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SUMMARY

An animal’s metabolic state strongly influences its behavior. Hungry animals prioritize food-seeking and
feeding behaviors, while sated animals suppress these behaviors to engage in other activities. Additionally,
neuronal activity and synaptic transmission are among the most energy-expensive processes. However,
neurons do not uptake nutrients from the circulation. Instead, glia fulfill this highly evolutionarily conserved
function in addition to modulating neuronal activity and behavior. However, how different glia subtypes sense
metabolic state and modulate behavior is incompletely understood. Here, we unravel two types of glia-medi-
ated modulation of metabolic-state-dependent behavior. In food-deprived flies, astrocyte-like and perineu-
rial glia promote foraging and feeding, respectively, while cortex glia suppress these behaviors. We further
show that adenosine and adenosine receptors modulate intracellular calcium levels in these glia subtypes,
which ultimately controls behavior. This study reveals a mechanism of how different glia subtypes sense

an animal’s metabolic state and modulate its behavior accordingly.

INTRODUCTION

Most animals live in dynamic environments where nutrient avail-
ability fluctuates, requiring behavioral and metabolic adaptation.
To prepare for periods of food scarcity, animals mobilize internal
energy stores and prioritize behaviors such as foraging.' How-
ever, these behaviors are themselves energy demanding and
must therefore be tightly regulated and repressed when the an-
imal reaches satiation. While neuronal processing is known to be
modulated by metabolic state,* the role of glia—the other major
cell type in the nervous system—in regulating metabolism-
related behavior remains underexplored.

Glia, long known as support cells for neurons, respond to neu-
rotransmitters via changes in internal calcium® and modulate
neuronal activity through various mechanisms such as neuro-
transmitter turnover, potassium buffering, and release of
signaling molecules often referred to as gliotransmitters.”*® This
bidirectional neuron-glial communication influences diverse be-
haviors across species.® In the context of metabolic state and
obesity, astrocytes in the hypothalamus influence neuronal ac-
tivity and food intake in mice.® ' Given their widespread distri-
bution as well as their extended arborization and nets, glial cells
are well positioned for broadcasting essential physiological
states globally across the nervous system.®

Similar to in mammals, glia in insects comprise different sub-
types distributed according to their function within the central
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nervous system (CNS)."*'® Cortex glia (CG) tightly embed
neuronal somas, which are, contrary to vertebrates, located
at the surface of the fly’s brain. There, CG modulate neuronal
excitability'®"” and provide necessary nutrients for neurons to
sustain memory formation.'® From the surface, flies’ monopolar
neurons send neurites that further differentiate into axons and
dendrites, forming the neuropil. Within the neuropil, astrocyte-
like glia (ALG) interact with synapses, while ensheathing glia
(ENG) interact with neurites and form internal barriers sepa-
rating neuropil compartments. Several studies have shown
that ALG are involved in the modulation of different behaviors
in flies, including sleep homeostasis, chemotaxis, or drink-
ing,’®" while ENG participate in the transmission of negative
stimuli during memory formation and are involved in sleep
homeostasis.?*°

Two further glial types—the perineurial glia (PNG) and subper-
ineurial glia (SPN)—form the fly’s hemolymph-brain barrier
(HBB), akin to the mammalian blood-brain barrier (BBB).2**°
SPN cells form septate junctions regulating molecular flow into
the CNS, while PNG cells assist in nutrient transport and CNS en-
ergy supply.?2”

Given their position at the interface between circulation and
neurons, glia and the BBB have recently been proposed to
detect nutrient availability in the blood or the hemolymph and
to transmit this information to the rest of the nervous sys-
tem.""?®732 Although the mechanisms enabling glia to sense
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metabolic state are currently unknown, we hypothesized that
ATP, the energetic unit of living organisms, could be a good
candidate to bridge metabolic sensing and adaptive behavior
in response to high energy demand or deprivation. In addition
to being released and detected in the nervous system by both
neurons and glia, ATP can be hydrolyzed into adenosine.**
Among its many functions,** ¢ extracellular adenosine contrib-
utes to energetic metabolism by signaling cellular energy
demand in different tissues.>° In the nervous system, lower con-
centrations of ATP/adenosine were suggested to promote
more demanding cognitive tasks when energy is available and
higher concentrations to encourage behaviors related to food
seeking.*” According to this model, purinergic signaling would
provide information to the brain about the organism’s low ener-
getic context in order to prioritize food search and energy saving
through lowering demanding cognitive activity and resting. How-
ever, this appealing model remains to be formally demonstrated.

In this study, we provide evidence supporting this model. We
show that adenosine accumulates in starved flies and is de-
tected by various glial subpopulations, including HBB-forming
glia. Adenosine signaling alters glial calcium responses depend-
ing on metabolic state and modulates behavior to promote food
seeking and feeding. These findings provide a new mechanism
used by flies, and potentially other animals, to adapt their
behavior in response to their systemic energy levels.

RESULTS

Circulating adenosine modulates feeding behavior in
starved flies

Previous studies have shown that adenosine signaling regulates
carbohydrate metabolism in fly larvae: mutants with elevated
systemic adenosine exhibit impaired glycogen storage and
increased circulating glucose.“® Additionally, adenosine is pro-
duced during infections in response to the heightened nutrient
demands of active immune cells.*'*? We therefore hypothesized
that adenosine acts as a systemic signal of energy deprivation in
starved flies. To test this, we measured adenosine levels in
starved flies using mass spectrometry and found a significant in-
crease after 24 h of starvation compared to fed controls
(Figure 1A), suggesting that food deprivation leads to an increase
in systemic adenosine levels.

We next assessed whether elevated adenosine impacts
feeding behavior by mimicking starvation in fed flies. Wild-type
flies were fed standard food supplemented with the chemically
stable adenosine receptor (AdoR) agonist 2-chloroadenosine
(2 mM).*® To analyze the impact of this manipulation on feeding
behavior, we used the FlyPAD feeding assay** (Figures 1B and
S1A). Interestingly, we found that systemic and chronic AdoR
activation significantly increased the number of sips taken on
10% sucrose in fed flies, mimicking starved flies’ behavior
(Figure 1C). The FlyPAD assay also enables detailed feeding
pattern analysis.** Similar to rodents, flies feed in activity
bouts—when the animal visits the food source—subdivided
into bursts of sips®® (Figure 1B). As expected, 24-h-starved
wild-type flies showed increased sip duration, burst number
and duration, and more activity bouts compared to fed flies*
(Figures S1B-S1G). Similarly, 2-chloroadenosine-fed flies visited
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sucrose drops more frequently and displayed longer and more
frequent feeding bursts (Figures STH-S1M).

In addition to the FlyPAD, we used an olfactory-driven spherical
treadmill paradigm that we previously developed as a proxy for
metabolic-state-dependent persistence in foraging behavior*®
(Figure 1D). In brief, we have shown that hungry flies persistently
track vinegar odor—a food-predicting cue—with increasing effort
over ten trials in the absence of food reward, while fed flies do not.
Remarkably, feeding flies with 2-chloroadenosine prior to the
experiment induced a starvation-like state: fed flies track the suc-
cessive vinegar-odor stimuli more persistently and more quickly
(Figures 1E and 1F).

We then asked whether a state of perceived hunger could be
induced by enhancing endogenous adenosine production. To
do this, we reduced the expression of the adenosine deaminase
growth factor A (AdgfA), an enzyme that converts adenosine into
inactive inosine. Mutant flies for this enzyme have previously
been shown to present an increase in adenosine levels.***"*®
We reduced AdgfA expression by knockdown via RNA interfer-
ence (RNAI) in hemocytes, in which AdgfA promotes the mobiliza-
tion of internal energy stores,®>*° as well as in the fat body,
where the enzyme is not expressed, as a control. Interestingly, he-
mocyte-specific AdgfA knockdown flies took about twice as many
sips as controls (Figure 1G) and were less resistant to starvation,
consistent with energy wasting®® (Figure S1N). In 24-h-starved
flies, AdgfA knockdown further increased sip duration, feeding-
burst frequency and duration, and activity bouts (Figures S10-
S1T), suggesting that peripheral production of high levels of circu-
lating adenosine promotes feeding in starved flies.

We next examined whether adenosine produced in the CNS
also modulates feeding. The fly genome encodes multiple Adgf
isoforms.*” By analyzing previously published single-cell tran-
scriptomic sequencing data using the SCope online tool, we
found that AdgfC and AdgfD are likely expressed in the adult
fly brain, mostly in glia.>° We therefore knocked down AdgfC
and AdgfD by expressing RNAi under the control of the pan-
glia genetic driver Repo-Gal4. As a control, we also expressed
the RNAI against AdgfA, since the expression of this isoform
has not been reported in the fly brain. None of these manipula-
tions affected feeding (Figure 1H).

Taken together, these results suggest that increased levels of
adenosine circulating in the hemolymph are responsible for
modulating feeding-state-dependent behavior in response to
food deprivation.

