammalian glia (Shen and Yakel, 2012; Shytle et al., 2004; Ve-
lez-Fort et al., 2009; Papouin et al., 2017), we tested whether
expression of its homologous gene in cortex glia was necessary
for LTM. Knocking down nAChRa7 in adult cortex glia strongly
impaired LTM performance after spaced training (Figure 3A).
LTM was not impaired when RNAi expression was not induced
(Figure S3A1). The same genetic manipulation did not affect
memory after massed or single-cycle training (Figures 3A and
S3A2) or sensory acuity in naive flies (Figure S3A3). We repli-
cated these results using a second, non-overlapping nAChRa.7
RNAI (Figure S3B). These data suggest that a cholinergic signal
acting on nAChRa7 receptors activates cortex glia, specifically
during LTM formation.

The nAChRa7 subunit exhibits high calcium permeability in
mammals (Liu et al., 2015). To assess whether Drosophila
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nAChRa7 activation also results in calcium entry, we measured
the dynamics of intracellular calcium levels in cortex glia using
a GCaMPé6f fluorescent reporter in vivo in response to nicotine,
which is a specific agonist of nicotinic acetylcholine receptors
(Figure 3B). Following a 30-s nicotine perfusion at 50 uM, we
measured a sustained increase in calcium concentration in cor-
tex glia (Figures 3C and S3C). Importantly, NnAChRa.7 knockdown
significantly reduced this calcium elevation (Figure 3C). This cal-
cium increase was reduced more strongly when nAChRa7 RNAI
was expressed along with Dicer-2, a ribonuclease enhancing
RNAI efficiency (Figure S3C). This provides functional evidence
that nAChRa7 can indeed mediate calcium signaling in cortex
glia upon its activation.

We hypothesized that this cholinergic activation triggers an in-
crease in cortex glia glucose concentration because spaced
training elicited an increase in basal glucose level in cortex glia
(Figure 2C). To test this hypothesis, we performed in vivo imaging
experiments in flies expressing the glucose sensor FLII12Pglu-
70036 in cortex glia (Figure 3D). In these flies, the same nicotine
treatment as used previously for calcium imaging (Figure 3C)
induced a sustained increase in glucose concentration in cortex
glia (Figure 3E). Remarkably, this effect was sensitive to knock-
down of nAChRa7 in adult cortex glia (Figure 3E). These results
reveal that cholinergic activation of cortex glia triggers a rise in
glucose concentration.

To test whether nAChRa7 activation in cortex glia is necessary
for shuttling of glucose to MB neuron somata, we performed
glucose imaging experiments in MB neurons using nAChRa.7
knockdown in adult cortex glia. Under that condition, spaced
training failed to increase neuronal glucose consumption
(Figure 3F).

Finally, we addressed whether the nicotine-induced rise in
glucose concentration could be mediated by Glut1. We did not
observe any change in the nicotine-induced increase in glucose
concentration in cortex glia when Glut1 was knocked down in
adult cortex glia (Figure S3D). This result indicates that Glut1
does not mediate nicotine-induced glucose uptake in cortex
glia; instead, Glut1 in cortex glia is responsible for glucose export
from cortex glia to MB neurons because it is required for glucose
uptake and consumption in MB neurons (Figure 2D). These ex-
periments demonstrate that cortex glia activation through
nAChRa7 signaling results in an increase in glial glucose levels
and glucose export via Glut1 to MB neurons to sustain LTM.

Insulin receptor signaling in adult cortex glia is
necessary for LTM

Insulin signaling is involved in regulation of carbohydrate meta-
bolism in mammals (Wilcox, 2005) and insects (Mattila and Hie-
takangas, 2017). Furthermore, in the brain, the insulin receptor
has been shown to mediate glucose uptake in mammalian astro-
cytes (Garcia-Caceres et al., 2016). In Drosophila, insulin
signaling is acutely required for LTM but dispensable for imme-
diate memory (Chambers et al., 2015). Consequently, we wanted
to find out whether insulin signaling could be necessary for LTM
formation by regulating the glucose concentration increase in
cortex glia. We examined the Drosophila insulin receptor InR
expression pattern in the adult brain with immunohistochemistry
using a specific antibody (Puig and Tjian, 2005). InR was highly
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Figure 3. nAChR«a7 activation increases glucose concentration in cortex glia

(A) NAChRa.7 knockdown in adult cortex glia disrupted LTM compared with the genotypic controls after 5x spaced training (n =9, F» 56 = 7.46, p = 0.003) but did
not affect memory measured 24 h after 5x massed training (n = 8, F5 53 = 0.25, p = 0.78).

(B) The fluorescent calcium reporter GCaMP6f was expressed in cortex glia. A representative 2-photon microscopy image in one focal plane is shown, with the
corresponding regions of interest in the dorsal part of the cortex glia in which calcium dynamics were analyzed (dashed lines). Scale bar, 40 pm.

(C) In vivo imaging of calcium dynamics in cortex glia was monitored following nicotine application to the brain. Left panel: average traces of calcium dynamics in
response to 30 s of nicotine perfusion at 50 uM (red line) (n = 27-29) in flies of the indicated genotypes. Right panel: quantification of the mean response during the
10-60 s after the end of nicotine perfusion (indicated by the black line on the time traces) for both genotypes. The calcium response following nicotine perfusion
was decreased significantly because of nAChRa.7 knockdown in cortex glia (n = 27-29, ts4 = 2.12, p = 0.039).

(D) A representative 2-photon microscopy image of the FLII12Pglu-700u36 FRET glucose sensor expressed in cortex glia (dashed lines). Scale bar, 40 pm.

(E) After 30 s of 50 uM nicotine stimulation (red line), the glucose concentration was sustainably increased in cortex glia. Decreasing the expression levels of
nAChRa7 in adult cortex glia lowered the nicotine-induced glucose elevation, as measured during the 200-s quantification window (black line) (n = 10, t;g = 3.65,
p = 0.002).

(F) Spaced training failed to elicit a faster decrease in glucose concentration in MB neurons upon knockdown of nAChR7 in cortex glia at the adult stage (n =12,
to» = 0.76, p = 0.46).

