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Associative learning enables the adaptive adjustment of behavioral decisions based on acquired, predicted outcomes. The

valence of what is learned is influenced not only by the learned stimuli and their temporal relations, but also by prior ex-

periences and internal states. In this study, we used the fruit fly Drosophila melanogaster to demonstrate that neuronal circuits

involved in associative olfactory learning undergo restructuring during extended periods of low-caloric food intake.

Specifically, we observed a decrease in the connections between specific dopaminergic neurons (DANs) and Kenyon

cells at distinct compartments of the mushroom body. This structural synaptic plasticity was contingent upon the presence

of allatostatin A receptors in specific DANs and could be mimicked optogenetically by expressing a light-activated adenyl-

ate cyclase in exactly these DANs. Importantly, we found that this rearrangement in synaptic connections influenced aver-

sive, punishment-induced olfactory learning but did not impact appetitive, reward-based learning. Whether induced by

prolonged low-caloric conditions or optogenetic manipulation of cAMP levels, this synaptic rearrangement resulted in a

reduction of aversive associative learning. Consequently, the balance between positive and negative reinforcing signals

shifted, diminishing the ability to learn to avoid odor cues signaling negative outcomes. These results exemplify how a neu-

ronal circuit required for learning and memory undergoes structural plasticity dependent on prior experiences of the nu-

tritional value of food.

[Supplemental material is available for this article.]

The question of which internal and environmental factors deter-
mine the ability to learn and memorize in animals, including hu-
mans, has been a subject of intense investigation for decades
(Kandel et al. 2014; Josselyn and Tonegawa 2020). A significant
challenge in understanding this matter concerns the impact of
an individual’s past experiences on future memory acquisition
and retention. Prolonged exposure to positive, negative, or even
neutral experiences can profoundly influence learning abilities
and the content and valence of acquired memories. To control
for this complexity, researchers often turn to controlled laboratory
conditions, using classical Pavlovian conditioning. In the experi-
mental paradigm pioneered by Pavlov (1927), relatively neutral
stimuli are systematically associated with either positive, reward-
ing cues or negative, punitive cues. This methodology allows for
the efficient exploration of howeffectively positive or negative pre-
dictions are formed through learning, with a focus on the depen-
dence on previous treatment or experiences.

One factor that can significantly impact learning andmemory
formation is the sustained experience of either constant oversatu-

ration with food rich in calories or enduring permanent hunger
due to low-caloric food. The connection between nutrition, feed-
ing behavior, and learning involves multiple, intricately related
factors. For instance, protein-synthesis-dependent long-term
memory formation has been shown to be contingent on a high-
caloric content, as evidenced by studies on both larval and adult
fruit flies (Plaçais et al. 2017; Eschment et al. 2020; de Tredern
et al. 2021), as well as rodents (Suzuki et al. 2011; Steinman et al.
2016). In contrast, it has been reported thatmild caloric restriction
can enhance aversive long-termmemory formation inflies (Hirano
et al. 2013) and contribute to long-term memory persistence in
mice (Talhati et al. 2014), and the cellular mechanisms underlying
these phenomena have been described. Beyond these cellular as-
pects of calorie intake on memory formation, the relationship be-
tween a sensory food experience and its rewarding properties is also
directly linked to learning. Extensive studies in mammals, includ-
ing humans, and flies have explored how learning about
food-related cues, their caloric contents, and their rewarding prop-
erties can influence food uptake and energy balance (Benoit et al.
2010; Davidson et al. 2014; Pardo-Garcia et al. 2023). In our
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research, we addressed a different question, investigating how pro-
longed exposure to either a low- or high-caloric food experience
might influence the brain’s ability for associative learning and va-
lence of the acquired knowledge. Our primary goal was to discern
whether the neuronal circuits responsible formediating associative
learning related to odor cues undergo adaptive reconfiguration in
both structure and function over extended periods of low- or high-
caloric food intake.

Drosophila melanogaster is an excellent model organism for
this investigation due to its experimental accessibility, relatively
small nervous system, and simultaneously rich and intricate
behavioral repertoire and learning capabilities. In our study, we
specifically focus on adaptive plasticity occurring in the mush-
room body of the Drosophila brain. This focus is motivated by the
fact that the neuronal circuits within the mushroom body, which
govern both appetitive and aversive odor learning, are well charac-
terized (Heisenberg 2003; Fiala 2007; Boto et al. 2020; Menzel
2022). In Drosophila, the plastic changes in synaptic transmission
that mediate olfactory associative learning, as well as the points
of convergence between odor signals and reinforcing punishment
or reward, are localized to the axonal presynapses of Kenyon cells
(KCs), the intrinsic neurons of the mushroom bodies (Heisenberg
2003; Gerber et al. 2004; Aso et al. 2014b; Hige et al. 2015;
Owald et al. 2015; Hancock et al. 2022).

The mushroom body of the insect brain is a complex, multi-
functional, central neuronal circuit that plays a key role in the
experience-dependent adaptive adjustment of behavior (for re-
view, see Davis 1993; Heisenberg 2003; Fiala 2007; Busto et al.
2010; Boto et al. 2020; Menzel 2022). The mushroom body is
also implicated in the adaptive regulation of sleep (Joiner et al.
2006; Sitaraman et al. 2015; Driscoll et al. 2021) and food uptake
or foraging dependent on the internal hunger/satiation state
(Al-Anzi and Zinn 2018; Tsao et al. 2018; Grunwald Kadow 2019;
Sayin et al. 2019; Senapati et al. 2019). External sensory informa-
tion, such as olfactory or visual signals, provides one source of in-
put to KCs, predominantly through their dendritic input regions in
the mushroom body calyx. The ∼2000 KCs encode this informa-
tion as sparsely distributed activity of distinct ensembles of neu-
rons (Turner et al. 2008; Honegger et al. 2011; Bilz et al. 2020).
Three principal types of KCs (α/β, α′/β′, and γ-KCs) collectively
form the mushroom body lobes with their parallel axons: The ax-
ons of α/β KCs bifurcate and form the vertical α- and horizontal
β-lobes, the equally bifurcating α′/β′ KCs form the adjacent vertical
α′- and horizontal β′-lobes, and the γ-KCs form the horizontal
γ-lobes (Crittenden et al. 1998). Mushroom body output neurons
(MBONs) arborize their dendrites in the calyx and in spatially con-
fined compartments along the axons (Ito et al. 1998; Tanaka et al.
2008; Aso et al. 2014a). Some MBONs influence goal-directed
behavior, like attraction toward or repulsion froma stimulus source
(Aso et al. 2014a). For example,MBONs innervating compartments
1 and 2 of the γ-lobes mediate attraction toward the source of their
own activation (Aso et al. 2014a). Conversely, MBONs innervating
compartments 4 and 5mediate repulsion from it (Aso et al. 2014a).
The behavioral roles of MBONs innervating the centrally located
compartment 3 of the γ-lobe are less well understood, although it
has been shown that their optogenetic activation induces ap-
proach behavior toward the light source (Aso et al. 2014a), and
they are required for appetitive learning (Stahl et al. 2022). In
addition, modulatory neurons releasing biogenic amines, such as
dopamine, octopamine, and serotonin, inhibitory transmitters
such as GABA, or diverse neuropeptides innervate the mushroom
body densely. The functions of multiple dopaminergic neurons
(DANs) have been dissected in recent years (for review, see Kaun
and Rothenfluh 2017). For example, the DANs of the protocerebral
posterior lateral 1 (PPL1) cluster that innervate the γ1 and γ2 com-
partments mediate the reinforcing properties of punishment

during associative learning (Riemensperger et al. 2005; Aso et al.
2012, 2014b). Conversely, DANs of the protocerebral anterior
medial (PAM) cluster that innervate compartments 4 and 5 of
the γ-lobes signal reward (Liu et al. 2012). The role of PAM-
cluster DANs innervating the γ3 compartment in associative
learning is less well understood. However, Yamagata et al.
(2016) figured out that these neurons become inhibited by re-
warding sugar stimuli, and artificially activating them can induce
aversive learning; conversely, their suppression induces appetitive
learning.