Adenosine signaling in the CNS is necessary for feeding-
state-dependent behavior
Having found that adenosine modulates feeding behavior, we
next sought to identify the signaling mechanisms and cell types
involved. Unlike mammals, flies likely rely on a single G-protein-
coupled AdoR.°" Transcriptomic data show that AdoR is
predominantly expressed in glial cells, with some neuronal
expression.”® To determine where AdoR is required for meta-
bolic-state-dependent behavior, we knocked down AdoR in
neurons and glia, respectively.

AdoR knockdown in neurons led to increased sucrose con-
sumption in 24-h-starved flies (Figure 2A). Interestingly, AdoR
seems to be expressed in dopaminergic neurons (DANs) and
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Figure 1. Extracellular adenosine is increased in food-deprived flies and promotes feeding and food-odor tracking behavior
(A) Adenosine content in fed vs. 24-h-starved CS flies (n = 6/6 replicates; 10 flies/replicate; Mann-Whitney U test, p = 0.0022).
(B) FlyPAD feeding assay. Single freely moving flies were feeding on agarose drops containing 10% sucrose for 1 h. Feeding behavior was assessed by both the

number of sips and the feeding activity pattern.

(C) Cumulative number of sips (mean + SEM) and total number of sips taken on 10% sucrose drops in fed wild-type flies kept for 5 days on standard fly food
supplemented with the AdoR agonist 2-chloroadenosine (2-Cl-Ado; 2 mM; n = 57/57; Mann-Whitney U test, p < 0.0001).
(D) Odor-tracking paradigm. A single tethered fly is freely walking on an air floating ball and stimulated for 12 s with vinegar odor. This stimulation protocol is

repeated over ten trials.

(E) Averaged forward running speed (+SEM) in fed flies kept for 5 days on standard fly food supplemented with 1.65 mM 2-Cl-Ado.

(F) Running speed during odor exposure (mean + SEM; n = 10/12/12; 2-way repeated-measures [RM] ANOVA, p(groups) = 0.0282; p(trials) = 0.0034; p(inter-
action) = 0.55). The scatterplot displays the averaged running speed over the ten trials (unpaired t test, p = 0.0282).

(G) In the extracellular space, adenosine is degraded into inactive inosine by adenosine deaminases (Adgf). Cumulative number of sips (mean + SEM) and total
number of sips on 10% sucrose drops in 24-h-starved control flies (—>AdgfAi) or upon knockdown of AdgfA in the fat body (LPP>AdgfAi) or hemocytes
(HE>AdgfAi; n = 25/22/24; Welch’s one-way ANOVA, p < 0.0001).

(H) Cumulative number of sips (mean + SEM) and total number of sips taken on 10% sucrose drops in 24-h-starved control flies (Repo>—) or upon knockdown of
the different Adgf isoforms in glia (Repo>AdgfAi, -Ci, and -Di; n = 27/29/21/25; Kruskal-Wallis test p = 0.48).

Scatterplots display individual data points, as well as the mean + SEM for each group. Pairwise comparisons: ns, non-significant (p > 0.05); *p < 0.05; **p < 0.01;

***p < 0.001. See also Figure S1.

octopaminergic neurons (OANs),*° both implicated in state-
dependent behaviors.>*® Targeted AdoR knockdown in these
populations revealed that only flies deficient for AdoR in DANs
consumed more sucrose than controls (Figures S2A-S2G),
implicating that AdoR in DANs contributes to feeding regulation.

In contrast, glial-specific AdoR knockdown resulted in signifi-
cantly reduced sucrose intake (Figure 2B). Feeding-structure
analysis showed reductions in sip duration, food-source visit
frequency, and feeding-burst duration and frequency (Figures
S2H-S2M). To exclude developmental effects, we restricted
AdoR-RNAi expression to adults using the RU486-inducible
Gene-Switch system®® and observed similarly reduced sucrose

intake (Figures 2C and 2D). These findings suggest that systemic
adenosine stimulates feeding via AdoR signaling in glia during
starvation.

We also examined AdoR’s role in food-odor tracking. Here,
only glial—but not neuronal—AdoR knockdown in starved flies
reduced forward running speed toward vinegar odor without
affecting baseline locomotion, consistent with previous find-
ings®® (Figures 2E, 2F, and S2N), indicating reduced foraging
persistence. This result was confirmed with a separate RNAI
line (Figures S3A and S3B) and adult-restricted expression using
the temperature-sensitive TARGET system,®® which produced
similar tracking deficits (Figures S3C-S3F).
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Figure 2. Adenosine signaling in glia is necessary for feeding-state-dependent behavior

(A) Cumulative number of sips (mean + SEM) and total number of sips on 10% sucrose drops in 24-h-starved control flies (\Syb>— and —>AdoRi) or upon
knockdown of AdoR in neurons (nSyb>AdoRi; n = 32/30/29; Kruskal-Wallis test, p = 0.0006).

(B) Cumulative number of sips (mean + SEM) and total number of sips on 10% sucrose drops in 24-h-starved control flies (Repo>— and —>AdoRi) or upon
knockdown of AdoR in glia (Repo>AdoRi; n = 20/20/32; Kruskal-Wallis test, p < 0.0001).

(C and D) Temporal restriction of knockdown of AdoR in glia using the Gene-Switch system. (C) Cumulative number of sips (mean + SEM) and total number of sips
on 10% sucrose drops in uninduced 24-h-starved flies (n = 27/31/30; one-way ANOVA, p = 0.21). (D) Cumulative number of sips (mean + SEM) and total number of
sips on 10% sucrose drops in 24-h-starved flies, after induction of Gal4 expression using RU486 (n = 37/37/37; Welch’s one-way ANOVA, p < 0.0001).

(E) Averaged forward running speed (+SEM) in 24-h-starved control (—>AdoRi) flies or upon knockdown of AdoR in neurons (nSyb>AdoRi) and glia (Repo>AdoRi),
respectively.

(F) Running speed during odor exposure (mean + SEM; n = 10/12/12; 2-way RM ANOVA, p(groups) = 0.0366; p(trials) < 0.0001; p(interaction) = 0.40). Sidak’s post
hoc trial-to-trial comparisons are depicted on the top of the graphs as color-coded boxes (gray, p > 0.05; orange, p < 0.05; red, p < 0.01). The scatterplot displays
the averaged running speed over the ten trials (one-way ANOVA, p = 0.0366).

Scatterplots display individual data points, as well as the mean + SEM for each group. Post hoc pairwise comparisons: ns, non-significant; *p < 0.05; *“p < 0.01;

***p < 0.001. See also Figures S2 and S3.

Overall, these data show that glial AdoR is necessary for both
feeding and food-odor tracking in starved flies.

Adenosine signaling in specific glia subpopulations
differentially modulates behavior

To further dissect the role of adenosine signaling in the different
glia subpopulations with different positions and functions in
the nervous system, we used subtype-specific driver lines'
(Figure 3A).

Knocking down AdoR in PNG significantly reduced sip counts
in 24-h-starved flies (Figure 3B), correlated with shorter activity
bouts and feeding bursts, while activity bout and burst numbers
were unchanged (Figures S4C-S4F). However, longer-term
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feeding behavior remained unaffected (Figure S4G), suggesting
that other physiological mechanisms can compensate for the
initial deficit. Consistent with this observation, these flies sur-
vived starvation for more than 60 h, suggesting that their long-
term feeding behavior and nutrient storage is not affected
(Figure S4H).

In contrast, AdoR knockdown in SPN did not alter total sip
count (Figure 3B) but did reduce sip frequency and increase
food-source visits (Figures S4B and S4C). These changes were
balanced by shorter feeding bouts and bursts, yielding un-
changed food intake (Figures S4D and S4F). Knocking down
AdoR in ALG or ENG had no effect on feeding (Figures 3C
and 3D). As PNG-specific knockdown mimicked the pan-glial
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Figure 3. Adenosine signaling in perineurial and astrocyte-like glia subpopulations differentially affects feeding and food-odor tracking
behavior

(A) Anatomical location of the different glia subpopulations in the fly CNS. PNG, perineurial glia; SPN, subperineurial glia; CG, cortex glia; ALG, astrocyte-like glia;
ENG, ensheathing glia.

(B) Cumulative number of sips (mean + SEM) and total number of sips on 10% sucrose drops in 24-h-starved control flies (—>AdoRi) or upon knockdown of AdoR
in PNG (PNG>AdoRi) and SPN (SPN>AdoRi), respectively (n = 49/51/48; Kruskal-Wallis test, p = 0.0096).

(C) Cumulative number of sips (mean + SEM) and total number of sips on 10% sucrose drops in 24-h-starved control flies (ALG>— and —>AdoRi) or upon
knockdown of AdoR in ALG (ALG>AdoRi; n = 47/45/46; Kruskal-Wallis test, p = 0.39).