Data were collected in parallel with the data presented in Figure 1C. All data are presented as mean + SEM. Asterisks illustrate the significance level of the t test or
of the least significant pairwise comparison following an ANOVA, with the following nomenclature: *p < 0.05; **p < 0.01; ns: not significant, p > 0.05. See also

Figure S3.

expressed in cortex glia (Figure 4A), a finding confirmed by pub-  subunit 92E and Akt1 (Figure 4B). As expected, knockdown of

lished single-cell transcriptomic results (Davie et al., 2018; Fig-
ure S4A). Therefore, we wanted to find out whether InR expres-
sion in cortex glia is necessary for LTM. Indeed, InR knockdown
in adult cortex glia caused an LTM defect (Figure 4C). The sen-
sory acuity controls were normal (Figure S4B2), and LTM was
not impaired without induction of RNAi expression (Figure S4B1).
Moreover, InR knockdown in adult cortex glia did not affect
memory after massed training (Figure 4C). We confirmed these
results using a second, non-overlapping InR RNAI (Figure S4C).
Thus, InR is required in cortex glia specifically during LTM
formation.

To verify that the canonical InR signaling is recruited for LTM,
we targeted two interactors downstream of InR: the catalytic
subunit of the Drosophila phosphatidylinositol 3-kinase (PI3K)
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PIBK92E or Akt1 in adult cortex glia impaired LTM performance
(Figures 4D and 4E). PIBK92E or Akt1 knockdown did not affect
memory after massed training (Figures 4D and 4E). The sensory
acuity controls were normal (Figures S4D2 and S4E2), and LTM
was not impaired without induction of RNAIi expression (Figures
S4D1 and S4E1).

Finally, to address whether cortex glia InR is necessary for the
increased glucose uptake and consumption in MB neuron
somata, we conducted glucose imaging experiments in MB neu-
rons using INR knockdown in adult cortex glia. Spaced training
failed to induce upregulation of glucose metabolism under that
condition (Figure 4F). Overall, these results reveal that insulin
signaling in cortex glia is essential for LTM formation and partic-
ipates in glucose shuttling to MB neurons.
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Figure 4. InR signaling pathway regulates LTM formation
(A) Brains from 54H02-GAL4 > UAS-mCD8::GFP flies were immunostained with anti-GFP (green) and anti-InR (red) antibodies. The bottom panel shows a
magnification of the region above the MB calyx (white rectangle). InR strongly colocalized with the cortex glial membrane. Scale bar, 40 pm.
(B) Scheme of the canonical insulin receptor (InR) signaling pathway. Upon insulin binding to InR, the insulin receptor signal (IRS) activates the PI3K enzyme. The
PI3K92E catalyzes formation of the membrane lipid PiP3 from PiP2. PiP3 recruits PDK1 kinase, activating Akt1.
(C) InR knockdown in cortex glia, induced at adulthood only, disrupted LTM compared with genotypic controls (n = 24,F, 71 = 4.95, p = 0.0098) but did not affect
24-h memory after 5x massed training (n = 16, F5 47 = 0.94, p = 0.40).
(D) PIBK92E knockdown in adult cortex glia disrupted LTM compared with the genotypic controls (n = 19, F, 56 = 4.88, p = 0.01) but did not affect 24-h memory
after 5x massed training (n = 10, F5 29 = 0.13, p = 0.88).
(E) Akt1 knockdown in adult cortex glia disrupted LTM compared with genotypic controls (n =17, F, 50 = 8.37, p = 0.0008) but did not affect 24-h memory after 5x
massed training (n = 9-12, Fp 3, = 1.17, p = 0.32).
(F) Spaced training failed to elicit a faster decrease in glucose concentration in MB neurons upon knockdown of InR in cortex glia at the adult stage (n=10/11, t19=

0.42, p = 0.68).
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Data were collected in parallel with the data presented in Figure 1C. All data are presented as mean + SEM. Asterisks illustrate the significance level of the t test, or
of the least significant pairwise comparison following an ANOVA, with the following nomenclature: *p < 0.05; ns: not significant, p > 0.05. See also Figure S4.
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Figure 5. llp4 expression in cortex glia is necessary for LTM

(A) The scheme above memory graphs indicates the time course of temperature treatments. Blocking exocytosis in cortex glia using Shi's for 6 h (n = 19; F 56 =
8.65, p = 0.0006) or only 2 h (n = 14, F, 41 = 3.93, p = 0.028) after conditioning yielded a LTM defect. Blocking cortex glia for 6 h after 5x massed training had no
effect on 24-h memory performance (n = 25, F574 = 2.24, p = 0.11).

(B) llp4 knockdown in adult cortex glia disrupted LTM, tested 24 h after 5x spaced training (n = 18, F5 53 = 4.24, p = 0.020) but did not affect memory tested 24 h
after 5x massed training (n = 16, F 47 = 0.38, p = 0.68).

(C) Immunostaining against GFP (green) and lp4 (red) performed on brains from 54H02-GAL4 > UAS-mCD8::GFP flies revealed localization of llp4 in cortex glia.
Scale bar, 10 pm.
(D) Co-expression of lip4 RNAi and constitutively active Akt1 (myr-Akt1) restores normal memory as opposed to llp4 RNAi expression alone (n = 14-18, F4 75 =

6.36, p = 0.0002).

(legend continued on next page)
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Autocrine insulinergic signaling in cortex glia underlies
LTM formation