Here,we report that caloric restriction for a sustained period of
several days causes a small group of PAM-cluster DANs that inner-
vate the γ3, γ4, and β′1 compartments to structurally decrease their
synaptic connectivity with KCs. This effect could be optogeneti-
cally induced and mimicked. Surprisingly, appetitive, reward-
based learning was not affected by this structural modification.
Rather, aversive, punishment-based learning was reduced. This
synaptic change caused a shift in the balance between aversive
and appetitive learning in a conflicting situation, ultimately lead-
ing to a reduced acquisition of repulsion.

Results

Connectivity between specific dopaminergic neurons

and Kenyon cells decreases with low-caloric food
To investigate the impact of sustained exposure to low- or high-
caloric foods on brain circuitry, we raised flies on a standard corn-
meal medium until 3 d after eclosion, at which point their adult
brains were largely developed. Following this initial period, three
distinct groups of flies were separated and assigned to food treat-
ments with varying nutritional contents and caloric values, re-
ferred to as hypocaloric, isocaloric, and hypercaloric (Fig. 1A,B).
This dietary intervention persisted for 7 d. The caloric values of
the different food types were chosen such that the extended expo-
sition of the flies modified subsequent feeding-related behavior.
Notably, flies exposed to hypocaloric food exhibited a significant
increase in food uptake, as measured by both a capillary feeder
assay (Ja et al. 2007) and an electronically controlled “FlyPad”
assay (Supplemental Fig. S1A–C; Itskov et al. 2014). Moreover,
the sugar-evoked proboscis extension reflex (Supplemental Fig.
S1D) and odor-driven exploratory behavior (Supplemental Fig.
S1E,F) were influenced by the caloric content of the food, showing
enhancement in flies exposed to hypocaloric conditions. Survival
rates displayed a slight decrease in flies subjected to hypo- and
hypercaloric diets over an extended period compared to flies in
optimized standard food or isocaloric conditions (Supplemental
Fig. S2A). However, at the time of anatomical or behavioral exper-
iments (conducted 7 d after transfer to modified food condi-
tions or 10 d after eclosion), no significant differences in survival
rates were observed between the three food types (Supplemental
Fig. S2B).

We investigated the modifiability of neuronal circuit connec-
tions under different, extended feeding conditions, with a specific
focus on DANs that innervate the mushroom body. We used the
GFP reconstitution across synaptic partners (GRASP) technique, in-
volving the reconstitution of complementary, membrane-bound
splitGFP proteins (Feinberg et al. 2008; Gordon and Scott 2009),
to quantitatively assess physical contacts in close proximity be-
tween KCs and DANs in response to different feeding conditions.
One part of themembrane-bound splitGFP and a cytosolic redfluo-
rescent marker were expressed in KCs; the second part of the
membrane-bound splitGFP was under Gal4–UAS control in dis-
tinct populations ofDANs (Fig. 1C; Pech et al. 2013). This approach
can be used to visualize points of close physical proximity between
neurons, as it is the case at synaptic connections, and to quantify
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Figure 1. Calorie restriction affects the connectivity between specific dopaminergic neurons (DANs) and Kenyon cells (KCs). (A) Experimental time line.
Flies were raised on standard food and transferred to fresh standard food after eclosion. Three days after eclosion, flies were transferred to the food of equiv-
alent (isocaloric), lower (hypocaloric), or higher (hypercaloric) caloric value for 7 d. (B) Composition of hypo-, iso-, and hypercaloric food. Each food type
contained agar, cornmeal, sucrose, and yeast. The hypercaloric food contained lard in addition as a source of calories. Detailed food compositions are
described in the Materials and Methods section. (C ) Visualization of the close proximity between DANs, determined by specific Gal4 lines, and KCs
using reconstitution of splitGFP (rsGFP). All KCs are additionally labeled through DsRed expression. (D–F) Visualization and quantification of rsGFP fluores-
cence intensity between populations of DANs and KCs. DANs labeled by MB188B-Gal4 (D), R58E02-Gal4 (E), and TH-Gal4 (F ) innervate the lobes of the
mushroom body (magenta) in a largely complementary manner. The schematic illustrations indicate the predominantly innervated regions of the mush-
room body lobes. Representative anatomical images show DsRed expression in KCs and rsGFP. Scale bar, 50 µm. The quantification of relative rsGFP fluo-
rescence, normalized to the mean values for isocaloric food, in flies exposed to the different food conditions show that relative GFP reconstitution between
MB188B-Gal4-driven DANs and KCs decreases under hypocaloric conditions (D), but not between R58E02-Gal4-driven (E) or TH-Gal4-driven (F) DANs.
(G) Quantification of MB188B-Gal4-positive neurons under hypo-, iso-, and hypercaloric conditions using GCaMP3 expression as a marker. (H)
Quantification of relative rsGFP fluorescence between MB188B-Gal4-driven DANs and KCs, normalized to the mean values for isocaloric food, in flies
that were deprived of food for 0, 24, or 48 h. Box plots indicate 25/75 percentiles, lines represent medians, whiskers represent min/max values, pluses
represent means, dots represent individual data points, and numbers represent sample sizes. Statistically significant deviations from the baseline are indi-
cated as asterisks above the boxes. Statistically significant differences between groups are indicated with asterisks and lines above boxes. For statistical tests,
see Supplemental Tables S1–S4. (*) P<0.05, (**) P<0.01, (***) P<0.001.
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through fluorescence intensity the spatial extent and density of
these physical contacts. It does not per se identify functional syn-
aptic connections, but it allows us to compare physical contacts in
differentially treated animals. Our findings revealed a significant
reduction in contacts between KCs and a specific population of
DANs, as labeled by the split-Gal4 line MB188B-Gal4 (Aso et al.
2014b), when the animals were maintained on hypocaloric food
(Fig. 1D). These DANs are part of the PAM cluster and innervate
the γ3 and β′1 compartments, and also the γ4 compartment
of the mushroom body to a slight extent. This effect was not ob-
served when splitGFP reconstitution between the majority of
PAM-cluster DANs and KCs was analyzed (using the driver line
R58E02-Gal4) (Fig. 1E; Liu et al. 2012), or between the majority
of PPL1-cluster DANs and KCs (using the driver line TH-Gal4)
(Fig. 1F; Friggi-Grelin et al. 2003). Rather, the connections between
PPL1-cluster DANs and KCs were enhanced under hypercaloric
conditions (Fig. 1F). Moreover, the decrease in splitGFP reconstitu-
tion in hypocaloric conditions in MB188B-Gal4-positive neurons
was not due to a decrease in cell numbers (Fig. 1G), indicating
that in fact putative synaptic connections decrease. The reduction
in reconstituted splitGFP fluorescence between these DANs and
KCs was not restricted to a particular mushroom body compart-
ment, but was observed in all three compartments innervated by
these DANs (Supplemental Fig. S3). However, it required exposing
the animals to low-caloric food for a sustained period of several
days to achieve the decrease in reconstituted splitGFP fluorescence,
because starvation for 24 or 48 h by depriving the animals
completely from food did not induce an equivalent effect (Fig.
1H). Subsequently, we restricted our focus on PAM-cluster DANs
targeted by the MB188B-Gal4 strain.