(D) Cumulative number of sips (mean + SEM) and total number of sips on 10% sucrose drops in 24-h-starved control flies (ENG>— and —>AdoRi) or upon
knockdown of AdoR in ENG (ENG>AdoRi; n = 22/24/24; Kruskal-Wallis test, p = 0.51).

(E) Averaged forward running speed (+SEM) in 24-h-starved control flies (PNG>— and —>AdoRi) or upon knockdown of AdoR in PNG (PNG>AdoRi).

(F) Running speed during odor exposure (mean + SEM; n = 13/13/14; 2-way RM ANOVA, p(groups) = 0.19; p(trials) < 0.0001; p(interaction) = 0.99). The scatterplot
displays the averaged running speed over the ten trials (one-way ANOVA, p = 0.19).

(G) Averaged forward running speed (+SEM) in 24-h control flies (ALG>— and —>AdoRi) or upon knockdown of AdoR in ALG (ALG>AdoRI).

(H) Running speed during odor exposure (mean + SEM; n = 14/13/15; 2-way RM ANOVA, p(groups) = 0.0030; p(trials) < 0.0001; p(interaction) = 0.80). The
scatterplot displays the averaged running speed over the ten trials (one-way ANOVA, p = 0.0030).

For food-odor tracking behavior experiments, Sidak’s post hoc trial-to-trial comparisons are depicted on the top of the graphs as color-coded boxes (gray,
p >0.05; orange, p < 0.05; red, p < 0.01). Scatterplots display individual data points as well as the mean + SEM for each group. Post hoc pairwise comparisons: ns,
non-significant; *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S4.
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phenotype, we concluded that AdoR in PNG is essential for star-
vation-induced feeding behavior.

Interestingly, PNG-specific AdoR knockdown did not impair
food-odor tracking (Figures 3E and 3F). Neither SPN nor ENG
knockdown affected vinegar tracking (Figures S41-S4L). However,
ALG-specific knockdown significantly reduced forward running
speed in starved flies (Figures 3G and 3H), a result confirmed
with a second RNAiI line (Figures S4M and S4N). Innate vinegar
attraction was intact (Figures S40 and S4P), and starvation
survival was unaffected (Figure S4Q), indicating a specific deficit
in persistent odor tracking rather than sensory or survival
impairment.

In summary, AdoR is required in distinct glial subtypes for spe-
cific behaviors in starved flies: PNG AdoR promotes feeding,
while ALG AdoR supports persistent food-odor tracking.

Adenosine signaling in cortex glia inhibits feeding-
state-dependent behaviors

We have shown that AdoR signaling promotes foraging and
feeding through distinct glial subtypes in response to increased
adenosine levels in hungry flies. While AdoR knockdown in PNG
and ALG replicated different aspects of pan-glial knockdown,
knockdown in CG had an opposite effect. Indeed, starved flies
with CG-specific AdoR knockdown took significantly more su-
crose sips than controls (Figure 4B), visited the sucrose source
more often, and showed increased feeding-burst frequency
(Figures S5A-S5F). This was confirmed with an independent
AdoR-RNAi line (Figure S5G). Even without food deprivation,
CG-deficient flies fed more than controls (Figure S5H), not only
on sucrose but also on standard fly food (Figure 4C).

Using the capillary feeder (CAFE) assay, we found that flies
deficient in AdoR in CG continued to overeat after 16 h
(Figure 4D), suggesting a failure to reach satiation. We then
wondered about their ability to store superfluous energy in the
form of fat by measuring triacylglyceride (TAG) levels after a
high-fat, high-sugar diet, which normally increases fat storage
(Figure 4E). Despite consuming similar amounts as controls
(Figure S5I1), CG AdoR-deficient flies showed decreased TAG/
protein ratios, suggesting impaired fat storage. This mirrors
phenotypes seen in AdgfA mutants with elevated hemolymph
adenosine levels,*° implicating AdoR signaling in CG—alongside
the fat body*°—in regulating energy storage and associated
behaviors.

In addition to feeding, 24-h-starved flies deficient in AdoR in
CG did not show any difference in their running speed over mul-
tiple trials during vinegar stimulation in odor-tracking experi-
ments (Figures 4F and 4G), while flies fed ad libitum ran signifi-
cantly faster toward vinegar odor than controls in successive
trials (Figures 4H and 4l). These flies did not show any difference
in basal locomotion on the treadmill nor in their innate preference
to vinegar odor (Figures S5J-S5M). However, they were more
sensitive to starvation and died earlier compared to controls,
consistent with an impairment in nutrient storage (Figure S5N).
Taken together, these data show that appropriate energy-
dependent expression of foraging and feeding behavior requires
expression of AdoR in CG.

Together, our data show that adenosine signaling in glia
modulates hunger-state-dependent behaviors, i.e., persistent
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foraging and feeding, differentially through at least three different
types of glial cells—PNG, ALG, and CG. While AdoR in PNG pro-
motes feeding but not foraging, AdoR signaling in ALG promotes
foraging but not feeding upon starvation. By contrast, AdoR
signaling in CG is required to suppress foraging and feeding in
flies fed ad libitum.

Starvation and adenosine signaling modulate glial
intracellular calcium levels

Our data highlight a critical role for adenosine signaling in glial
subtypes regulating feeding and foraging behavior. We next
explored how adenosine signaling in glia produces these effects.
Across species, glial calcium activity often responds to neuronal
activity and modulates neuronal excitability, synaptic transmis-
sion, and behavior.”® In flies, glial calcium dynamics have also
been linked to neuronal activity and behavior.'®"7:20:23:55-57 e
therefore investigated whether starvation modulates calcium
levels by using the calcium-modulated photoactivatable ratio-
metric integrator (CaMPARI2) as a proxy for calcium activity in
explant brains (Figure 5A).°%>°

In PNG, CaMPARI2 photoconversion did not differ between
fed and 24-h-starved flies in standard saline containing
D-glucose and trehalose, the main types of sugar found in the
fly’s hemolymph (Figures S6A and S6B). However, since hemo-
lymph sugar levels drop during starvation,’® we repeated the
experiment in sugar-free saline.°’ Under these conditions,
24-h-starved flies showed significantly increased CaMPARI2
signal in PNG, suggesting that PNG react to low levels of sugar,
or starvation, with an increase of cellular calcium (Figures 5B and
5C). Given that AdoR is required in PNG for feeding during star-
vation, we knocked down AdoR in PNG and found that it
impaired the starvation-induced calcium increase, indicating
that adenosine signaling is required for this effect (Figures 5B
and 5C).

We then artificially elevated calcium in PNG by expressing the
red-shifted channelrhodopsin CsChrimson.®? Although glial cells
are not electrically excitable, channelrhodopsins are known to be
permeable to calcium cations and have been successfully used
in glia to induce calcium transients.®** Closed-loop optoge-
netic activation during feeding on the FlyPAD, triggered by pro-
boscis contact with the sucrose drop,®® progressively increased
sucrose intake in fed flies (Figure 5E). This was accompanied by
longer sip durations as well as increased activity bouts and
feeding-burst frequency (Figures S5D-S5I), suggesting that our
optogenetic stimulation paradigm indeed mimicked food depri-
vation in fed flies.

We next assessed calcium levels in CG. Starved flies again
showed elevated CaMPARI2 photoconversion in CG compared
to fed controls (Figures 5F and 5G). Unlike in PNG, AdoR knock-
down in CG increased calcium in fed, but not in starved, flies,
suggesting that AdoR suppresses calcium levels increase in
CG under nutrient-rich conditions (Figures 5F and 5G). Remark-
ably, although CG also transport glucose,?®° the presence of
D-glucose and trehalose in the saline solution did not influence
calcium levels in CG in fed or starved brain, respectively
(Figure S6J).

Albeit less strongly than PNG stimulation, optogenetic CG
stimulation via CsChrimson also enhanced feeding behavior in
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Figure 4. Adenosine signaling in cortex glia inhibits feeding and food-odor tracking behavior

(A) Anatomical location of the different glia subpopulations in the fly CNS. PNG, perineurial glia; SPN, subperineurial glia; CG, cortex glia; ALG, astrocyte-like glia;
ENG, ensheathing glia.

(B) Cumulative number of sips (mean + SEM) and total number of sips on 10% sucrose drops in 24-h-starved control flies (CG>— and —>AdoRi) or upon
knockdown of AdoR in CG (CG>AdoRi; n = 45/44/44; Kruskal-Wallis test, p = 0.0006).

(C) Cumulative number of sips (mean + SEM) and total number of sips on standard fly food drops in fed control flies (pBDPU>AdoRi) or upon knockdown of AdoR
in CG (CG>AdoRi; n = 31/31; Mann-Whitney U test, p = 0.0251).

(D) Sucrose consumption of control flies (CG>— and —>AdoRi) or upon knockdown of AdoR in CG (CG>AdoRi) after 16 hin the CAFE (n = 10/10/11; Kruskal-Wallis
test, p = 0.0035).