Because cholinergic activation through nAChRa7 and InR is
involved in glucose shuttling to neurons, we hypothesized that
InR in cortex glia might be activated in an autocrine manner
following cholinergic activation. This would imply that insulin-
like peptides are released through exocytosis by cortex glia after
spaced training. In accordance with this scheme, cholinergic
activation elicited a calcium increase in cortex glia, which has
been reported to trigger exocytosis in astrocytes in mammals
(Hamilton and Attwell, 2010) as well as in flies (Ma et al., 2016).
We first attempted to disrupt vesicular release in cortex glia
through expression of tetanus toxin (TNT; Sweeney et al,
1995). This yielded specific impairment of LTM (Figure S5B). Ac-
cording to our data, increased glucose consumption in MB neu-
rons occurs during the first 2 h after spaced training (Figure 1C).
We therefore tested whether vesicular release from cortex glia
occurred within the early frame of spaced training. Expression
of the dominant-negative temperature-sensitive Shibire' (Shi')
transgenic allele (Kitamoto, 2001) allows blocking vesicular recy-
cling in the cells where it is expressed, including glial cells
(Sousa-Nunes et al., 2011; Melom and Littleton, 2013; Ma
et al., 2016; Artiushin et al., 2018), with acute temporal control
provided by merely switching flies to a restrictive temperature
(33°C). We first expressed Shit® in cortex glia and blocked vesic-
ular release during 6 h after spaced training by exposing flies to
the restrictive temperature. Under this procedure, flies in which
cortex glia were silenced displayed impaired LTM performance
compared with genotypic controls (Figure 5A). Silencing cortex
glia for 6 h after massed training left 24-h memory performance
intact (Figure 5A). LTM performance was normal in flies of inter-
est that had not been subjected to high-temperature treatment
(Figure S5A). We then narrowed down the silencing period to
the first 2 h after spaced training, which was sufficient to impair
LTM (Figure 5A). These results define a narrow time frame during
which vesicular release in cortex glia occurs for LTM. Pursuing
our hypothesis, we then investigated whether an insulin-like pep-
tide (llp) in cortex glia is necessary for LTM formation. Eight
different genes encode lIps in the fly genome (Colombani et al.,
2012; Gronke et al.,, 2010). We found that expressing RNAi
against llp4 in adult cortex glia impaired LTM (Figure 5B),
whereas knockdown of other llps did not affect LTM perfor-
mance (Figure S5C). In an experiment without induction of lip4
RNAi, LTM was normal (Figure S5D1), as were olfactory and
shock acuity after RNAi induction (Figure S5D3). Moreover, lip4
knockdown did not affect memory after 5x massed training
and 1x training (Figures 5B and S5D2). We confirmed these re-
sults with a second specific, non-overlapping RNAI directed
against lip4 (Figure S5E). We examined llp4 distribution in the
adult brain using a specific antibody (Gronke et al., 2010).
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Indeed, llp4 distribution colocalized with cortex glia (Figure 5C),
supporting our behavioral data and showing that llp4 is mainly
expressed in cortex glia. Our results thus demonstrate that lip4
is required in adult cortex glia specifically for LTM.

If the function of llp4 is to autocrinally activate InR, then acti-
vating the InR pathway should rescue the LTM defect induced
by llp4 loss of function. We expressed myr-Akt1, a constitu-
tively active form of Akt1 (Zheng et al., 2007), together with
llp4 RNAI in adult cortex glia. Although expression of lip4
RNAi alone in cortex glia induced the LTM defect, its co-
expression with myr-Akt1 restored normal LTM performance
(Figure 5D). These results further indicate that autocrine llp4-
InR signaling in cortex glia is necessary to initiate LTM forma-
tion after spaced training.

Our hypothesis postulates that autocrine llp4-InR signaling
connects cholinergic activation to glucose regulation in cortex
glia. We performed in vivo glucose imaging experiments upon
nicotine stimulation while interfering with insulin signaling. As
expected, the nicotine-induced increase in glucose concentra-
tion in cortex glia was reduced when InR or llp4 was knocked
down in adult cortex glia (Figure 5E).

Finally, because InR in cortex glia is necessary for the
increased glucose consumption in MB neurons (Figure 4F), we
verified that expression of its ligand llp4 was also required for
this purpose. We therefore conducted glucose imaging experi-
ments in MB neurons using llp4 knockdown in adult cortex
glia. Spaced training failed to induce upregulation of glucose
metabolism under that condition (Figure 5F). These results reveal
a sequential chain of signaling events in cortex glia that link
cholinergic activation to a glucose increase through lip4-InR
signaling, all feeding the increased glucose demand of MB
neurons to sustain LTM.

MB neurons take up glucose to fuel the PPP

In the previous section, we demonstrated the need for increased
glucose uptake and consumption by MB neurons for LTM. We
next addressed the fate of this glucose in MB neurons. Upon en-
try, glucose is phosphorylated rapidly and directed to (1) glycol-
ysis to generate pyruvate and ATP, providing energy, or (2) the
PPP to generate ribulose-5-phosphate and NADPH (the reduced
form of Nicotinamide Adenine Dinucleotide Phosphate, which is
synthesized through the reduction of NADP*), providing building
blocks for nucleotide biosynthesis and reducing power, respec-
tively (Figure S6A). Ribulose-5-phosphate can also be re-routed
to glycolytic intermediates and oxidized to pyruvate. Using the
pyruvate FRET sensor Pyronic (San Martin et al., 2014), we previ-
ously published a protocol enabling measurement of mitochon-
drial pyruvate consumption by measuring pyruvate accumulation
following application of sodium azide, a blocker of mitochondrial
complex IV (Placais et al., 2017). In this study, we demonstrated

(E) After 30 s of 50 uM nicotine stimulation (red line), the glucose concentration was sustainably increased in cortex glia. Decreasing the expression levels of lip4
and InR in adult cortex glia lowered the nicotine-induced glucose elevation (n = 15/16, F5 46 = 4.40, p = 0.02).
(F) Spaced training failed to elicit a faster decrease in glucose concentration in MB neurons upon knockdown of llp4 in cortex glia at the adult stage (n =11, tpo =

0.11, p = 0.91).

Data were collected in parallel with the data presented in Figure 1C. All data are presented as mean + SEM. Asterisks illustrate the significance level of the t test, or
of the least significant pairwise comparison following an ANOVA, with the following nomenclature: *p < 0.05; **p < 0.01; ns: not significant, p > 0.05. See also

Figure S5.
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Figure 6. Glucose fuels the MB neuron PPP for LTM formation

(A) Pyruvate imaging in MB vertical lobes.

(A1) As reported previously, spaced training elicited faster pyruvate accumulation following sodium azide (NaNg) application (5 mM) compared with non-
associative unpaired training (n = 10/11, t19 = 2.17, p = 0.043).

(A2) With Glut1 knockdown, spaced training still elicited an increase in pyruvate accumulation compared with non-associative training (n = 11, tpo = 2.28, p =
0.034).

(B) PFK knockdown in adult MB neurons did not affect LTM (n = 12, F5 35 = 0.10, p = 0.90).

(C) Zw, 6PGL, or Pgd knockdown in adult cortex glia induced LTM defects (n = 17/18, Fg 120 = 7.40, p < 0.0001) but did not affect 24-h memory after 5x massed
training (n = 12, Fg g1 = 0.45, p = 0.84).

(D) Glucose imaging in MB neuron somata.

(D1) Variations in glucose concentration in the somata of MB neurons were monitored following application of validamycin A (4 mM) at the time point marked by a
dashed line. Glucose concentration in the somata of MB neurons decreased faster in flies after 5x spaced training compared with flies conditioned with a non-
associative spaced unpaired training protocol (n = 10/11, t;9 = 3.32, p = 0.0036).