The caloric value of food modifies the balance

between reward learning and punishment learning

in a conflicting situation
DANs that innervate the γ-lobes of the mushroom bodies play a
crucial role in mediating reinforcing valence signals in associative
olfactory learning. Specifically, the PPL1-cluster DANs that inner-
vate compartments γ1 and γ2 are implicated in associating punish-
ing electric shock stimuli with odors in an aversive Pavlovian
conditioning paradigm, whereas the DANs of the PAM cluster
that innervate compartments γ4 and γ5 mediate rewarding sugar
stimuli in an appetitive conditioning paradigm (Riemensperger
et al. 2005; Aso et al. 2012, 2014b; Liu et al. 2012). The role of
PAM-cluster DANs innervating the central γ3 compartment ap-
pears to be a dual, balancing one, as activating them induces aver-
sive learning and suppressing them substitutes for reward
(Yamagata et al. 2016). Given the observed restructuring of con-
nectivity between specific DANs and KCs under different caloric
conditions, we sought to understand how variation in food com-
positionmight affect associative odor learning. Appetitive associat-
ive olfactory learning, using sugar as a reward, is known to be
influenced by the hunger/satiation state of the animals, with
only starved flies capable of learning (Tempel et al. 1983). The im-
pact of different food types on the starvation time required for an-
imals to associate an odor with a sugar reward was analyzed. It was
observed that the three types of foodused—hypocaloric, isocaloric,
and hypercaloric—clearly influenced the motivational hunger/
satiation state of the flies, affecting their ability to engage in appe-
titive learning (Fig. 2A–C). Notably, in the absence of additional
starvation, appetitive learning was absent (Fig. 2A). However, after
24 h of starvation, all animals, regardless of the caloric value of the
food they were previously exposed to, exhibited significant appeti-
tive olfactory learning (Fig. 2C). This finding indicates that all an-
imals, irrespective of their prior diet, were healthy, capable of
learning, and not experiencing severe malnutrition. Following a

6-h period of starvation, corresponding to an intermediate hun-
ger/satiation state, flies previously exposed to hypocaloric food ex-
hibited significantly higher learning scores in appetitive olfactory
learning compared to those on hyper- or isocaloric diets (Fig. 2B).
The effect of exposing the animals to low-caloric food for an ex-
tended period of time became visible when the animals were not
extensively starved for 24 h or not starved at all. Although this re-
sult aligns with expectations, an intriguing discovery emerged in
the context of aversive learning (Fig. 2D–F). Notably, in the ab-
sence of starvation, aversive learning was comparable across all
food conditions (Fig. 2D), and this pattern persisted after 24 h of
starvation (Fig. 2F). However, aversive learning was notably re-
duced after 6 h of starvation in animals that had been maintained
on hypocaloric food (Fig. 2E). This surprising finding suggests a re-
lationship between the duration of starvation, the caloric content
of the food consumed before, andmodulation of aversive learning.
Naive repulsion from the odorants used for conditioning or avoid-
ance of electric shocks as unconditioned stimuli was not affected
by the feeding condition (Supplemental Fig. S1G,H). Apparently,
themetabolic state of the animals, induced by keeping the animals
on low-calorie food, had changed their ability to learn and/or re-
trievememory in that aversive learningwas reduced and appetitive
learning enhanced, which became visible at intermediate satiation
levels. This suggests that the balance between the two had shifted.
We further explored that possibility by subjecting the animals to a
conflicting situation in a counter-conditioning paradigm. Flies
were first trained to associate an odor with a reward, and subse-
quently the same odor with a punishment (or vice versa). Then,
it was tested whether they had formed (or retrieved) either an aver-
sive or appetitive memory for the conditioned odor. The training
was conducted after 6 h of starvation because the change in aver-
sive and appetitive learning was observed at this time point.
Interestingly, animals kept on hypocaloric food showed pro-
nounced appetitive learning, but those kept on isocaloric or hyper-
caloric food behaved indifferently in that they were neither
repelled nor attracted by the trained odor (Fig. 2G). After 6 h of star-
vation, aversive learning, or the retrieval of an aversive memory,
was overridden by appetitive learning or memory retrieval. As a
control, when the training procedure was exactly recapitulated in
flies kept on hypocaloric food, but either aversive or appetitive
training was omitted, a respective aversive or appetitive memory
readout was observed (Fig. 2G, right). These data demonstrate
that in a conflicting situation, it is the aversive memory that is ei-
ther not formed or suppressed in favor of appetitive memory for-
mation or retrieval.

Structural synaptic plasticity can be optogenetically

mimicked by manipulating the cAMP level
Exposing the animals to hypocaloric food for 7 d caused structural
plasticity in the physical connection between specific DANs and
KCs and reduced aversive learning. We asked whether the two ob-
served phenomenawere actually linked or whether they represent-
ed correlations without a causal connection. First, we used
functional GRASP in which one part (spGFP1-10) of the splitGFP
is fused with the synaptic vesicle protein Synaptobrevin
(MacPherson et al. 2015). Thereby, the splitGFP reconstitution rep-
resents a readout of functional synaptic connections and their ac-
tual activity in terms of vesicle release, rather than solely physical
proximity. Exposing the animals to hypocaloric food led to a re-
duction in the intensity of the reconstituted splitGFP fluorescence,
confirming that functional synaptic connections undergo plastic
modifications in response to dietary conditions (Fig. 3A). To fur-
ther elucidate the specific DANs labeled byMB188B-Gal4, we com-
pared the reconstituted splitGFP fluorescence between KCs and
MB188B-Gal4-labeled DANs with R58E02-Gal4, a driver line
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Figure 2. Calorie restriction affects appetitive and aversive associative olfactory learning. (A–C) Appetitive short-term memory after reward-mediated
olfactory conditioning depends on the starvation/satiation state. Flies maintained on isocaloric food for 7 d without a period of starvation do not show
significant appetitive learning (A, gray box). Learning indices increase when animals are starved for 6 h (B, gray box) or 24 h (C, gray box).
Maintaining the animals on hypo- or hypercaloric food (light and dark orange boxes, respectively) does not affect learning, either positively or negatively,
without starvation (A) or after 24 h of starvation (C). However, after 6 h of starvation, increased learning in flies maintained on hypocaloric food and de-
creased learning in flies maintained on hypercaloric food is detectable (B). (D–F) Aversive short-term memory after punishment-mediated olfactory con-
ditioning likewise depends on the starvation/satiation state. Flies maintained on isocaloric food for 7 d without a period of starvation show significant
aversive learning (D, gray box). Learning indices decrease when animals are starved for 6 h (E, gray box) or 24 h (F, gray box). Maintaining the animals
on hypo- or hypercaloric food (light and dark orange boxes, respectively) does not affect learning, either positively or negatively, without starvation
(D) or after 24 h of starvation (F). However, after 6 h of starvation, decreased learning in flies maintained on hypocaloric food becomes detectable (E).
(G) In a counter-conditioning paradigm in which the same odor is first associated with a reward and, subsequently, with a punishment or vice versa,
no learned preference or avoidance is observed in animals maintained on isocaloric or hypercaloric food. However, animals kept on hypocaloric food
express an appetitive short-term memory, as indicated by positive learning indices. Control animals in which either aversive or appetitive conditioning
was omitted (blue boxes) show either appetitive or aversive learning. Box plots indicate 25/75 percentiles, lines represent medians, whiskers represent
min/max values, pluses represent means, dots represent individual data points, and numbers represent sample sizes. Statistically significant deviations
from the baseline are indicated as asterisks above the boxes. Statistically significant differences between groups are indicated with asterisks and lines
below boxes. For statistical tests, see Supplemental Tables S1–S4. (*) P<0.05, (**) P<0.01, (***) P<0.001.
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Figure 3. The decrease in connectivity between MB188B-Gal4-driven DANs and KCs can be optogenetically mimicked. (A, Left) Z-projection through a
confocal microscopic stack visualizing the synaptic connectivity between MB188-Gal4-positive DANs and KCs using synaptobrevin-coupled GRASP.
(Magenta) Immunohistochemical staining of the pan-neuronal presynaptic protein Bruchpilot (antibody nc82), (green) nSyb-GRASP fluorescence, and
overlay of both. (Right) Quantification of relative rsGFP fluorescence intensity between populations of DANs and KCs. (B) Z-projection through a confocal
microscopic stack visualizing the population of DANs labeled byMB188B-Gal4. (Magenta) Immunohistochemical staining of the pan-neuronal presynaptic
protein Bruchpilot (antibody nc82), (green) expression of mCD8-GFP and nSyb-GFP under control of MB188B-Gal4, and overlay of both. (C)
Quantification of somata labeled by either MB188B-Gal4, R58E02-Gal4, or both together. Sixty-eight percent of the cells targeted by MB188B-Gal4
are not part of those targeted by R58E02-Gal4. (D) Comparative quantification of sustained neural activity using the Ca2+-dependent GFP expression
system CaLexA in neurons labeled by MB188B-Gal4. Relative fluorescence intensity was significantly higher in flies maintained for 7 d on hypocaloric
food, but not after only 1 d. (E) Optogenetic depolarization of MB188B-Gal4-positive neurons through pulsed red-light illumination using the photosen-
sitive cation channel CsChrimson does not change splitGFP reconstitution between these DANs and KCs when compared with genetic control strains. (F )
Optogenetic induction of cAMP synthesis in MB188B-Gal4-positive neurons through pulsed white-light illumination using the photosensitive adenylate
cyclase bPAC decreases splitGFP reconstitution between these DANs and KCs when compared with the genetic control, thereby mimicking the effect
of hypocaloric food. Scale bar, 50 µm. Box plots indicate 25/75 percentiles, lines represent medians, whiskers represent min/max values, pluses represent
means, dots represent individual data points, and numbers represent sample sizes. Statistically significant deviations from the baseline are indicated as
asterisks above the boxes. Statistically significant differences between groups are indicated with asterisks and lines below boxes. For statistical tests, see
Supplemental Tables S1–S4. (*) P<0.05, (**) P<0.01, (***) P<0.001.
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commonly used for analyzing all PAM-cluster DANs (Liu et al.
2012). The distinct regions of fluorescence indicated nonoverlap-
ping populations of neurons (compare Figs. 1D,E and 3A).
Counting somata revealed 23.0 ±2.1 in MB188B-Gal4 (n=18)
and 101.3 ±10.7 in R58E02-Gal4 per brain hemisphere (n= 22).
The genetic combination of both Gal4 lines resulted in 117.0±
7.9 somata (n=22) (Fig. 3B,C), demonstrating that ∼16 neurons,
or ∼70% of MB188B-Gal4-positive neurons, are exclusively part
of MB188B-Gal4 and not part of R58E02-Gal4.