(E) Relative triacylglyceride (TAG) content in control flies (CG>—) and flies deficient for AdoR in CG (CG>AdoRi) fed on standard fly food or on high-fat-, high-
sugar-containing food (HFHS; n = 8/7/8/8 replicates; 5 flies/replicate; 2-way ANOVA, p(groups) < 0.0001; p(diet) < 0.0001; p(interaction) < 0.0001).

(F) Averaged forward running speed (+SEM) in 24-h-starved control flies (CG>— and —>AdoRi) or upon knockdown of AdoR in CG (CG>AdoRi).

(G) Running speed during odor exposure (mean + SEM; n=11/11/11; 2-way RM ANOVA, p(groups) = 0.67; p(trials) < 0.0001; p(interaction) = 0.40). The scatterplot
displays the averaged running speed over the ten trials (one-way ANOVA, p = 0.67).

(H) Averaged forward running speed (+SEM) in fed control flies (CG>— and —>AdoRi) or upon knockdown of AdoR in CG (CG>AdoRi).

(I) Running speed during odor exposure (mean + SEM; n = 11/11/11; 2-way RM ANOVA, p(groups) = 0.0077; p(trials) < 0.0001; p(interaction) = 0.50). The
scatterplot displays the averaged running speed over the ten trials (one-way ANOVA, p = 0.0077).

For food-odor tracking behavior experiments, Sidak’s post hoc trial-to-trial comparisons are depicted on the top of the graphs as color-coded boxes (gray,
p >0.05; orange, p < 0.05; red, p < 0.01). Scatterplots display individual data points as well as the mean + SEM for each group. Post hoc pairwise comparisons: ns,
non-significant; *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S5.
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Figure 5. Starvation and adenosine signaling modulate intracellular calcium levels in perineurial and cortex glia
(A) Ex vivo CaMPARI imaging assessing cytoplasmic calcium accumulation. The CaMPARI protein converts from green to red fluorescence (here in magenta) in

the presence of high [Ca?*] and photoconversion by UV light.

(B) Example images of CaMPARI2-L398T-expressing PNG cells in dorso-caudal brain explants from fed and 24-h-starved control flies (PNG>—) and upon
knockdown of AdoR (PNG>AdoRi), in sugar-free artificial hemolymph saline (AHL), after photoconversion (D-Glu, D-glucose; Tre, trehalose). Scale bar, 20 pm.
(C) Photoconversion ratios in fed and 24-h-starved control flies (n = 9/11), as well as for 24-h-starved PNG>AdoRi flies (N = 10; two-way ANOVA, p(AHL) = 0.0076;

p(groups) = 0.06; p(interaction) = 0.06).

(D) Closed-loop optogenetic stimulation paradigm in the FlyPAD feeding assay. The red LED is triggered by the interaction between the fly’s proboscis and the

sucrose drop.

(E) Cumulative sips (mean + SEM) and total number of sips on 10% sucrose drop in fed control flies (PNG>— and —>CsChr) or in fed flies expressing CsChrimson

in PNG (PNG>CsChr; n = 23/22/23; Kruskal-Wallis test, p < 0.0001).
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fed flies, increasing sip counts, activity bouts, and feeding bursts
(Figures 5H, S6C, and S6K-S6P). These findings reveal a more
nuanced relationship among sugar levels, glial calcium, and
feeding behavior. Still, the imaging data align with our behavioral
results (see Figure 4), confirming that AdoR in CG suppresses
both calcium levels and feeding under fed conditions.

Since PNG and CG stimulation were sufficient to promote
feeding, we hypothesized that they influence neuronal circuits.
Given dopamine’s role in state-dependent behaviors and prior
evidence in rodents and flies demonstrating that astrocytes
modulate DAN activity,'°4°® we focused on these modulatory
neurons. Specifically, fly’s DANs from the protocerebral anterior
medial (PAM) cluster, which innervate the horizontal lobe
of the mushroom body (MB), convey various appetitive
signals, including vinegar odor and sucrose.®®™"® Using in vivo
2-photon imaging, we recorded PAM-DAN calcium activity while
optogenetically stimulating PNG or CG (Figures 5l and 5J). A sin-
gle 100-ms stimulation of PNG evoked strong calcium transients
in DAN axons innervating the y5, 2, and p'2 compartments of
the MB, known to respond to sucrose taste’®’? (Figures 5K,
5L, S7A, and S7B). In contrast, no response was observed in
the y3 compartment, also consistent with prior findings’®"?
(Figures S7E and S7F). Contrary to PNG, stimulation of CG did
not evoke DAN calcium responses (Figures 5K, 5L, and S7),
although we cannot rule out effects from longer stimulation, as
sustained CG activation has triggered seizure-like activity in
larvae.'® We also observed small but significant responses to
the light stimulus in control flies, especially in y3 and y4 compart-
ments (Figures S7C-S7F), consistent with known visual re-
sponses in the fly MB.”*"®

Altogether, our data show that AdoR signaling is responsible
for the regulation of cytoplasmic calcium levels in PNG and
CG. While adenosine signaling in PNG is necessary for the cal-
cium increase we observed in starved flies, it prevents its in-
crease in CG of fed flies. In addition, we show that optogenetic
stimulation of PNG is sufficient to promote feeding in fed flies
as well as to evoke calcium transients in neurons conveying
sweet taste information.

Adenosine signaling in perineurial, cortex, and
astrocyte-like glia alters dopaminergic neuron calcium
responses in a state-dependent manner

Since PAM-DANs may mediate glial influence on behavior and
AdoR is required in glia for state-dependent behavior, we tested

¢? CellPress
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whether AdoR in glia could modulate PAM-DAN responses to
food-related cues. Using in vivo 2-photon microscopy, we re-
corded calcium responses to vinegar odor in PAM neurons in
flies with AdoR knockdown in PNG, CG, or ALG (Figures 6A-6C).
In control flies, we observed an increased vinegar odor
response in 24-h-starved flies as compared to fed flies, consis-
tent with our previous findings’® (Figures 6D-6G and S8). Impor-
tantly, AdoR expression in glia was required for this state-depen-
dent modulation. Knockdown of AdoR in PNG increased
vinegar-odor responses in the y5 compartment of the MB in
fed flies (Figures 6D and 6G, left), while no such effect was
observed in the y3 compartment (Figures 6F and 6G, right) and
with intermediate changes in y4, f2, and p'2 (Figures 6E, 6G,
and S8), suggesting compartment-specific modulation, consis-
tent with our optogenetic data (Figures 5K, 5L, and S7).
Conversely, knockdown of AdoR in CG or ALG decreased vin-
egar responses in starved flies across MB compartments
(Figures 6D-6G and S8). For ALG, this matches the observed
deficits in vinegar-odor tracking (Figures 3G and 3H). By
contrast, the imaging data obtained on flies with AdoR knock-
down in PNG and CG surprisingly seem to conflict with their
respective phenotypes on the treadmill assay (see Figures 3E,
3F, and 4F-4l), as we expected to see no difference in the
DAN response to vinegar upon knockdown of AdoR in PNG
and an increase upon knockdown of AdoR in CG. This indicates
that PAM-DANs may not be the primary or the only targets of
PNG and CG. This is not surprising, as these neurons comprise
only a part of the complex neural circuits underlying feeding and
olfactory-driven behaviors, while glia is ubiquitous in the CNS.
Therefore, while our data suggest that the effects of adenosine
signaling in ALG might modulate foraging behavior through MB
DANSs, the situation appears more complex for PNG and CG.

Adenosine signals in cortex and astrocyte-like glia
occur through distinct intracellular pathways

The data presented so far indicate that adenosine signals might
be different in distinct glia subpopulations and in turn regulate
different aspects of behavior. To gain a better understanding of
the mechanisms linking adenosine signaling to glia physiology,
we sought to investigate the signaling pathways downstream
of AdoR activation in glia. In Drosophila, AdoR has been shown
to activate cyclic AMP production and intracellular calcium
release, suggesting coupling to Gas- and Gag-protein-mediated
pathways (Figure 7A).*%°"

(F) Example images of CaMPARI2-L398T-expressing CG cells in dorso-caudal brain explants from fed and 24-h-starved control flies (CG>—) and upon

knockdown of AdoR (CG>AdoRi), after photoconversion. Scale bar, 20 pm.

(G) Photoconversion ratios in fed and 24-h-starved control flies (CG>—; n = 18/17) and upon knockdown of AdoR (CG>AdoRi; n = 18/20; two-way ANOVA,
p(feeding state) = 0.50; p(genotype) = 0.49; p(interaction) = 0.0014; see Figure S6J).
(H) Cumulative sips (mean + SEM) and total number of sips on 10% sucrose drops in fed control flies (CG>— and —>CsChr) or in fed flies expressing CsChrimson

in CG (CG>CsChr; n = 44/41/37; Kruskal-Wallis test, p = 0.0040).

(I) Optogenetic stimulation of PNG and CG, respectively, during in vivo 2-photon calcium imaging in dopaminergic neurons (DANs).

(
(
(CG>CsChr), respectively (gray line, LED OFF; red line, LED ON).
(

action) = 0.0368).