(D2) Spaced training failed to induce a faster decrease in glucose concentration in MB neuron somata when 6PGL was knocked down (n=11/12,t,1 =0.77,p =
0.45).

(D3) Spaced training failed to induce a faster decrease in glucose concentration in MB neuron somata when Pgd was knocked down (n = 11/12, t,1 = 0.043, p =
0.97).

All data are presented as mean + SEM. Asterisks illustrate the significance level of the t test, or of the least significant pairwise comparison following an ANOVA,
with the following nomenclature: *p < 0.05; **p < 0.01; ns: not significant, p > 0.05. See also Figure S6.

that, upon spaced training, pyruvate flux in MB neuron vertical — glucose uptake by MB neurons serves to fuel the increased de-
lobes (an anatomical structure encompassing MB neuron axons; mand for pyruvate. After a direct application of sodium azide
Figure S1A) was increased (Placais et al., 2017). Because pyru-  (NaN3) at the surface of the brain being imaged, we observed
vate is the end product of glycolysis, we applied the same proto-  fasteraccumulation of pyruvate in spaced-trained flies compared
col under a Glut1 knockdown condition to assess whether with flies that had non-associative training (Figure 6A1), as
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Figure 7. Model of cortex glia-MB neuron glucose shuttling during
LTM consolidation

During LTM formation, acetylcholine (ACh) activates nAChRa7 in cortex glia.
Whether ACh comes from cholinergic MB neurons or from other neurons was
not addressed in this study and remains to be determined. The resulting in-
crease in intracellular calcium concentration in cortex glia triggers lip4
secretion and autocrine action on InR and its canonical interactors PI3K and
Akt1. Insulin signaling results in an increase in glucose concentration through
an undetermined glucose transporter. Subsequently, glucose is shuttled to-
ward the somata of MB neurons via Glut1 in both cell types. Glucose is then
used to feed the PPP.

reported previously (Placais et al., 2017). Flies expressing a Glut1
RNAi in the MB also showed a difference of the same magnitude
between the two training protocols (Figure 6A2), revealing that
the enhanced glucose and pyruvate uptake by MB neurons after
spaced training are independent. Moreover, expressing an RNAI
against phosphofructokinase (PFK), a rate-limiting glycolytic
enzyme, in adult MB neurons had no effect on LTM performance
(Figure 6B). These data suggest that the additional glucose pro-
vided to MB neurons after spaced training is not consumed by
glycolysis.

We then addressed whether glucose is incorporated in the
PPP. The first three reactions of the PPP form the so-called
oxidative branch. They are catalyzed by a glucose-6-phosphate
dehydrogenase called Zwischenferment (Zw) in Drosophila, 6-
phosphogluconolactonase (6PGL; encoded by the CG17333
gene), and 6-phosphogluconate dehydrogenase (Pgd). Knock-
down of Zw, 6PGL, or Pgd in adult MB neurons induced an
LTM defect (Figure 6C). LTM was not impaired when RNAi was
not induced (Figure S6B1), and sensory acuity controls after in-
duction were normal (Figure S6B2). Memory performance was
normal after massed training when expressing Zw, 6PGL, or
Pgd RNAi (Figure 6C), showing that PPP is involved specifically
in LTM formation.

Finally, we performed glucose imaging experiments in MB
neuron somata while expressing RNAi against 6PGL or Pgd in
adult MB neurons. As expected, spaced training triggered an in-
crease in glucose consumption rate in flies expressing no RNAI
(Figure 6D1), but it failed to induce upregulation of glucose con-
sumption after 6PGL (Figure 6D2) or Pgd (Figure 6D3)
knockdown. These results confirm that the glucose shuttled
from cortex glia to MB neurons in the first hours following spaced
training is consumed by the PPP in KCs, allowing LTM formation
(Figure 7).
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DISCUSSION

In vertebrates, glial cells that are in contact with neuronal
somata include protoplasmic astrocytes, which are intimately
linked to synapses and neuronal cell bodies (Halassa et al.,
2007; Allen and Barres, 2009), satellite glial cells in sensory
ganglia (Hanani, 2005), and perineuronal oligodendrocytes (Ta-
kasaki et al., 2010). However, none of these cell types is associ-
ated exclusively with neuronal somata, making it difficult to
address the specificities of neuron-glia coupling at the cell
body level in vertebrates. Because of its clear separation be-
tween neuropil glia and the glia that enwraps neuronal somata,
the Drosophila brain is well suited for uncovering specific inter-
actions between glia and neuronal somata that could be rele-
vant in other species.

Fueling the PPP of MBs for LTM
We demonstrate here that, during LTM formation, MB neuronal
somata increase their glucose metabolism via Glut1-dependent
glucose import. In accordance with our data, strong Glut1-
dependent glucose uptake by neurons has been reported in
Drosophila (Volkenhoff et al., 2018). We further report that
PPP-dependent glucose consumption is critical specifically for
neuronal plasticity underlying LTM formation. This is consistent
with a study reporting that synaptic plasticity-related genes are
upregulated in human brain regions that perform high levels of
nonoxidative glucose metabolization (Goyal et al., 2014). Human
subjects performing a cognitive task show increased levels of
nonoxidative glucose consumption that persists for at least
40 min after the end of the experiment (Madsen et al., 1995).
These observations, in concordance with our data, support
participation of nonoxidative glucose consumption, potentially
viathe PPP, inlong-lasting neuronal processes such as plasticity.
Models of neuron-glia metabolic compartmentation in mam-
mals postulate that the PPP shunt is favored in neurons for anti-
oxidant purposes, bypassing glycolytic energy production (Her-
rero-Mendez et al., 2009). Whether active inhibition of glycolysis
favors glucose routing to the PPP in our model remains to be
determined. Alternatively, the PPP could be stimulated by the
redox state of MB neurons because the activity of glucose-6-
phosphate dehydrogenase, a PPP rate-limiting enzyme, is
increased when the NADPH/NADP* ratio is low (Holten et al.,
1976). A major function of the PPP is to produce NADPH, which
is necessary to maintain reducing power in neurons and readily
alleviate oxidative stress induced by reactive oxygen species
(ROS) and reactive nitrogen species (RNS) that provoke cell
damage (Bolafos and Almeida, 2010). ROS and RNS produc-
tions increase with neuronal O, consumption. We established
that LTM involves upregulation of mitochondrial pyruvate con-
sumption and pyruvate dehydrogenase activity (Placais et al.,
2017). Thus, mobilization of neuronal PPP could be a conse-
quence of increased energy metabolism in MB neurons as a
means to preserve neuronal integrity. ROS are also important
regulators of physiological functions. It has been reported that
astrocytic mitochondrial ROS are necessary for proper neuronal
function and particularly short-term memory (Vicente-Gutierrez
et al., 2019). ROS, in particular hydrogen peroxide, positively
regulate hippocampal long-term potentiation and consequent
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LTM formation (Thiels et al., 2000). This intriguing duality of ROS
effects on neuronal state suggests the existence of regulation
processes that can balance its positive and negative effects. In
this context, the PPP can participate in such regulation because
it can modulate antioxidant levels and, thus, ROS concentration
within neurons. Further investigation is needed to determine the
role of the PPP for LTM.