Although previous studies suggested that very specific DANs
innervating the γ3 compartment mediate reward learning when
suppressed (Yamagata et al. 2016), our investigation using the re-
spective driver line MB441B-Gal4 did not show an effect of caloric
food conditions on contacts between KCs and these DANs
(Supplemental Fig. S7A). This suggests that the observed plastic ef-
fect of decreasedDAN–KC contacts is attributed to different subsets
of DANs rather than those implicated in γ3 reward learn-
ing. To further investigate the impact of hypocaloric conditions
on synaptic connectivity, we extended our analysis to KC connec-
tions with complementary MBONs innervating specific compart-
ments. Notably, MBONs innervating the β′1 compartment also
project to the γ3 compartment, akin to the DANs labeled by
MB188B-Gal4. This suggests a functional compartmentalization
across different KC types, specifically β′- and γ-lobe KCs.
However, examining the reconstituted splitGFP fluorescence in-
tensity between KCs and the respective MBONs using the split-
Gal4 lines MB83C-Gal4 and MB110C-Gal4 (Scaplen et al. 2021)
revealed that this connectivity was not influenced by the caloric
value of food (Supplemental Fig. S7B,C). This suggests that, unlike
the observed changes in dopaminergicmushroombody input neu-
rons, the connections between KCs and MBONs were not affected
by dietary conditions.

Moreover, we used a mosaic analysis of a repressible marker
(MARCM) (Lee and Luo 1999) to examine the gross morphology
of KCs of all three types (Supplemental Fig. S4A–C). This technique
allowed us to label individual KCs with a red fluorescent marker
protein against a background of all KCs marked in green fluores-
cence. The anatomical structures of KCs were then reconstructed
in three dimensions and quantified based on various parameters,
including the number of dendritic claws, lengths of axons and den-
drites, number of axonal boutons, points of axonal bifurcations
(nodes), and length of arborizations from primary axons, serving
as measures of neuronal complexity. Exposing the animals to
any of the three food compositions did not significantly modify
any of these anatomical parameters (Supplemental Fig. S4A–C).
This indicates that the synaptic changes quantified using the
GRASP technique, which revealed alterations in dopaminergic
mushroom body input neurons, were not accompanied by detect-
able anatomical changes in the individual KCs. In addition, we
conducted a complete transcriptome analysis of fluorescence-
activated cell sorted (FACS) KCs, and compared transcript levels
between animals kept on isocaloric food with those kept on hypo-
caloric food. Out of 10,578 transcripts, only one single gene
showed a significant up-regulation in animals kept on hypocaloric
food, namely, the gene mei-P26 (Supplemental Fig. S5;
Supplemental Table S6). The functions of this gene in developing
germline cells are well-investigated; however, its role in the adult
nervous system beyond neuronal differentiation remains less un-
derstood (Neumüller et al. 2008), and an analysis of the function
of this gene in the mushroom body is beyond the scope of this
study. Nevertheless, we notice that significant differences in tran-
script levels between the two feeding conditions in KCs are surpris-
ingly scant, indicating that the modifications might take place
in DANs. In sum, we conclude that the changes in synaptic con-
nectivity most likely arise from modifications within DANs and
their reciprocal synapses with KCs. However, we acknowledge

that subtle changes in KCs, whichmay be below the spatial resolu-
tion of our microscopic analysis, such as alterations at specific
postsynaptic densities or presynaptic active zones, cannot be
excluded.

To test for a potential causal connection between behavioral
alterations induced by caloric restriction and the observed synaptic
plasticity, we evaluated whether the decrease in synaptic connec-
tivity could be artificially mimicked. MB188B-Gal4-positive
DANs showed a slightly higher neuronal activitywhen the animals
were fed hypocaloric food for 7 d, as revealed using CaLexA, a
GFP-based reporter whose transcription is controlled by the neuro-
nal Ca2+ level as a general correlate of neuronal activity (Fig. 3D;
Masuyama et al. 2012). However, when the light-sensitive cation
channel CsChrimson (Klapoetke et al. 2014) was expressed under
control of MB188B-Gal4 and pulsed, red-light illumination of
the animals was applied over a period of 7 d, no alteration of the
splitGFP reconstitution was observed (Fig. 3E). This indicates that
depolarization per se does not cause any decrease in connectivity,
in contrast to what was observed under prolonged hypocaloric
conditions.We then askedwhethermodulatory second-messenger
pathways, such as the cAMP-dependent signaling cascade, might
induce the decrease in synaptic connectivity. To test this, the light-
inducible adenylate cyclase bPAC (Stierl et al. 2011) was expressed
in MB188B-positive DANs, and the animals were illuminated with
pulses of white light for 7 d. Indeed, optogenetically raising the
cAMP level was sufficient to induce a decrease in the connectivity
between MB188B-DANs and KCs, similar to the effect observed af-
ter keeping the animals on hypocaloric food (Fig. 3F). On the one
hand, this finding provided an experimental approach to artificial-
ly mimic synaptic plasticity in order to test which behavioral alter-
ation this might cause. On the other hand, it raised the question of
which natural modulator could potentially affect cAMP signaling
in these DANs.

Allatostatin A receptors, but not SIFamide receptors,

are required for synaptic plasticity
Allatostatin A (AstA), a neuropeptide signaling satiety (Hergarden
et al. 2012), has already been reported to influence DANs inner-
vating the mushroom body (Yamagata et al. 2016). In accordance
with this report, our immunohistochemical stainings indeed
indicated a close proximity of AstA immunoreactivity and
MB188B-Gal4-positive DANs (Fig. 4A). To test whether such
AstA-mediated input to MB188B-Gal4-DANs is involved in induc-
ing calorie-dependent synaptic modifications, an RNAi construct
against the AstA1 receptor was expressed inMB188B-Gal4-positive
DANs. Expression of this RNAi construct under the control of
MB188B-Gal4 caused an increase in sucrose uptake (Fig. 4B).
RNAi-mediated down-regulation of the AstA1 receptor in DANs
prevented the synaptic plasticity induced by keeping the animals
on hypocaloric food as judged by the unchanged reconstituted
splitGFP fluorescence between test and control group (Fig. 4C).
Additionally, we tested for a potential involvement of SIFamide,
which represents a further neuropeptide involved in signaling
states of hunger, and SIFamidergic neurons send projections to
themushroombody (Martelli et al. 2017). Anti-SIFamide immuno-
reactivity also indicates a potential proximity between SIFamide
and MB188B-Gal4-positive DANs (Fig. 4D). Likewise, RNAi-
mediated down-regulation of the sole SIFamide receptor that exists
in flies (Park et al. 2014) caused a slight increase in sucrose uptake,
which was statistically different from only one heterozygous pa-
rental control strain (Fig. 4E). However, expression of this RNAi
did not prevent the decrease in synaptic connections between
MB188-DANs and KCs because of hypocaloric conditions (Fig.
4F). Together, these data indicate that the satiety-signaling
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neuropeptide AstA influences MB188B-DANs and their synaptic
connections with KCs.