J) GCaMP6f expression pattern in the PAM-DAN cluster in the different compartments of the MB.
K) Average (+SEM) AF/F calcium responses in PAM-DANs innervating the y5 compartment of the MB to optogenetic stimulation of PNG (PNG>CsChr) and CG

L) Peak responses following the light stimulus (LED OFF: n = 4/8/5; LED ON: n = 10/13/7; two-way ANOVA, p(genotype) = 0.0837; p(LED) = 0.0015; p(inter-

Scatterplots display individual data points, as well as the mean + SEM for each group. Post hoc pairwise comparisons: ns, non-significant; *p < 0.05; **p < 0.01;

***p < 0.001. See also Figures S6 and S7.
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Figure 6. Adenosine signaling in perineurial, cortex, and astrocyte-like glia differentially modulates dopaminergic neuron response to
vinegar in fed and starved flies

(A) Tethered flies were imaged under a 2-photon microscope and exposed to vinegar odor for 12 s.

(B) PAM-DANSs innervating the horizontal lobe of the MB.

(C) Representative z-averaged projection image showing the PAM-DANs axons expressing GCaMP7f in the different MB compartments (GMR58E02-
LexA>LexAop-GCaMP7f; A, anterior; P, posterior). Scale bar, 20 pm.

(D) Averaged AF/F calcium responses to vinegar-odor stimulation (purple) in the y5 compartment in fed and 24-h-starved control flies (—>AdoRi) or in flies
expressing AdoR-RNAi in PNG (blue; PNG>AdoRi), CG (orange; CG>AdoRi), and ALG (green; ALG>AdoRIi), respectively.

(E) Averaged AF/F responses in the y4 compartment.

(F) Averaged AF/F responses in the y3 compartment.

(legend continued on next page)
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To identify the signaling pathways downstream of AdoR acti-
vation, we knocked down rutabaga (adenylyl cyclase 1) and
NorpA (phospholipase Cy) in PNG, CG, and ALG glia. In PNG,
neither knockdown altered feeding in starved flies (Figures S9A
and S9B), suggesting an alternative signaling mechanism.”® In
contrast, rutabaga knockdown in ALG significantly reduced
sucrose consumption (Figure 7B) and food-odor tracking
(Figures 7C and 7D), while NorpA knockdown had no effect
(Figures 7E and 7F). To test AdoR dependence, we fed flies
with the AdoR agonist 2-chloroadenosine. Unlike controls,
rutabaga knockdown flies failed to increase odor tracking
(Figures 7G and 7H), confirming rutabaga as essential for AdoR
signaling in ALG.

Surprisingly, rutabaga knockdown in CG had no effect on
feeding behavior (Figure S9C), but NorpA knockdown increased
sucrose consumption (Figure 71), mimicking AdoR knockdown
(Figure 4B). We confirmed these results by knocking down the
genes coding for the different Ga proteins. Similar to NorpA, flies
with a knockdown for its upstream Gaq protein in CG took a
larger number of sips (Figure S9D). However, the same pheno-
type was also observed in flies with a knockdown for Gai but
not in flies with a knockdown for Gas (Figure S9D). Taken
together, these data suggest that both Gaq/PLCy and Gai-medi-
ated pathways are required in CG for appropriate feeding
behavior.

To determine whether these pathways mediate AdoR signaling,
we again used the AdoR agonist 2-chloroadenosine and as-
sessed its effect on CG intracellular calcium in explant
brains from flies expressing RNAi directed against NorpA
and Gai transcripts in CG, respectively. In starved controls,
2-chloroadenosine reduced calcium in CG (Figure 7J), confirming
AdoR’s inhibitory effect (Figure 5F). This reduction was blocked in
NorpA-knockdown brains, demonstrating that Gaq/PLCy is
required for AdoR function in CG. Surprisingly, Gai knockdown
caused an increase in CaMPARI2 photoconversion after AdoR
agonist exposure (Figure S9F), suggesting that Gai may not
directly mediate AdoR signaling but interacts in parallel with the
Gaq pathway.

In summary, AdoR signals through cell-type-specific mecha-
nisms in glia: via Gas/adenylyl cyclase in ALG, through Gag/
PLCy in CG, and possibly through an unknown pathway in PNG.

DISCUSSION

Physiological states such as hunger induce a suite of adaptive
behaviors, including foraging and feeding. While neuronal mech-
anisms underlying these behaviors have been amply docu-
mented, the role of glia remains less understood. Here, we
demonstrate that adenosine signaling via its receptor, AdoR,
modulates feeding-related behaviors through distinct glial sub-
types in Drosophila. Crucially, different glial subpopulations
interpret adenosine signals in subtype-specific ways. AdoR acti-

¢? CellPress
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vation in PNG and ALG enhances feeding and foraging, respec-
tively. Conversely, AdoR signaling in CG suppresses these be-
haviors (Figure S10).

PNG and CG have both been shown to be crucial for the trans-
fer of nutrients to fuel the nervous system,>’*"""%% a role
conserved in the vertebrate BBB and neurovascular unit.**’
Due to its anatomical location as the interface between the
nutrient-containing hemolymph and the nutrient-consuming
CNS, the HBB and glia in general have been proposed to func-
tion as a nutritional sensor capable of adapting the CNS to
food shortages.?®*%*"®" |n addition, calcium transients have
been reported in the fly PNG and CG and seem to be important
in contributing to the maintenance of neuronal excitability, sug-
gesting that they could therefore influence behavior.'®'7:°¢ Qur
results provide support for this claim, as we show here that these
intracellular calcium levels are modulated by the animal’s
feeding state. However, in PNG, this modulation depends on
the presence of sugar in the extracellular saline solution, sug-
gesting that circulating sugar maintains low calcium activity in
the PNG of fed flies, while it is not the case for CG, even though
CG express glucose transporters.”®°” This rather suggests that
CG do not directly sense changes in hemolymph sugar concen-
tration and must therefore detect the metabolic state of the fly by
other mechanisms, for example via insulin signaling®” or by de-
tecting intracellular energetic state.”® Interestingly, we also
show in the present study that adenosine signaling is required
in CG for the weight gain induced by high-fat, high-sugar diet.
Although the physiological mechanisms linking glia activity to en-
ergy storage remain to be elucidated, our data highlight the role
of CNS glia in the regulation of systemic energetic metabolism, a
function reminiscent of the role played by astrocytes in the
mouse hypothalamus.?®

As our data primarily show a role for circulating adenosine in
regulating feeding-state-dependent behavior, this implies that
adenosine crosses the HBB to reach CG and ALG. Although we
do not have direct evidence, it is plausible that adenosine crosses
the HBB through one or more of the multiple types of transporters
expressed by PNG and SPN.°%#2 Our 2-chloroadenosine bath
application experiments on intact brains also suggest that aden-
osine can cross the HBB and reach CG. Furthermore, ATP bath
application has been shown to promote or inhibit calcium activity
in ALG.?" However, we cannot exclude the participation of an in-
dependent, local production of extracellular adenosine in the fly
brain. Indeed, we also observed consequences of the knockdown
of AdoR in glia intracellular calcium levels and in their effect
on neuronal activity in fed flies whose hemolymphs contain
adenosine concentrations below the reported AdoR detection
threshold.®**>5" This suggests a local amplification of the signal
and/or direct production/release of adenosine by neurons or
glia. Interestingly, recent work from Themparambil and col-
leagues showed that active neurons release ATP that, after con-
version into adenosine, signals to astrocytes to promote

(G) Maximal peak responses to vinegar odor in the different groups (n_-adori = 10/11; NpnGsadori = 8/7; Ncasadori = 8/7; NaLas>adori = 7/8; v5: two-way ANOVA,
p(genotype) < 0.0001, p(state) = 0.32, p(interaction) = 0.08; y4: two-way ANOVA, p(genotype) < 0.0001, p(state) = 0.0090, p(interaction) = 0.0061; y3: two-way

ANOVA, p(genotype = 0.0021, p(state) = 0.0121, p(interaction) = 0.17).

Scatterplots display individual data points as well as mean + SEM for each group. Post hoc pairwise comparisons: ns, non-significant; *p < 0.05; **p < 0.01;

***p < 0.001. See also Figure S8.
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metabolic support to neuronal activity.®® This further highlights
the role of adenosine signaling in the function of the neurovascular
unit that fuels neurons in response to their energy demand.®* In
the fly brain, the regulation of extracellular adenosine levels
through the equilibrative nucleoside transporter-2 expressed in
the MB has been shown to contribute to associative learning.®®
In addition, ATP/adenosine release by ALG modulates DAN activ-
ity and chemotaxis in fly larvae.'® We can therefore speculate that
a local, activity-dependent release of ATP/adenosine may occur
in the fly brain and signal through AdoR independently of sys-
temic, circulating adenosine. Although conceivable, the contribu-
tion of such mechanisms to behavior remains to be demonstrated
by further work.