Independent glucose and pyruvate regulation in MB
neurons for LTM

We previously reported that the activity of the pyruvate dehydro-
genase complex in MB neurons is also necessary for LTM (Pla-
cais et al., 2017). A corresponding increase in pyruvate meta-
bolism has been measured in the axonal branches of MB
neurons (Placais et al., 2017). However, our data from the pre-
sent report also reveal that impairing neuronal glycolysis does
not prevent LTM formation and that disrupting neuronal glucose
import through Glut1 knockdown does not prevent neurons from
increasing pyruvate consumption upon LTM formation. These
data suggest that neuronal import of other pyruvate-producing
energy metabolites may occur. Indeed, Drosophila glia can
release lactate and amino acids, both metabolizable by neurons
(Volkenhoff et al., 2015). Our model is therefore consistent with
the notion that neurons can consume glucose through the PPP
while still importing glucose-derived substrates from glia, as
shown for other species in the context of LTM formation (New-
man et al., 2011; Suzuki et al., 2011).

Cortex glia sense neuronal activity

Recent research in Drosophila has highlighted the crucial roles
interactions between glia and neuronal somata play in the main-
tenance of neuronal excitability to prevent seizures (Kunduri
et al., 2018; Melom and Littleton, 2013; Weiss et al., 2019). Our
work additionally shows that perisomatic cortex glia are sensitive
to acetylcholine and modulate their metabolism in response to
cholinergic activation, which might influence neuronal excit-
ability. Mammalian astrocytes are also sensitive to cholinergic
activation in response to neuronal activity, suggesting a
conserved neuron-glia dialog mechanism across species (Ara-
que et al., 2002; Takata et al., 2011). The origin of the acetylcho-
line that activates cortex glia for LTM remains to be determined.
Because acetylcholine is quickly broken down by acetylcholin-
esterase when it is released at the synapse, it is unlikely that it
could diffuse away from the neuropil region and reach the cortex.
Instead, it is probable that local release of acetylcholine occurs
directly in the cortex, close to cortex glial cells.

We speculate that acetylcholine could be released by active
neuronal somata, such as MB neurons, which could locally acti-
vate their enwrapping cortex glial cells. Indeed, we report that
LTM formation (and therefore MB neuron activation) induces
an increase in glucose concentration in cortex glia, suggesting
a dialog between the two cell types. Calcium-dependent so-
matic release of neurotransmitters has already been described
in various species, such as mice, chickens, and leeches (Corsetti
et al., 2012; Del-Bel and De-Miguel, 2018; Trueta et al., 2003), as
well as in cultured Drosophila neurons (Yao et al., 2000). Interest-
ingly, the calcium concentration is increased in MB neuron
somata upon their physiological activation by odorants (Ludke
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et al., 2018). Moreover, calcium signaling in the MB neuron nu-
cleus (located in the soma) is required for LTM but dispensable
for other memory phases (Weislogel et al., 2013). Therefore, a
somatic calcium increase might occur in MB neurons as a result
of repeated, spaced odorant exposure during LTM conditioning.
However, it remains to be demonstrated whether somatic
release of acetylcholine could be responsible for cortex glia
activation.

Autocrine insulin activation of cortex glia

In mammals, peripheral glucose is directly available in the blood,
but it is known that insulin enhances glucose uptake in particular
through translocation of Glut4 to the plasma membrane. Inter-
estingly, Glut4 and insulin signaling are important regulators of
memory processes in the hippocampus (McNay et al., 2010;
Pearson-Leary and McNay, 2016; Pearson-Leary et al., 2018).
Remarkably, we found that inducible knockdown of InR in cortex
glia dampened glucose concentration increases in cortex glia
and impaired LTM. One previous report has revealed that InR
mediates glucose intake in astrocytes (Garcia-Caceres et al.,
2016). Therefore, it seems that insulin signaling in glial cells is a
conserved pathway for regulating brain glucose availability.
Indeed, Drosophila harbors functional InR signaling in fat cells,
allowing glucose uptake and storage in a manner similar to
what occurs in mammalian adipose tissue in response to insulin
(Zhang et al., 2011; Crivat et al., 2013; van Dam et al., 2020).
Although the glucose transporter Glut4 is known to modulate in-
sulin-dependent glucose uptake in mammalian adipose tissue
and skeletal muscle, a Drosophila insulin-sensitive glucose
transporter has not yet been identified (Crivat et al., 2013).
Thus, the mechanism by which InR triggers glucose increases
in cortex glia remains to be determined.

Remarkably, we found that InR activation is autocrine because
llp4 knockdown in adult cortex glia impairs LTM. Although lip4 is
one of the two most conserved insulin-like peptides in the fly
genome among Drosophila species, its functions have remained
uncharacterized until now (Gronke et al., 2010). Here we show
that, in the brain, llp4 is mainly expressed in cortex glia and is
instrumental during LTM formation. A large body of literature
suggests that reduced brain insulin signaling, reduced glucose
metabolism, and cognitive impairments are causally linked,
although a clear mechanistic picture of how the three phenom-
ena are interconnected remains to be identified (Chen et al.,
2011; Arnold et al., 2018; Frazier et al., 2019; Soto et al., 2019).
In this context, the mechanism we unveiled in Drosophila could
be instructive for future investigations in mammals because it
promotes glial cells (rather than neurons) as prominent targets
of insulin signaling and as a relevant source of insulin for memory
processes.

Limitations of the study
Although we described a neuron-glia dialog occurring at the level
of neuronal somata, we did not demonstrate direct activation of
cortex glia through release of neurotransmitters from MB neuron
cell bodies.