Structural synaptic plasticity between specific

dopaminergic neurons and Kenyon cells modifies

olfactory associative learning
The current data imply that caloric restriction induces a
cAMP-dependent modulation of MB188B-Gal4-positive DANs, re-
sulting from a decreased input from ASTA-releasing neurons. This,
in turn, leads to a reduction in synaptic connectivity between these
DANs and KCs. To further explore whether the observed decrease
in synaptic connectivity affects olfactory learning in amanner sim-

ilar to the exposure of flies to hypocaloric food, we focused on the
γ3 compartment of KCs to assess responses to punishing electric
shocks.

Given that dopamine release on KCs acts, at least partially, on
type1 dopamine receptors coupled toGα/s proteins that activate ad-
enylate cyclases, we used the fluorescent cAMP sensor G-Flamp1
(Wang et al. 2022). This sensor was expressed in γ-lobe KCs, and
in vivo two-photon microscopy was used to monitor the effects
of a series of electric shocks, as typically presented in aversive olfac-
tory conditioning experiments (Fig. 5A; Supplemental Fig. S6). In
the γ2 compartment, electric shocks induce local increases in
cAMP levels in KCs that reflect the time course of the shocks
(Supplemental Fig. S6A), consistent with their input from
punishment-mediating PPL1-cluster DANs (Riemensperger et al.

A

D E F
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Figure 4. An AstA receptor, but not the SIFamide receptor, is required for a decrease in connectivity between MB188B-Gal4-targeted DANs and KCs
induced by low-caloric food. (A) Z-projection through a confocal microscopic stack visualizing AstA immunoreactivity (magenta) and GFP expression in
MB188B-Gal4-targeted DANs (green) innervating the mushroom body (white outline). The mushroom body is localized through immunostaining
against Bruchpilot using the nc82 antibody (blue). (B) Quantification of food uptake using the capillary feeding (CAFE) assay in flies with
RNAi-mediated knockdown of the AstA receptor 1 (DAR1) in MB188B-Gal4-targeted DANs, compared with genetic control strains. (C) Quantification
of relative rsGFP fluorescence between MB188B-Gal4-targeted DANs and KCs in flies with RNAi-mediated knockdown of DAR1 in
MB188B-Gal4-targeted DANs and in different feeding conditions. Hypercaloric food does not significantly alter the connectivity between these DANs
and KCs when DAR1 is down-regulated. (D) Z-projection through a confocal microscopic stack visualizing SIFamide immunoreactivity (magenta) and
GFP expression in MB188B-Gal4-targeted DANs (green) innervating the mushroom body (white outline). The mushroom body is localized through immu-
nostaining against Bruchpilot using the nc82 antibody (blue). (E) Quantification of relative food uptake using the CAFE assay in flies with RNAi-mediated
knockdown of the SIFamide receptor (SIFa-rec) in MB188B-Gal4-targeted DANs, compared with genetic control strains. (F) Quantification of relative rsGFP
fluorescence intensity between MB188B-Gal4-targeted DANs and KCs in flies with RNAi-mediated knockdown of SIFa-rec in MB188B-Gal4-targeted DANs
and in different feeding conditions. The decrease in the connectivity between these DANs and KCs when flies are maintained on hypocaloric food remains
when SIFa-rec is down-regulated. Scale bar, 50 µm. Box plots indicate 25/75 percentiles, lines represent medians, whiskers represent min/max values,
pluses represent means, dots represent individual data points, and numbers represent sample sizes. Statistically significant deviations from the baseline
are indicated as asterisks above the boxes. Statistically significant differences between groups are indicated with asterisks and lines above boxes. For stat-
istical tests, see Supplemental Tables S1–S4. (*) P<0.05, (**) P<0.01, (***) P<0.001.
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2005), and the γ3 compartment exhibited equivalent cAMP
transients evoked by electric shocks (Fig. 5A). However, the
γ4 and γ5 compartments did not show comparable responses
(Supplemental Fig. S6B,C). Surprisingly, the quantitative change
in fluorescence of the cAMP sensor did not differ between the three
feeding conditions (Fig. 5A). This leads us to conclude that either
the decrease in connectivity between MB188B-Gal4-positive
DANs andKCs is not robust enough to be detectable using the fluo-

rescent cAMP imaging approach, or there might be additional neu-
rons not covered by MB188B-Gal4 that convey electric shock
signals to the γ3 compartment. However, the finding that the γ3
compartment is actually responsive to electric shocks prompted
us to test whether transmitter release from MB188B-Gal4-positive
DANs is required for associative learning. The dominant-negative
temperature-sensitive dynamin variant shibirets (Kitamoto 2001)
was used to block synaptic transmission from MB188B-Gal4-

A B

DC

Figure 5. MB188B-Gal4-targeted DANs are required for aversive olfactory learning. (A) Optical imaging of cAMP dynamics in the γ3 compartment of the
mushroom body in response to a series of punishing electric shocks in animals maintained for 7 d on food of different caloric values. (Left) Relative changes
in fluorescence intensity of the cAMP sensor Flamp1 in response to 12 consecutive electric shocks. (Middle) Integral of relative changes in fluorescence
intensity (area under curve, AUC). (Right) Maximum amplitude of relative changes in fluorescence intensity. (B) Blocking synaptic transmission in
MB188B-Gal4-targeted DANs through temperature-sensitive shibire expression does not affect appetitive, reward-based learning. (C ) Blocking synaptic
transmission in MB188B-Gal4-targeted DANs through temperature-sensitive shibire expression impairs aversive, punishment-based learning. Flies have
been shifted from 18°C to the restrictive (32°C) or the permissive temperature (25°C) 10 min before training. (D) Stimulating cAMP synthesis optogeneti-
cally using bPAC expression in MB188B-Gal4-targeted DANs for 7 d before conditioning impairs aversive, punishment-based learning. Line diagrams in-
dicate means ± SEM. Box plots indicate 25/75 percentiles, lines represent medians, whiskers represent min/max values, pluses represent means, dots
represent individual data points and numbers represent sample sizes. Statistically significant deviations from the baseline are indicated as asterisks
above the boxes. Statistically significant differences between groups are indicated with asterisks and lines above or below boxes. For statistical tests,
see Supplemental Tables S1–S4. (*) P<0.05, (**) P<0.01, (***) P<0.001.
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positive DANs during olfactory conditioning and memory retriev-
al. Appetitive associative learning was unaffected at both the per-
missive and restrictive temperature (Fig. 5B), demonstrating that
synaptic output from these DANs is not required for olfactory re-
ward learning and short-termmemory formation. In contrast, aver-
sive associative learning using electric shocks as unconditioned
stimuli was severely impaired at the restrictive temperature
(Fig. 5C), demonstrating that, unexpectedly, output from these
PAM-cluster DANs was required for aversive learning and/or
short-term memory formation. Optogenetically depolarizing or
hyperpolarizingMB188B-Gal4-DANs using either the cation chan-
nel CsChrimson (Klapoetke et al. 2014) or the anion channel
GtACR1 (Govorunova et al. 2015) did not affect food uptake
(Supplemental Fig. S8A,B).