Aside from its systemic role, adenosine has been reported to
act as a neuro- and gliotransmitter in various model organ-
isms.*?%599 For example, adenosine signaling in striatal neurons
and its interaction with dopamine modulate goal-directed
behavior in mice.”’ ATP released by astrocytes and converted
into adenosine inhibits feeding by modulating synaptic transmis-
sion in the hypothalamus.'® Such mechanisms could therefore
potentially be widely present in the CNS and evolutionarily well
conserved.

General remarks and conclusion

With their ubiquitous presence in the CNS, glial cells are in a
good position to modulate neuronal activity on a large scale
and have been shown to influence neuronal activity at the level
of entire networks.” The ways glial cells can affect neurotrans-
mission and, in turn, behavior, are diverse and numerous. In
mammals, a large variety of mechanisms used by astrocytes to
modulate neuronal excitability and synaptic transmission have
been described.® Interestingly, most of them found their equiva-
lent in the fly’s glia, in ALG, or in other cell types. Converse to
what has been previously observed for the CG'® and the
PNG,*® we report a decrease in neuronal excitability in DANs
correlated with an increase in calcium levels in those cell types.
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Several hypotheses potentially explain this difference: (1) cal-
cium activity in CG might be heterogeneous throughout the
CNS, as already shown for PNG®®; (2) the effect of glia activity
on neurons might be different in various regions of the CNS;
and (3) the decreased excitability we observed in DANs might
be indirect and a result of an alteration of activity in other parts
of the neural circuit. A decrease in odor response has been
shown following ALG activation in the antennal lobe.®” This sug-
gests that glia-mediated neuromodulation is more heteroge-
neous than previously shown in other fly studies and in line
with current knowledge of astrocyte functions in mammals and
other organisms.”*® Although we did not address these mecha-
nisms in the present study, we showed that the alteration of
cellular physiology in three distinct subtypes of glial cells due
to impaired adenosine signaling strongly affects the response
of DANs to an appetitive odor.

In conclusion, in the present study we identify adenosine
signaling in glia as a key modulator that helps an animal adapt
its behavior according to its internal metabolic state. Our findings
support the model that purinergic signaling can provide informa-
tion to the brain about decreasing internal nutrient availability in
order to prioritize behaviors that will restore the energy balance
of the organism.*” In addition, we show that this signaling occurs
in fly glia and is differentially distributed in a glia-subtype-specific
manner. This result underscores the importance of diversity and
specialization of fly glia subpopulations in the modulation of
behavior, which altogether recapitulates glial functions found in
mammals.® Together, we suggest that purinergic signaling
in glia and the mammalian BBB represents a functionally
conserved mechanism that is used by animals to sense their in-
ternal energetic state and adjust their behavior accordingly.

Limitations of the study

Throughout this study, we used a candidate-based approach
to uncover the role of adenosine signaling in feeding-state-
dependent behavior, particularly in glia. However, given the

Figure 7. Adenosine signals hunger state through distinct pathways in astrocyte-like and cortex glia

(A) Intracellular signaling pathways triggered by AdoR activation. As a GPCR, AdoR can promote cyclic AMP production via Gas protein and activation of the
adenylyl cyclase (Adc or rutabaga [ruti] in flies). Through Gag, AdoR can also promote the release of Ca®* in the cytoplasm via IP3 production by the phos-
pholipase Cy (PLCy or NorpA in flies).

(B) Cumulative number of sips (mean + SEM) and total number of sips on 10% sucrose drops in 24-h-starved control flies (ALG>—) or upon knockdown of
rutabaga in ALG (ALG>ruti; n = 38/31; Mann-Whitney U test, p < 0.0001).

(C) Averaged forward running speed (+SEM) in 24-h-starved control flies (—>ruti) or upon knockdown of rutabaga in ALG (ALG>ruti).

(D) Running speed during odor exposure (mean + SEM; n = 9/9; 2-way RM ANOVA, p(groups) = 0.0124; p(trials) = 0.0023; p(interaction) = 0.38). The scatterplot
displays the averaged running speed over the ten trials (unpaired t test, p = 0.0124).

(E) Averaged forward running speed (+SEM) in 24-h-starved control flies (—>NorpAi) or upon knockdown of NorpA in ALG (ALG>NorpAi).

(F) Running speed during odor exposure (mean + SEM; n = 9/9; 2-way RM ANOVA, p(genotype) = 0.68; p(trials) < 0.0001; p(interaction) = 0.79). The scatterplot
displays the averaged running speed over the ten trials (Mann-Whitney U test, p = 0.80).

(G) Averaged forward running speed (+SEM) in fed control flies (—>ruti) or upon knockdown of rutabaga in ALG (ALG>ruti). Flies were kept for 5 days on standard
fly medium supplemented with 2-chloroadenosine (2-Cl-Ado; 1.65 mM).

(H) Running speed during odor exposure (mean + SEM; n = 8/8; 2-way RM ANOVA, p(genotype) < 0.0001; p(trials) = 0.0092; p(interaction) = 0.0076). The
scatterplot displays the averaged running speed over the ten trials (Welch’s t test p < 0.0001).

(I) Cumulative number of sips (mean + SEM) and total number of sips on 10% sucrose drops in 24-h-starved control flies (CG>— and —>NorpAi) or upon
knockdown of NorpA in CG (CG>NorpAi; n = 47/48/22; Kruskal-Wallis test, p < 0.0001).

(J) CaMPARI2-L398T photoconversion ratios measured in explant brains from 24-h-starved control flies (CG>—) or upon knockdown of NorpA in CG (CG>NorpAi)
after 10 min of 2-Cl-Ado exposure (10 M; CG>— n = 10/9; Mann-Whitney U test, p(2-Cl-Ado) = 0.0435; CG>NorpAi n = 10/9; Welch’s t test, p(2-Cl-Ado) = 0.32;
CG>— vs. CG>NorpAi, Mann-Whitney U test, p = 0.74).

Scatterplots display individual data points, as well as mean + SEM for each group. Post hoc pairwise comparisons: ns, non-significant; “o < 0.05; **p < 0.01;
***p < 0.001. See also Figure S9.
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number of potential players, this approach is not exhaustive.
Indeed, purinergic signaling depends on the complex interplay
among receptors, transporters, and multiple intra- and extra-
cellular enzymes.®® For this reason, it is difficult to pinpoint
the exact endogenous source of adenosine as well as the
precise contribution of systemic vs. local adenosine. The
multiple roles of adenosine in glia and in neurons also raised
the question of their independent or reciprocal modulation.
How does the organism prevent spillover and off-target ef-
fects? We hypothesize that this regulation might occur through
spatiotemporal modulation of the presence of the different ac-
tors of adenosine signaling at the cell membranes and their
vicinity.

Similarly, we used DANs as neuronal candidates to assess the
effect of adenosine signaling in glia on neuronal activity.
Although these neurons are known to be key players in the mod-
ulation of feeding-state-dependent behaviors including the
foraging assay used here, they are part of larger networks that
underlie such behaviors. Given the ubiquitous distribution of
glia in the CNS, many other neural circuits are most likely to be
regulated by glia and purinergic signaling, as studies in other
models suggest. We believe that further work using whole-brain
imaging combined with glia manipulation could provide addi-
tional insights into our understanding of glia function in the regu-
lation of neural networks.”**
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

D.mel/Canton-S Bloomington DSC FBst0064349
D.mel/v'y’ Bloomington DSC FBst0001509
D.mel/UAS-AdgfA-RNAI Vienna DRC FBst0469028
D.mel/LPP-Gal4 (fat body) Gift from Irene Miguel-Aliaga N/A
D.mel/HE-Gal4 (hemocytes) Bloomington DSC FBst0008699
D.mel/UAS-AdgfC-RNAI Bloomington DSC FBst0042915
D.mel/UAS-AdgfD-RNAi Bloomington DSC FBst0056980
D.mel/UAS-AdoR-RNAi (1) Bloomington DSC FBst0056866
D.mel/UAS-AdoR-RNAi (2) Bloomington DSC FBst0027536
D.mel/UAS-AdoR-RNAi (3) Vienna DRC FBst0451185
D.mel/Repo-Gal4 (pan-glia) Bloomington DSC FBst0007415
D.mel/nSyb-Gal4 (pan-neuron) Bloomington DSC FBst0051635
D.mel/Tdc2-Gal4 (OANs) Bloomington DSC FBst0009313
D.mel/TH,GMR58E02-Gal4 (DANSs) Siju et al. 2020 N/A
D.mel/TubP-Galg0"™ Bloomington DSC FBst0007019
D.mel/GMR85G01-Gal4 (PNG) Bloomington DSC FBst0040436
D.mel/GMR54C07-Gal4 (SPN) Bloomington DSC FBst0050472
D.mel/GMR86E01-Gal4 (ALG) Bloomington DSC FBst0045914
D.mel/GMR56F03-Gal4 (ENG) Bloomington DSC FBst0039157
D.mel/GMR54H02-Gal4 (CG) Bloomington DSC FBst0045784
D.mel/UAS-CaMPARI2-L398T Bloomington DSC FBst0078319
D.mel/UAS-CsChrimson-Venus Bloomington DSC FBst0055134
D.mel/LexAop-CsChrimson-tdTomato Bloomington DSC FBst0082183
D.mel/GMR85G01-LexA (PNG) Bloomington DSC FBst0054285
D.mel/GMR77A03-LexA (CG) Bloomington DSC FBst0054108
D.mel/UAS-GCaMP6f Bloomington DSC FBst0042747
D.mel/GMR58E02-LexA (PAM) Bloomington DSC FBst0052740
D.mel/LexAop-GCaMP7f Bloomington DSC FBst0080910
D.mel/UAS-rutabaga-RNAi Bloomington DSC FBst0080468
D.mel/UAS-NorpA-RNAi Bloomington DSC FBst0031113