Mechanisms underlying glia-neuron metabolic coupling seem
to be conserved between Drosophila and mammalian models.
Still, the Drosophila brain is not vascularized, which may account
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for some differences in nutrient delivery to the brain between
species. We will await studies from other laboratories to confirm
our results.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-GFP (mouse) Sigma-Aldrich Cat. G6539; RRID: AB_259941
Anti-llp4 (rabbit) Gronke et al., 2010 N/A
Anti-InR (rabbit) Puig and Tjian, 2005 N/A

Alexa 488 anti-mouse IgG (goat) Invitrogen Cat. A-11029, RRID: AB_2534088
Alexa 594 anti-rabbit IgG (goat) Invitrogen Cat. A-11037, RRID: AB_2534095
Chemicals, peptides, and recombinant proteins

4-methylcyclohexanol (98%) Sigma-Aldrich Cat. 153095
3-octanol (99%) Sigma-Aldrich Cat. 218405
(-)-nicotine (> 99%) Sigma-Aldrich Cat. N3876
Validamycin A Sigma-Aldrich Cat. 32347
NaCl Sigma-Aldrich Cat. S9625
KCI Sigma-Aldrich Cat. P3911
D-Glucose Sigma-Aldrich Cat. G8270
D-Trehalose dihydrate Sigma-Aldrich Cat. T9531
Sucrose Sigma-Aldrich Cat. S9378
CaCl, Sigma-Aldrich Cat. C3881
MgCl, Sigma-Aldrich Cat. M9272
HEPES-hemisodium salt Sigma-Aldrich Cat. H7637
Sodium Azide Sigma-Aldrich Cat. S2002
Paraffin oil VWR Cat. 24679
Prolong Mounting Medium Lifetechnology Cat. P36930
Experimental models: Organisms/strains

VT30559-GAL4 (Ill) VDRC 206077
tubulin-GALS0' (1) BDSC 7019
tubulin-GAL80'S;VT30559-GAL4 Placais et al., 2017 N/A
UAS-Glut1 RNAi KK108683 VDRC 101365
UAS-Glut1 RNAi GD4552 VDRC 13326
13F02-LexA (1) BDSC 52460
LexAop-FLII12Pglu-700136 This report N/A
LexAop-iGlucoSnFR BDSC 82993
UAS-FLII12Pglu-7001.56 Plagais et al., 2017 N/A
UAS-FLII12Pglu-700u36, VT30559-GAL4 This report N/A
54H02-GALA4 (1l M. Freeman (Coutinho-Budd et al., 2017) N/A
tubulin-GAL80'; 54H02-GAL4 This report N/A
Alrm-GALA4 (Il M. Freeman (Doherty et al., 2009) N/A
56F03-GAL4 (Ill) BDSC 39157
tubulin-GAL80'S; Alrm-GAL4 This report N/A
tubulin-GAL80'; 56F03-GAL4 This report N/A
54H02-LexA (lll) This report N/A
tubulin-GAL80'S, 13F02-LexA; 54H02-GAL4 This report N/A
LexAop-FLII12Pglu-700.36; UAS-Glut1 RNAi GD4552 This report N/A
UAS-nAChRa7 RNAI TRiP JF02570 BDSC 27251
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
UAS-nAChRa7 RNAi KK108471 VDRC 100756
UAS-GCaMP6f BDSC 42747
UAS-GCaMPéf; UAS-nAChRa7 RNAi JF02570 This report N/A
tubulin-GAL80'; 54H02-GAL4, UAS-FLII12Pglu-700136 This report N/A
LexAop-FLII12Pglu-700136; UAS-nAChRa7 RNAI This report N/A
JF02570

tubulin-GAL80'; 54H02-GAL4, UAS-Dcr-2 This report N/A
UAS-mCD8::GFP Plagais et al., 2012 N/A
UAS-InR RNAi TRiP HMS03166 BDSC 51518
UAS-InR RNAi GD104 VDRC 992
UAS-PI3K92E RNAi JF02770 BDSC 27690
UAS-Akt1 RNAi HMS00007 BDSC 33615
LexAop-FLII12Pglu-700136; UAS-InR RNAi TRIiP This report N/A
HMS03166

UAS-lip4 RNAi TRiP HMS02660 BDSC 43288
UAS-lip4 RNAi TRiP HMS00547 BDSC 33682
UAS-shi's Placais et al., 2012 N/A
UAS-TNT BDSC 28838
UAS-myr-Akt1 BDSC 80935
UAS-lIp4 RNAi TRiP HMS02660; UAS-myr-Akt1 This report N/A
LexAop-FLII12Pglu-700u36; UAS-Iip4 RNAi TRiP This report N/A
HMS02660

UAS-lip1 RNAi TRiP HMS00648 BDSC 32861
UAS-lIp2 RNAi TRiP HMS00476 BDSC 32475
UAS-IIp3 RNAi TRiP HMS00546 BDSC 33681
UAS-IIp5 RNAi TRiP HMS00548 BDSC 33683
UAS-lIp6 RNAi TRiP HMS00549 BDSC 33684
UAS-IIp7 RNAi TRiP HMS00649 BDSC 32862
UAS-1Ip8 RNAi GD1670 VDRC 9420
UAS-PFK RNAi HMS01324 BDSC 34336
tubulin-GAL80'; VT30559-GAL4, UAS-Pyronic Placais et al., 2017 N/A
UAS-Zw RNAi KK108898 VDRC 101507
UAS-6PGL RNAi HMS02626 BDSC 42933
UAS-Pgd RNAi HMC05959 BDSC 65078
tubulin-GAL80', 13F02-LexA; VT30559-GAL4 This report N/A
LexAop-FLII12Pglu-700136; UAS-6PGL RNAi HMS02626 This report N/A
LexAop-FLII12Pglu-700u136; UAS-Pgd RNAi HMC05959 This report N/A
Oligonucleotides

Primer Glut1 forward: GGCGGAATGTTCATCTTCTC This report N/A
Primer Glut1 reverse: GGACATCCAGTCGATCATTTC This report N/A
Recombinant DNA

2250 SIN-cPPT-PGK-FLIIP- glu700-WHV plasmid G. Bonvento N/A
pJFRC19 plasmid Pfeiffer et al., 2010 Addgene #26224

Software and algorithms

GraphPad Prism 7
MATLAB V2013
Imaged

GraphPad Software, San Diego, CA, 2007
MathWorks, Natick, MA

ImagedJ

https://www.graphpad.com:443/
https://fr.mathworks.com/
https://imagej.nih.gov/ij/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Thomas
Preat (thomas.preat@espci.fr).