Because exposing the animals to hypocaloric food caused a re-
duction in the connections between MB188-Gal4-positive DANs
and KCs, and this effect could be mimicked using optogenetic ma-
nipulation of cAMP levels, we asked whether such an optogenetic
manipulation would, in turn, affect aversive learning. We found
that, indeed, exposing flies that expressed bPAC under control of
MB188B-Gal4 to pulsed white light for a period of 7 d caused a sig-
nificant decrease in aversive olfactory learning and/or short-term
memory formation (Fig. 5D). These data close the full circle:
Caloric restriction induces structural synaptic plasticity in specific
DAN–KC connections that are causative for a decrease in aversive
odor learning or the retrieval thereof.

Discussion

The brain’s capacity to reorganize itself in response to experiences,
stimuli, and internal states is a fundamental aspect of its function-
ing, crucial for maintaining cognitive flexibility throughout life.
This adaptive plasticity of brain networks in processing informa-
tion is most commonly understood within the context of alter-
ations in synaptic transmission. However, it also includes
structural plasticity, which involves changes in the number and/
or structure of neurons or synapses, representing a widespread
process to modify and adjust network function. Structural plastic-
ity involves the dynamic processes of synapse formation, stabiliza-
tion, and elimination (Holtmaat and Svoboda 2009). These
modifications can be observed at the level of synapses or synaptic
structures, such as dendritic spines or axonal boutons.
Furthermore, structural plasticity operates at subsynaptic, molecu-
lar levels, involving the remodeling of presynaptic active zone pro-
teins or postsynaptic densities. It can even manifest at the
macrostructural level, leading to volume changes in entire brain re-
gions, such as specific parts of the cortex (for review, see Lövdén
et al. 2013). The multifaceted nature of structural plasticity allows
the brain to continuously adapt its architecture in response to var-
ious stimuli, contributing to the dynamic nature of neural net-
works and cognitive processes. The mushroom body of the insect
is no exception in its ability for structural rewiring. In Drosophila
melanogaster, the size of the presynaptic boutons of projection neu-
rons in themushroombody calyx is plastic and dependent on neu-
ronal activity (Kremer et al. 2010; Pech et al. 2015), which provides
evidence for activity-dependent structural reorganization of a cir-
cuit. Moreover, the formation of an appetitive associative long-
term memory for a particular odor is accompanied by a structural
change in the presynaptic, calycal boutons (Baltruschat et al.
2021). Likewise, in honeybees, volumetric changes in mushroom
body structures, particularly in the calyx, correlate with experience
and age (Withers et al. 1993; Durst et al. 1994;Maleszka et al. 2009;
Hourcade et al. 2010; Groh et al. 2012). These studies provide evi-
dence that in the insectmushroombody, sustained or blocked sen-
sory input, as well as experience such as associative learning of

sensory cues, can structurallymodify circuit structures implement-
ed to encode sensory representations. Our finding that DANs,
which contribute to reinforcing valence signaling in an insect
brain, also undergo plastic modifications adds a new level of
complexity.

Current models of the mechanisms and neuronal circuits of
olfactory associative learning in the insect brain often highlight
the dichotomy between rewarding and punishing signals, orches-
trating either aversive or appetitive learning. Initially, this dichot-
omy seemed to be a product of the artificial laboratory setup,
rooted in the conventional T-maze and binary choice behavior par-
adigm (Tempel et al. 1983; Tully and Quinn 1985). However, the
clear division between positive and negative valences is not solely
an experimental artifact. The γ-lobe of themushroom body emerg-
es as a pivotal player in associative learning and short-term mem-
ory retrieval postlearning (Zars et al. 2000; Qin et al. 2012).
Synaptic depression in the γ1 and γ2 compartments is implicated
in aversive learning, whereas synaptic depression in the γ4 and
γ5 compartments is associated with appetitive learning (Hige
et al. 2015; Hancock et al. 2022). This dichotomy is seemingly mir-
rored in the punishment-signaling DANs of the PPL1 cluster,
which innervate γ1 and γ2, and the reward-mediated DANs of
the PAM cluster, which innervate γ3–γ5. However, optical mea-
surements of Ca2+ transient in KCs reveal that only the γ4 and γ5
compartments (not γ3) respond to rewarding stimuli (Cohn et al.
2015), contrary to the prevailing view. Conversely, our cAMP tran-
sient measurements show that the γ2 and γ3 compartments re-
spond to punishing stimuli, in accordance with Wang et al.
(2022). Therefore, this study adds a more nuanced aspect to the es-
tablished categorization of DANs into punishing PPL1 and reward-
ing PAM clusters. One might perhaps hypothesize a role for the γ3
compartment in balancing appetitive and aversive learning, given
its central position along the γ-lobe. In fact, it has been shown that
MB188B-Gal4-positive DANs modulate polyamine odor attraction
bidirectionally dependent on themating state (Boehm et al. 2022),
which suggestsmultiple roles of theseDANs in different behavioral
contexts and corroborates their function in balancing antagonistic
behaviors. Moreover, the PAM-cluster DANs innervating the γ3
compartment do not seem to form a functionally uniform popula-
tion, introducing complexity to the traditional model. Notably,
subpopulations of DANs innervating the γ3 compartment targeted
by other Gal4 lines than those studied here influence appetitive
learning in that their suppression mediates reward (Yamagata
et al. 2016). However, our finding that AstA signaling affects these
DANs is in accordance with the report of Yamagata et al. (2016)
that describes an inhibition of γ3-innervating DANs by AstA. If
AstA signals satiety, as reported by Hergarden et al. (2012), it is rea-
sonable to assume that hypocaloric conditions might suppress
AstA release. Because the AstA receptor has been reported to be
Gαi/0-coupled (Larsen et al. 2001), satiety signaled through
AstA-releasing neurons would potentially inhibit adenylate cyclas-
es and cAMP synthesis. With the same logic, hypocaloric condi-
tions might in turn lead to elevated cAMP levels that are
causative for the decline in synaptic connections with KCs. The
RNAi-mediated down-regulation of the AstA1 receptor would
then disrupt the neurons’ capacity ofmodulation by different calo-
ric values. Of course, we do not exclude the possibility that hunger-
signaling peptides might also be involved, which might act as
counter players of AstA that induce cAMP synthesis.

An intriguing observation is that MB188B-Gal4-positive
DANs innervate both the γ3 and β′1 compartments. This aligns
with some corresponding MBONs that also innervate the equiva-
lent compartments, suggesting that compartments across multiple
KC types (γ-lobe and β′ KCs) constitute functional units. A clear
functional subdivision of the different KC types in balancing appe-
titive and aversive learning is, therefore, not to be expected.
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We ascribe the observed structural plasticity to alterations
within the investigated DANs. Nevertheless, it is imperative to ac-
knowledge the possibility that KCs, which maintain synaptic con-
nections with the aforementioned DANs, might also undergo
modificationswithin their respective compartments. Given the ex-
istence of reciprocal synapses (Cervantes-Sandoval et al. 2017), the
intricate nature of the synaptic modifications becomes apparent
and adds a layer of complexity in discerning whether pre- and/or
postsynaptic elements in DANs and potentially KCs are subject
to modification. The precise nature of these modifications remains
elusive, and it is unclear whether they occur predominantly in pre-
or postsynaptic regions of DANs and if they potentially extend to
KCs. Furthermore, a comprehensive understanding of the physio-
logical impact of the observed structural plasticity on synaptic
transmission remains elusive. Recent reports indicate that increas-
es in cAMP levels in addition with KC activation lead to synaptic
depression, with temporal differences across KC compartments
(Yamada et al. 2024), as is the case in aversive associative learning
(Hancock et al. 2022). The decrease in synaptic connectivitymight
perhaps influence the generation of learning-induced synaptic
depression. However, it remains imperative to conduct further
studies at the synaptic level to elucidate the effects of structural
plasticity on synaptic transmission.