Software and algorithms

GraphPad Prism 10 GraphPad Software https://www.graphpad.com/

Imaged v1.8.0 NIH https://imagej.nih.gov/ij/

Python 2.7 and 3.13 Python https://www.python.org

Igor Pro 9 Wave Metrics https://www.wavemetrics.com/

LAS AF Leica Microsystems https://www.leica-microsystems.com/
Analyst 1.7.2 AB Sciex https://sciex.com/

Scanlmage 2023.0.0 Pologruto et al.” https://scanimage.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Flies were raised on standard cornmeal food under 12:12 h light/dark cycle at 25°C and 60% humidity. For starvation experiments,
flies were transferred to a starvation vial containing a wet tissue paper as water source 24 h prior experiments. For pharmacological
activation of AdoR, adult flies were kept on 2-chloradenosine supplemented food (2 mM; Sigma-Aldrich 861863) for 5 days prior ex-
periments.*® To allow Gal4-mediated transcription using the GeneSwitch system, adult flies were kept on RU486 (Sigma-Aldrich
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M8046) supplemented food for 5 days prior starvation and experiment. An RU486 10 mM stock solution was first prepared in DMSO
and subsequently diluted in melted fly food to achieve a final concentration of 200 uM.>* For optogenetic experiments, adult flies were
collected after hatching and kept on all trans-retinal supplemented food (1:250) under blue light only conditions. All experiments were
conducted on 5-8-day old female flies, unless stated elsewhere.

METHOD DETAILS

FlyPAD feeding assay

FlyPAD feeding experiments were performed as previously described.** Single flies were transferred into the behavioral arena by
mouth aspiration and left to feed for 1 h on two 5uL drops of low-temperature melting agarose (1.5%) supplemented with 10%
sucrose. Experiments were conducted in a climate chamber where a temperature of 25°C and 60% humidity were maintained.
For optogenetic genetic experiments, we used the closed-loop stimulation paradigm described by Moreira et al.®® In this system,
CsChrimson was activated by red light (625nm; 30pW/mm?) for a continuous period of 10 s when the fly’s proboscis contacted
the drop of sucrose. Capacitance signal analysis was conducted using a custom-made MATLAB script provided by Pavel Itskov.
The structure of feeding behavior was analyzed following the same parameters as described before** (Figure 1B). The cumulated
and total number of sips, number of activity bouts and number of feeding bursts were summed for the two electrodes. The sip
durations, inter-sips intervals, durations of activity bouts and durations of feeding bursts were averaged for the two electrodes.

Spherical treadmill behavioral assay

Single fly experiments on the spherical treadmill were performed using the same device and paradigm as previously described.*®
Briefly, the experimental fly was anesthetized on ice and tethered by gluing a tungsten pin on their thorax using UV-cured clue.
Another drop of glue was used to glue the posterior part of the head to anterior part of the thorax and the wings were clipped.
The fly was then immediately transferred onto the treadmill and was given 3 min of acclimatization before experiment initialization.
Each trial consisted in pre-stimulation (20s), stimulation with balsamic vinegar odor (4ppm; 12s) and post-stimulation periods (30s;
Figure 2l). The 10 consecutive recorded trials were separated by semi-randomized inter-trial periods of 60 + 2-20 s. Data acquisition
an analysis were performed using custom-written Python 2.7 scripts, as previously described.*® For analysis, we measured the
average running speed of the fly on the spherical treadmill during the 12s of odor stimulation.

CApillary FEeder (CAFE) assay

CAFE assay were performed as previously described with the following modifications.’®°” Standard starvation vials were used as
CAFE chambers. One glass graduated microcapillary (#022.7142, CAMAG, Muttenz, Switzerland) was pocked in through the vial
plug and filled with 5 pL of sucrose solution (5% in water) supplemented with the food dye Allura Red AC (0.2%; Sigma-Aldrich,
#458848) for visualization. Flies were tested by groups of 10 per CAFE chamber. For each experimental run, one vial was left without
flies to account for liquid evaporation. CAFE chambers were then left over-night at 25°C and 60% humidity. The liquid decrease was
measured after 16 h. Individual sucrose consumption was calculated by subtraction of the liquid decrease in the evaporation controls
from the decrease measured in experimental vials and divided by the total number of flies. Vials where flies did not eat at all were
excluded from further analysis. The different assays were conducted on a minimum of two experimental days using different batches
of flies, for each genotype. The indicated “n” is the number of experimental CAFE vials.

Olfactory 4-arm maze

The 4-arm maze olfactory choice arena is a custom-made behavioral assay to monitor the preference behavior of freely moving adult
flies upon olfactory stimulation and has been previously described.?”:°® In brief, groups of 15-20 24-h-starved female flies were left
for 60 s in the arena for acclimatization. Then, the stimulus (vinegar, 10% in water) was delivered for 60 s in two opposite quadrants.
Humidified air was used as control in the two other quadrants. After an inter-stimulus phase of 60 s, the stimulus was again delivered
for 60 s in the two remaining quadrants. Behavior was monitored with an infrared camera (Flea3 USB3 1.3MP Mono, FLIR Systems),
the background illumination being provided by infrared LEDs. Behavioral attraction toward vinegar odor was determined by calcu-
lating a preference index (PI): (number of flies in stimulus quadrants — number of flies in non-stimulus quadrants)/total number of flies.
The indicated “n” is the number of experimental runs for each genotype.

Survival analysis
Groups of 50 female flies of each genotype were transferred into starvation vials and kept at 25°C and 60% humidity for 60-72 h.
Dead flies were counted every 2™ hour during the day.

Adenosine content

Metabolite extraction

10 frozen flies per sample were transferred into Precellys tubes prefilled with ceramic beads (hard tissue lysing kit, CK28-R) and 1mL
of —20°C MeOH:H,0 (4:1, v/v) was added to each sample. The homogenization was performed with a Precellys Evolution tissue ho-
mogenizer connected to a Cryolys module. The temperature was maintained at 4°C while 4 homogenization cycles where performed
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at 7500 rpm for 20 s with 30 s break intervals. Next, homogenates were transferred into Eppendorf tubes, incubated for 15 min at 4°C
and 950 rpm and finally centrifuged for 15 min at 15,500 rpm and 4°C. The recovered supernatant was dried under a gentle nitrogen
flow. Each sample was reconstituted in 50 pL AcN/H,O (9:1, v/v), briefly sonicated and centrifuged before LC separation.
LC-MS/MS analysis

Analysis of adenosine was performed as previously described with minor modifications.®®'%° Briefly, a Vanquish Flex UHPLC system
(Thermo Fisher Scientific, Germering, Germany) was equipped with a fitted iHILIC-(P) Classic (2.1 x 100 mm, 5 pm) column and pre-
column (20 x 2.1 mm, 5 pm, 200 A; both Dichrom, Haltern am See, Germany). The mobile phases were 15 mM ammonium acetate in
H>O at pH = 9.4 (A) and 100% acetonitrile (B). Separation was achieved with the following gradient: 0 to 12 min ramp from 90% B to
26% B, 1210 14 min 26% B, 14to 17 minramp to 10% B, 17 to19 min 10% B, 19 to 19.1 min ramp back to 90% B and equilibrate until
min 27. 5 pL of each sample were injected onto the column twice (spiked/not spiked with an isotopically labeled adenosine standard
(Eurisotop) and the LC separation was carried out at 40°C with a flow rate of 200 pL/min.

The LC system was coupled to a QTRAP 6500+ (Applied Biosystems, Darmstadt, Germany). The measurements were performed in
positive mode with the following ESI Turbo V ion source parameters: curtain gas: 30 arbitrary units; temperature: 350°C; ion source
gas 1:40 arbitrary units; ion source gas 2:65 arbitrary units; collision gas: medium; ion spray voltage: 5500 V. For the selected reaction
monitoring (SRM) mode Q1 and Q3 were set to unit resolution and CE was 27 V. Data were acquired with Analyst (version 1.7.2; AB
Sciex) and Skyline (3) was used to visualize results and manually integrate signals.