Materials availability
Materials generated in this study will be made available upon reasonable request to the lead contact.

Data and code availability
Data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any additional
information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flies were raised on standard medium at 18, 23 or 25°C (depending on the experiments, see method details) and 60% humidity in a
12-h light/dark cycle. The study was performed on 1-4-day-old adult flies. For behavior experiments, both male and female were
used. Otherwise, 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 5 generations to a reference strain carrying the
w'""8 mutation in an otherwise Canton Special (Canton S) genetic background. Because TRiP RNAi transgenes are labeled by a

y+ marker, these lines were outcrossed to a y'w®7°22 strain in an otherwise Canton S background.
METHOD DETAILS

Behavior Experiments

For behavior experiments, flies were raised on standard medium at 18°C and 60% humidity in a 12-h light/dark cycle. We used the
TARGET system (McGuire et al., 2003) to inducibly express RNAi constructs exclusively in adult flies, and not during development. To
achieve the induction of RNAI expression, adult flies were kept at 30.5°C for 2-3 days before conditioning. Otherwise, experimental
flies (0-3 days old) were transferred to fresh bottles containing standard medium on the day before conditioning.

The behavior experiments, including the sample sizes, were conducted similarly to other studies from our laboratory (Pascual and
Preat, 2001). Groups of 20-50 flies were subjected to one of the following olfactory conditioning protocols: a single cycle, five consec-
utive associative training cycles (5 x massed training), or five associative cycles spaced by 15-min inter-trial intervals (5 x spaced
training). Non-associative control protocols (unpaired protocols) were also employed for imaging experiments. Conditioning was per-
formed using previously described barrel-type machines that allow parallel training of up to 6 groups. Throughout the conditioning
protocol, each barrel was plugged into a constant air flow at 2 L-min™". For a single cycle of associative training, flies were first
exposed to an odorant (the CS™) for 1 min while 12 pulses of 5 s long 60 V electric shocks were delivered; flies were then exposed
45 s later to a second odorant without shocks (the CS") for 1 min. The odorants 3-octanol and 4-methylcyclohexanol, diluted in
paraffin oil at a final concentration of 2.79-107" g-L™", were alternately used as conditioned stimuli. During unpaired conditionings,
the odour 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, in an incubator set at 18°C. For experiments
involving blockade with Shi's, flies were transferred to preheated bottles in a 33°C room, immediately after the end of the last cycle
of the training protocol. After spending the appropriate time period at 33°C (2 or 6 h), flies were returned to an incubator set at the
permissive temperature of 18°C. The time course of the temperature shifts employed in an experiment are displayed above the mem-
ory performance graph in each figure.

The memory test was performed in a T-maze apparatus, typically 24 h after massed or spaced training and 3 h after single-cycle
training. Each arm of the T-maze was connected to a bottle containing 3-octanol and 4-methylcyclohexanol, diluted in paraffin oil ata
final concentration identical to the one used for conditioning. Flies were given 1 minute to choose between either arm of the T-maze. A
score was calculated as the number of flies avoiding the conditioned odour minus the number of flies preferring the conditioned
odour, divided by the total number of flies. A single performance index value is the average of two scores obtained from two groups
of genotypically identical flies conditioned in two reciprocal experiments, using either odorant (3-octanol and 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°C by placing flies in two connected compartments; electric shocks were provided
in only one of the compartments. Flies were given 1 min to move freely in these 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 acuity, our olfactory avoidance tests were performed on flies that had
first been presented another odour paired with electric shocks. Innate odour avoidance was measured in a T-maze similar to those
used for memory tests, in which one arm of the T-maze was connected to a bottle with odour diluted in paraffin oil and the other arm
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was connected to a bottle with paraffin oil only. Naive flies were given the choice between the two arms during 1 min. The odour-
interlaced side was alternated for successive tested groups. Odour concentrations used in this assay were the same as for memory
assays. At these concentrations, both odorants are innately repulsive.

Immunohistochemistry Experiments

Before dissection, whole adult female flies (2-4 days old) were fixed in 4% formaldehyde in PBST (PBS containing 1% Triton X-100) at
4°C overnight. Brains were dissected in PBST solution and rinsed three times for 20 min in PBST, blocked with 2% bovine serum
albumin in PBST for 2 h at room temperature, and then incubated with primary antibodies at 1:400 (mouse anti-GFP, Sigma-Aldrich),
1:1000 (rabbit anti-InR) and 1:200 (rabbit anti-lip4) in the blocking buffer at 4°C overnight. The following day, brains were rinsed 3
times for 20 min in PBST, and incubated with secondary antibodies at 1:400 (Invitrogen, goat anti-mouse Alexa 488 Cat. 11029
and goat anti-rabbit Alexa 594 Cat. 11037) in PBST-BSA 2% solution for 3 h at room temperature. Brains were further rinsed 3 times
for 20 min in PBST, and were mounted in ProLong Mounting Medium (Lifetechnology) forimaging. Images were acquired with a Nikon
A1R confocal microscope. Confocal images were imported into Imaged for analyses.

In vivo Imaging

Calcium imaging experiments were performed by expressing GCaMP6f (UAS-GCaMP6f in attP40) in cortex glia using the 54H02-
GAL4 driver. Glucose imaging experiments were performed on flies expressing the glucose sensor in MB neurons via the
VT30559-GAL4 driver or 13F02-LexA driver, or in cortex glia using the 54H02-GAL4 or 54H02-LexA driver, in combination with either
UAS-FLII12Pglu-700ud6 (random insertion on chromosome llI (Placais et al., 2017)), LexAop-FLIIT12Pglu-700u36 (in attP18, gener-
ated for this study) or LexAop-iGlucoSnFR (Keller et al., 2021). Pyruvate imaging experiments were performed on flies expressing
the pyruvate sensor in MB neurons via the VT30559-GAL4 driver in combination with UAS-Pyronic (Placais et al., 2017). RNAis
were expressed in MB neurons using the inducible tub-GAL80'S; VT30559-GAL4 driver, or in cortex glia using the inducible tub-
GALS80'S; 54H02-GAL4 driver.

For imaging experiments, flies were raised at either 23°C (if the experiment involved the use of GAL80') or 25°C to increase the
expression level of genetically-encoded sensors. To achieve the induction of RNAi expression, adult flies were kept at 30.5°C for
2-3 days before conditioning.

As in all previous imaging work from our laboratory, all in vivo imaging was performed on female flies, which are preferred since their
bigger size facilitates surgery.