Materials and Methods

Fly husbandry
All fly stocks used in this study are listed in Supplemental Table S5.
All flies were raised until eclosion on standard cornmeal-basedme-
dium under a 12-h light–dark cycle, and at 25°C temperature and
60% humidity unless otherwise indicated. The Drosophila food
compositions were as follows:

Standard cornmeal medium: 80 g/L cornmeal, 10.25 g/L agar, 10
g/L soy flour, 18 g/L yeast, 22 g/L sugar beet syrup, 80 g/L malt,
6.3 mL/L propionic acid, 1.5 g/L nipagin, 7 mL/L ethanol.
Hypocaloric food: 80 g/L cornmeal, 5 g/L agar, 20 g/L sucrose, 2.5
g/L yeast, 6.3 mL/L propionic acid (36 kcal/100 g).
Isocaloric food: 80 g/L cornmeal, 5 g/L agar, 50 g/L sucrose, 20 g/L
yeast, 6.3 mL/L propionic acid (52 kcal/100 g).
Hypercaloric food: 80 g/L cornmeal, 5 g/L agar, 150 g/L sucrose,
20 g/L yeast, 10 g/L pork lard, 6.3 mL/L propionic acid (100
kcal/100 g).

To starve flies, the animals were placed in vials containing a wetted
paper tissue.

Quantification of splitGFP reconstitution
Flieswere anesthetized on ice for at least 10min and the brains of 5-
to 7-d-old female flies were removed from the head capsule. The
tracheae were carefully removed and the brains were placed in
cold Ringer’s solution containing 5 mM HEPES (pH=7.3), 130
mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, and 36 mM
sucrose (Estes et al. 1996). Subsequently, the brains were trans-
ferred to 4% paraformaldehyde solution (pH=7.4) and incubated
for 30 min at room temperature followed by three washing steps
of at least 15 min each with 0.6% Triton X-100 in phosphate-
buffered saline (PBST) and mounted in Vectashield (Vector
Laboratories). Image stackswere obtainedusing a Leica TC SP8 con-
focal microscope and a 20×/0.7 water/glycerol immersion objec-
tive at 1-µm steps in the z-axis. The same settings (resolution,
laser power, zoom factor) were used for every repetition of the
same experiment. Fluorescence intensity in distinct regions of in-
terest was quantified using Fiji (Schindelin et al. 2012). The brains
were not subjected to any staining and raw fluorescence was
quantified.

Immunohistochemistry
Five- to seven-day-old female flies were used, with the exception
that 10-d-old female flies were used for experiments that involved
sustained feeding of calorie-modified food or optogenetic manipu-
lation. Flies were anesthetized for at least 10 min on ice, and the
brains were dissected in ice-cold Ringer’s solution. Subsequently,
the brains were transferred to 4% paraformaldehyde solution and
incubated for 30min at room temperature followed by three wash-
ing steps of at least 15min each in PBST. Blockingwas performed in
2% bovine serum albumin dissolved in PBST overnight at 4°C.
After blocking, the brains were incubated in primary antibodies
dissolved in blocking solution for at least 6 h at room temperature,
followed by three washing steps of at least 15 min each in PBST,
and subsequent incubation with secondary antibodies dissolved
in blocking solution overnight at 4°C. The samples were washed
three times for at least 15 min in PBST and mounted in
Vectashield (Vector Laboratories) before microscopy. Image stacks
were obtained using a Leica TC SP8 confocal microscope and a
20×/0.7 water/glycerol immersion objective at 1-µm steps in the
z-axis. The antibodies used in this study are listed in Supplemental
Table S6.

Illumination for optogenetic experiments
Flies were stimulated using a custom-built chamber (opto-
stimulator) that had the walls covered with LED panels. The vials
containing the flies were placed in the chamber for the duration
of the experiments. The duration and frequency of the light stim-
ulation pulses were controllable. A chamber with white LEDs (160
Im/W, luminous flux 1.885 lm) was used for bPAC, and one with
red LEDs (615–650 nm) was used for CsChrimson. Thirty-second
light pulses at 10% of the maximum light intensity were applied
every minute during the daytime of the 12 h:12 h light–dark cycle.
No light stimulation was applied at night. The flies expressing
CsChrimson or GtACRI were kept on food containing 250 mM
all-trans-retinal throughout. Before light stimulation, flies carrying
CsChrimson, GtACRI, or bPAC were reared in constant darkness.

Proboscis extension response
Flies were starved for 24 h at 25°C in a vial in which a wetted tissue
paper was placed on the bottom. The starved flies were briefly
anesthetized on ice and tethered into a 1-mL pipette tip using a
three-component dental glue. Each fly was briefly touched on
the labellum with a 2 M sucrose solution-soaked cotton swab.
This procedurewas repeated five times per fly, and proboscis exten-
sion incidents were scored as a percentage of proboscis extension
responses (PERs).

Associative learning
Olfactory associative learning experiments were performed as de-
scribed by Tempel et al. (1983) and Tully and Quinn (1985). A
custom-built T-maze machine, described in Schwaerzel et al.
(2002), was used to test four experimental groups of flies simulta-
neously. A mixed population of 50–70 male and female flies was
trained by presenting an odor as conditioned stimulus (CS+) to-
gether with a rewarding or punishing unconditioned stimulus
(US) for 1 min. 3-Octanol and 4-methylcyclohexanol were used
as odorants at a 1:36 dilution. After a 1-min break, a second odor
was presented as the CS− for another minute. A Whatman paper
soaked with 2 M sucrose that covered the inside of a tube was
used as the rewarding US; a series of 12 electric shocks of 90 V
(1.25-sec shocks presented at 5-sec intervals) was administered as
the punishing stimulus, via a tube covered on the inside with an
electrifiable grid. One minute after training, the flies were trans-
ferred to the T-maze part of the apparatus. Flies were presented
with CS+ and CS− odors simultaneously from different arms of
the maze for 2 min with a constant airflow (167 mL/min). The
number of flies in each arm was counted and a performance index
was calculated as the number of flies in the CS+ arm minus the
number of flies in the CS− arm divided by the total number of flies
tested. Learning indices were calculated by averaging the two
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performance indices of two reciprocal trainings in which the odor-
ants used as CS+ or CS− were exchanged. During the starvation be-
fore the training procedure, the flies were placed in vials that
contained filter paper soaked with tap water for either 6 or 24 h at
25°C. In experiments in which synaptic transmission was blocked
using temperature-sensitive shibire expression (Kitamoto 2001),
the permissive temperature was controlled and kept at 25°C. In
the restrictive condition, the temperature of the chamber was in-
creased to 32°C before learning experiments, and the flies were ex-
posed to the restrictive temperature for at least 10minbefore testing.

Electric shock avoidance and odor avoidance
Shock avoidance was tested using the same machine used for asso-
ciative olfactory learning. The flies were placed in the middle com-
partment of the T-maze. One arm was equipped with either a tube
covered with an electrifiable grid delivering 12 electric shocks
(90 V, 1.25 sec in duration each) or with a tube equipped with an
odorant container; the opposite arm contained only the solvent
mineral oil with no odorant. The flies were allowed to roam freely
in the apparatus for 2min. A preference indexwas calculated as the
number of flies in the arm containing the odor or in the electrified
tube, respectively, minus the number of flies in the opposite arm
divided by the total number of flies.

Capillary feeding assay
The CAFE assay was conducted as described by Ja et al. (2007).
Individual female flies were starved for 24 h at 25°C in single vials
containing a filter paper soaked with tap water. Following starva-
tion, 1 M sucrose solution, unless stated otherwise, colored with
red food dye was provided to each vial via a capillary tube by pierc-
ing the sponge vial plug. The sucrose level before and after 24 h of
the assay was marked and a millimetric measurement of the solu-
tion level was converted into volume. Empty vials with capillaries
were used to measure the amount of sucrose solution loss due to
evaporation and this value was subtracted from each value.