TAG content

50 5-days old adult male flies were transferred to food vials containing either fly HFHS diet or normal fly food for 2 days, respectively.
HFHS diet (~20% fat, ~12.5% sugar) consisted in: peanut butter 37%, coconut oil 1%, sucrose 7.5%, water 7.5%, standard fly food
45%, grape juice 2% and propionic acid 0.2% (v/v). To allow fly access to water and avoid them sticking to the HFHS diet during
feeding, a portion of fly food was loaded on the top of 5mL agar (1% in water) in the vials. 5 male flies per replicate were collected
and stored at —20°C for fly body fat content measurement. Fly body fat content was determined by normalizing triglyceride to protein
content of fly homogenates: triglyceride by the coupled-colorimetric assay (T7532, Pointe Scientific'®') and protein by Bicinchoninic
acid assay (23225, Thermofisher Scientific), as previously described.'%'%3

Dye feeding assay

For colorimetric assessment of food consumption, groups of 8-10 24-h-starved female flies were left feeding in vials containing
HFHS food supplemented with Allura Red AC (0.2%; Sigma-Aldrich, #458848) for 6 h. 1-2 tubes per genotype were left without
dye and served as blank. After feeding, flies were anesthetized, collected in 1.5 mL microtubes, homogenized in 200 pL PBS, 1%
Triton X- and centrifuged at 13,000 rpm for 1 min. Then, 100 pL of each supernatant was aliquoted to 96-well plate. Absorbance
at 504 nm was measured on Infinite M200 PRO plate reader (Tecan). The mean absorbance of blank controls was subtracted for
the absorbance in experimental samples.

Ex vivo calcium imaging

Fly brains were dissected in adult hemolymph-like saline (AHL; NaCl, 103mM; NaHCO3, 26mM; KCI, 3mM; CaCl,, 1.5mM; MgCl,,
4mM; NaH,PO4, 1TmM; TES, 5mM; D-Glucose, 10mM; Trehalose, 10mM). In experiments simulating the hemolymph of starved flies,
D-Glucose and Trehalose were replaced by 20mM D-ribose to preserve osmolarity. A single dissected brain was then mounted
caudal side up between a microscope glass slide and a coverslip using the same medium as for dissection and placed under an in-
verted Leica SP5 laser scanning confocal microscope. The photoconversion of CaMPARI2-L398T proteins expressed by glial cells
was achieved by illuminating the sample for 30 s using the mercury lamp of the microscope and a 395/25nm filter through a 20x water
immersion objective (NA 0.7). 512x512 pixel confocal stacks of approximately 20pm (CG) or 10um (PNG) tick volume of tissue (Az =
1pm) were taken directly after photoconversion using the same 20x objective and a 4x digital zoom. The signal-to-noise ratio was
improved by averaging 4 lines scans. An additional 405nm excitation laser was used in combination with the 488nm laser while
recording the green channel to preserve CaMPARI2-L398T photoconversion.®® Both CG and PNG were imaged on the dorso-caudal
part of a randomly selected brain hemisphere, where the calyx of the MB is clearly identifiable.

For pharmacological stimulation of AdoR, the AdoR agonist 2-chloradenosine (Sigma-Aldrich 861863) was freshly diluted in AHL
from a 10mM stock (in water) to achieve a final concentration of 10 uM, in the range of AdoR ECs,. " Directly after dissection, explant
brains were transferred to 2-chloradenosine-containing saline (or control) and kept for 10 min before mounting and imaging.

Data were analyzed using Imaged (NIH) by manual drawing ROIs on z-maximal projections of the confocal stacks. The ratio be-
tween the florescence intensities for the red and green channels were averaged between the ROIs for a single fly and compared be-
tween the different experimental conditions.

In vivo 2-photon calcium imaging

To record PAM-DAN responses to optogenetic stimulation of PNG and CG, respectively, we used the recombined TH,GMR58E02-
Gal4 > UAS-GCaMP6f described in a previous study.”® These flies were then crossed to GMR85G01-LexA (PNG) or GMR77A03-
LexA (CG) > LexAop-CsChrimson-tdTomato flies, or to LexAop-CsChrimson-tdTomato flies without LexA driver as genetic controls.
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To record PAM-DAN responses to vinegar odor in flies with knockdown of AdoR in glia we used the following genotypes:
GMRB58EQ2-LexA > LexAop-GCaMPTf; “glia”’-Gal4 > UAS-AdoR-RNAI. The different glia Gal4 driver lines were the same as for
our behavioral experiments. Flies carrying the UAS-AdoR-RNAi construct were used as genetic controls.

For in vivo imaging, flies were prepared as previously described.”® In this preparation, the fly’s body was restrained in a truncated
1mL pipette tip, impairing its movements. After dissection of the head cuticle, fat body and tracheae, the exposed brain was covered
by a drop of low-temperature melting agarose diluted in the recording AHL to prevent brain movements. Fed flies were recorded us-
ing standard AHL (NaCl, 103mM; NaHCOg, 26mM; KCI, 3mM; CaCl,, 1.5mM; MgCl,, 4mM; NaH,PO,4, 1TmM; TES, 5mM; D-Glucose,
10mM; Trehalose, 10mM), while starved flies were recorded using a solution depleted in D-Glucose and Trehalose (NaCl, 103mM;
NaHCO3, 26mM; KCI, 3mM; CaCl,, 1.5mM; MgCl,, 4mM; NaH,PO4; 1mM, TES, 5mM; D-ribose, 20mM).

CCaMP6f and GCaMP7f fluorescence signal was recorded on a Rapp OptoElectronic customized Sutter Instrument MOM
2-photon microscope equipped with a 25x Nikon water immersion objective (NA 1.10), 8kHz RGG resonant scanner, a fast z-piezo
and a Hammamatsu gateable PMT. Excitation light was provided by a 920mm Toptica photonics laser. Stacks comprising the axons
terminals of the PAM neurons innervating the horizontal lobe of the mushroom body were imaged at a frequency of 3 Hz (512x512
pixels; digital zoom 4x; 10 slices; Az = 5upm) for optogenetic experiments or 2.31 Hz (512x512 pixels; digital zoom 4x; 13 slices; Az =
4um) for vinegar odor stimulation experiments.

Optogenetic stimulation was achieved using a 590 nm LED imbed in the microscope light-path. The light pulses were generated
using an optical shutter (Uniblitz DSS25B) controlled via the SysCon2 (2.4.1) software (Rapp OptoElectronic). CsChrimson was acti-
vated in glia for 100 ms with an intensity of 8 pW/mm?,

Vinegar-odor stimulation (1% in water) was delivered through a Syntech stimulus controller CS-55. During the entire duration of the
experiment, flies were exposed to a continuous air flow (1 mL/min). Flies were stimulated for 12 s after a baseline recording of 30 s, to
match with our spherical treadmill paradigm.

For analysis, ROIs delimiting the different lobes of the mushroom body (2, ’2, y3, 4 and 5) were manually drown using ImageJ
(NIH) on a maximum z-projection of the imaged stacks, for each trial. Raw traces were then analyzed using custom Python3.0 scripts.
For 2, p’2 and y4 compartments, relative GCaMP fluorescence intensities (AF/Fo) were computed using the averaged fluorescence
intensity for the 5 frames preceding the stimulus presentation (Fp). The vinegar-response peak was defined as the maximal AF/Fg
value measured during the stimulus phase. Since the y3 and 5 compartments did not show a clear baseline but rather an oscillatory
pattern of activity, we calculated the basal fluorescence (Fg) by averaging the fluorescence intensity over the entire trial recording. The
vinegar response and spontaneous peaks were defined as the difference between the maximal AF/Fy value measured during the
stimulus phase and the minimal AF/Fq value measured directly before stimulation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are expressed as the mean + SEM or as a scatterplot displaying the individual data point as well as their mean + SEM. The
normality of data distributions was tested using the D’Agostino and Pearson test prior assessing significance. Two samples datasets
significance was tested using Mann-Whitney U-test (non-normal distribution), Welch’s t test (unequal SDs) or standard t test (equal
SDs). Three or more samples datasets significance was tested using Kruskal-Wallis test (non-normal distribution), Welch’s ANOVA
(unequal SDs) or standard one-way ANOVA (equal SDs) followed by post hoc multiple comparisons (Dunn’s tests for non-normally
distributed data or Dunnett’s tests for normally distributed ones). Datasets involving more than one independent factor were analyzed
using 2- or 3-way ANOVA, depending on the experimental design. Food-odor tracking over successive trials data were analyzed us-
ing 2-way repeated measures ANOVA followed by Sidak’s multiple comparisons tests. Details related to sample sizes, statistical
tests and post hoc pairwise comparisons used for statistical analysis are reported in the figure and figure legends. The reported sam-
ple sizes are the number of flies used for the given experiment, except for the measurements of adenosine and TAG content, CAFE
and 4-arm maze experiments where the number of flies per replicate is stated. Statistical analysis was performed using GraphPad
Prism 10. The significance threshold was set as p-value <0.05.
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