For experiments on conditioned flies, data were collected indiscriminately from 30 min to 2 h after training, unless indicated other-
wise. A single fly was picked and prepared for imaging as previously described (Placais et al., 2012). Briefly, the head capsule was
opened and the brain exposed by gently removing the superior tracheae. The head capsule was bathed in artificial haemolymph so-
lution for the duration of the preparation. The composition of this solution was: NaCl 130 mM (Sigma S9625), KCI 5 mM (Sigma
P3911), MgCl, 2 mM (Sigma M9272), CaCl, 2 mM (Sigma C3881), D-Trehalose 5 mM (Sigma T9531), Sucrose 30 mM (Sigma
S9378), and HEPES-hemisodium salt 5 mM (Sigma H7637). At the end of surgery, any remaining solution was absorbed and a fresh
90 pL droplet of this solution was applied on top of the brain. Note that calcium imaging was performed using a slightly distinct recipe
found in our former studies (NaCl 130 mM (Sigma $9625), KCI 5 mM (Sigma P3911), MgCl, 2 mM (Sigma M9272), CaCl, 2 mM (Sigma
C3881), Sucrose 36 mM (Sigma S9378), and HEPES-hemisodium salt 5 mM (Sigma H7637)). Two-photon imaging was performed
using a Leica TCS-SP5 upright microscope equipped with a 25x, 0.95 NA, water-immersion objective, and two distinct sets of emis-
sion filters depending on the sensor used. Two-photon excitation was achieved using a Mai Tai DeepSee laser tuned to either 820 nm
(FLII12Pglu-700136 glucose sensor), 825 nm (Pyronic pyruvate sensor), 905 nm (iGlucoSnFR glucose sensor), or 910 nm (GCaMP6f).
The frame rate was 1 or 2 images per second, depending on the experiment.

For nicotine experiments, nicotine was freshly diluted from a commercial liquid (Sigma N3876) into the saline used for imaging on
each experimental day. 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. Baseline recording was performed during 1 min, after which the saline supply was switched to drug supply. The solution
reached the in vivo preparation within 30 s. The stimulation was maintained for 30 s, before switching back to the saline perfusion for
an additional 5 min.

For the glucose consumption experiments, validamycin A (Sigma 32347), a trehalase-selective inhibitor, was directly diluted into
artificial haemolymph 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 acquisition, 10 pL of the solution was added to the 90 pL saline droplet on top of the brain, bringing
validamycin A to a final concentration of 4 mM. The signal was then acquired for another 12 min. Image analysis was performed using
a custom-written MATLAB script. Regions of interest (ROI) were delimited by hand around the labeled regions of interest (cortex glia
or all MB neuron somata). For glucose imaging using the FLII12Pglu-700u36 glucose sensor, the average intensity of the YFP and
CFP channels over each ROI were calculated over time after background subtraction. The FRET ratio (YFP/CFP) of the FLII12P-
glu-700136 glucose sensor was computed to obtain a signal positively correlated with the glucose concentration. This ratio was
normalized by a baseline value calculated over the 30 s preceding drug injection. The area over the curve (AOC) was computed in
order to obtain values positively correlated with glucose consumption. AOC was calculated as the integral between 200 s and
900 s.
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The low-affinity glucose sensor iGlucoSnFR was used to estimate the baseline glucose concentration. For this, the trace of fluo-
rescence decrease following validamycin A application was normalized to the value of the stable floor plateau that ended all of the
recordings, corresponding to the fully unbound state of the sensor. The decrease was recorded for 900 s after the drug application
and the floor value was calculated as the average over the last 150 s of the recording.

For calcium imaging, the GCaMP6f signal was calculated over time after background subtraction and normalized by a baseline
value calculated over the 30 s preceding drug injection.

Pyruvate imaging experiments were performed according to a previously well-characterized protocol (Placais et al., 2017). After
1 min of baseline acquisition, 10 pl of a 50 mM sodium azide solution (prepared in the same artificial haemolymph solution) were in-
jected into the 90-ul droplet bathing the fly’s brain, bringing sodium azide to a final concentration of 5 mM. ROl were delimited by
hand around each visible vertical lobe, and the average intensity of both mTFP and Venus channels over each ROl were calculated
over time after background subtraction. The Pyronic sensor was designed so that FRET from mTFP to Venus decreases when py-
ruvate concentration increases. To obtain a signal that positively correlates with pyruvate concentration, the inverse FRET ratio was
computed as mTFP intensity divided by Venus intensity. This ratio was normalized by a baseline value calculated over the 30 s pre-
ceding drug injection. The slope was calculated between 10 and 70% of the plateau.

The indicated ‘n’ is the number of animals that were assayed in each condition.

Generation of Transgenic Flies

The 2250 SIN-cPPT-PGK-FLIIP-glu700-WHV plasmid was digested by BamHI and Xbal. The resulting 2,395 bp fragment was puri-
fied by electrophoresis and cloned into the pJFRC19 plasmid (13XLexAop2-IVS-myr::GFP) previously 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-spe-
cific embryonic injection of the resulting vector in the attP18 landing site (chromosome 1), which was outsourced to Rainbow Trans-
genic Flies, Inc (CA, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as mean + SEM. For behavior experiments, 2 groups of about 30 flies were reciprocally conditioned, using
respectively octanol or methylcyclohexanol as the CS*. The memory score was calculated from the performance of two groups
as described above, which represents an experimental replicate. For imaging experiments, one replicate corresponds to one fly
brain. Comparisons of the data series between two conditions were achieved by a two-tailed unpaired t test (Figures 1C, 1D, 2C,
2D, 3C-3F, 4F, 5F, 6A, 6D, S1C-S1E, S3C, and S3D). Comparisons between more than two distinct groups were made using a
one-way ANOVA test, followed by Newman-Keuls pairwise comparisons between the experimental groups and their controls (Fig-
ures 1A, 2A, 3A, 4C-4E, 5A, 5B, 5D 5E, 6B, 6C, S1B, S2A-S2C, S2E, S2F, S3A, S3B, S4A-S4E, S5A-S5E, and S6B). 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 be-
tween groups and y is the total number of degrees of freedom for the distribution. Statistical tests were performed using the Graph-
Pad Prism 7 software. In the figures, asterisks illustrate the significance level of the t test, or of the least significant pairwise post-hoc
comparison following an ANOVA, with the following nomenclature: *p < 0.05; **p < 0.01; **p < 0.001; ns: not significant, p > 0.05.
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