FlyPad feeding assay
CantonS flies used in the FlyPad experiments were reared and
maintained on standard cornmeal food, with the above-described
composition, in incubators at 25°C, with 60% humidity, and un-
der a 12 h:12 h light–dark cycle. After hatching, 3-d-old female flies
were collected and transferred to hypo-, iso-, or hypercaloric food
for 7 d. Five microliters of 1 M sucrose solution containing 1%
low gelling temperature agarose were placed in wells of the
FlyPad containing electrodes to detect the capacitance change
when the flies physically interacted with the food. The flies were
transferred to the FlyPad individually using a pump. The experi-
ments were performed in a climate chamber at 25°C, at 60% hu-
midity. Each FlyPad recording session lasted 60 min, during
which time the flies could interact with the food ad libitum. For
optogenetic manipulation experiments in the FlyPad, flies were
reared and maintained on standard cornmeal food, as described
previously, supplemented with all-trans-retinal at 0.2 mM concen-
tration, in incubators at 25°C, under a 12 h:12 h light–dark cycle
and 60% humidity. During the experiment, carried out in the
dark, the flies were exposed to red (2-V) or green (5-V) light
that was automatically activated once the fly started to sip 1 M
sucrose food, as described above. Data were acquired using scripts
(https://github.com/ribeiro-lab/optoPAD-software) based on
Bonsai, an open-source program. Analysis was conducted using a
MATLAB code.

Olfactory exploration assay
The discovery rate of individual flies was quantified using high-
speed videography. Flies were situated in a circular arena with a
diameter of 90 mm, which was sealed using an antiglare Perspex
plate. A gap of 2 mm between the pane and the medium enabled
the flies to move while restricting their ability to fly. To ensure
that illumination was controlled, the camera and arena were
placed in an enclosure that provided complete isolation fromexter-

nal light sources. High-speed videography was conducted from an
overhead perspective at a frame rate of 50 Hz. For illumination, in-
frared LEDs (Pollin Electronic GmbH 53109) were placed beneath
the arena. Data capture was executed using TroublePix software
from NorPix Inc., and facilitated through a MotionTraveller 500
camera (Imaging Solutions GmbH). Each fruit fly’s trajectory, con-
sisting of position and orientation in each camera frame, was me-
ticulously tracked using LACE, an automatic animal tracking
system (Garg et al. 2022). Locomotion speed was determined by
calculating the difference vector between the centers of mass in
two consecutive frames. Furthermore, rotations in the yaw orienta-
tion were measured as the relative change in the orientation of the
caudal–cranial axis across succeeding frames. LACE records the
outline and surface area of the fly at each frame, aggregating these
data to create a single polygon representing all of the locations the
fly has visited during the observation period. Under conditions
devoid of light, the surface area the animal has traversed becomes
the area explored. Dividing the traversed area by the observation
duration renders the exploration rate, quantified as squaremillime-
ters per second.

Quantification of survival rates
For every experiment, 10 flies (five males and five females) raised
on standard food were collected immediately after eclosion and
placed on different food conditions. The flies were transferred to
a fresh food vial every third or fourth day. The dead flies left in
the vial were counted during these transfers. Survival rates were cal-
culated as the percentage of surviving flies for each time point.
Each experiment was repeated five to six times for each condition.
Male and female flies were pooled because the survival was not de-
pendent on gender.

In vivo two-photon cAMP imaging
Female flies were briefly anesthetized on ice and mounted with
clear sticky tape in a custom-built chamber that allowed for the
delivery of electric shocks ventral to the fly’s body. The fly head
was fixed using light-cured composite resin and covered in
Ringer’s solution containing 5 mM HEPES (pH=7.3), 130 mM
NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, and 36 mM sucrose
(Estes et al. 1996). The head capsule was opened and the brain
was exposed. In vivo imaging was performed using a two-photon
laser-scanningmicroscope LSM 7MP (Zeiss) and Zeiss Zen software
(2011 SP4 black edition), equipped with a W Plan-Apochromat
20×/1.0 water immersion objective (Zeiss). An excitation wave-
length of 920 nm with a Ti:sapphire laser (Coherent Chameleon)
was used in combination with a 500- to 550-nm BP filter. Images
were captured at a pixel size of 0.42 µm and a frame rate of 4 Hz.
Electric shock pulses were controlled via a custom-built controlling
device. Flies were subjected to 12 90-V shocks spaced over 60 sec,
each lasting 1.2 sec. The γ2–γ5 compartments of the mushroom
bodywere observed simultaneously for each fly, with 10 individual
flies for each food condition. Images were processed using Fiji
(Schindelin et al. 2012). Raw image sequences were motion-
corrected using the TurboReg plug-in (Thévenaz et al. 1998).
Mean fluorescence intensities F over time were calculated from re-
gions of interest within the γ-lobe compartments. The baseline
fluorescence, F0, was determined as the mean value of the 5-sec
time frame before the onset of the first shock. The integral area un-
der curve (AUC) was calculated for the 60-sec period of electric
shocks and the maximum ΔF/F0 was determined as the value 2.5
sec after the onset of the first shock.

MARCM-dependent single Kenyon cell analysis
To visualize single-cell clones using MARCM (Lee and Luo 1999),
the following genotype was generated:

hsFlp, −Gal80, w−, FRT19A/y, w−, FRT19A;

mb247−GCaMP3.0/+; 20xUAS:6 xmCherry/+;

OK107−Gal4/+
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To induce heat-shock promoter–dependent flippase (flp) expres-
sion (Golic 1991), the food vials containing the respective larvae
were placed in awater bath heated to 37°C using a custom-built de-
vice to keep the vials below the surface. The heat shockwas applied
for 2–4 h, interrupted by several breaks of 15–30 min at room tem-
perature to avoid overheating of the larvae. Depending on the type
of KC clone that was to be induced by MARCM, the larvae were
heat-shocked at different time points after hatching. Heat shocks
were applied for labeling of the respective KC types following Lee
and Luo (1999). Brains were dissected, and subjected to immuno-
histochemical staining and confocal laser scan microscopy as de-
scribed above. KC morphologies were reconstructed manually
using the software Neurolucida. The reconstructionwas performed
using the simple click-tracing function. Only the skeletons of KCs
were traced, ignoring different volumes along the neurites. Using
the background marker expression (MB247-GCaMP3.0) for
orientation, mushroom body substructures were identified.
Accordingly, different parts of single KCs were assigned to the ca-
lyx, the peduncle, and the lobes, which in turn were further subdi-
vided into different compartments, as described in Aso et al.
(2014a) and Tanaka et al. (2008). Arborization lengths and the
number of nodes were measured in the different cell subdivisions.
Moreover, the dendritic claws within the calyx were marked and
quantified. In caseswhere the image quality of a KCwas considered
to be very good, all bouton-like varicosities along the KC axons in
the lobes were quantified. The primary node of a γ-lobe KCwas de-
fined within one of the five γ-lobe compartments according to the
following criteria, taking into account the complexity of the arbor-
izations: The node at a bifurcation was considered to be a primary
node if, after bifurcation, both branches crossed at least two com-
partment borders. In the case of a bifurcation in the γ4 compart-
ment, the node at the bifurcation was considered to be a primary
node if both branches crossed the border to the γ5 compartment
and were of the same magnitude. In the case of the analysis of
α/β in the context of different caloric food conditions, only α/β
surface neurons were reconstructed in order to avoid bias in the
data set.

Kenyon cell sorting and RNA sequencing
Flies expressing DsRed in KCs under direct control of the promoter
mb247 (Riemensperger et al. 2005) were transferred 3 d after hatch-
ing from standard food to either hypo- or isocaloric food, and were
maintained there for 7 d. KCs were sorted similarly to Alyagor et
al. (2018). In short, brains from 70 flies per replicate and food
condition were dissected in ice-cold Ringer’s solution. The collect-
ed samples were incubated in a collagenase/dispase mix (Roche
10269638001) for 30 min at 29°C. The samples were mixed every
5 min for efficient dissociation by flipping the tubes. Then, the
samples were washed in dissociation solution (Sigma-Aldrich
C1544) and transferred through a 35-µm mesh (Falcon) to elimi-
nate remaining cell clusters and debris. Between 8000 and
15,000 DsRed-positive cells were sorted with low pressure through
aflow cytometer (BD FACSAria Fusion, BD Bioscience) directly into
500 μL TRIzol (Invitrogen 15596026). The samples were stored at
−80°C until they were shipped on dry ice. Total RNA extraction, li-
brary preparation, and sequencing were conducted by the
Transcriptome and Genome Analysis Laboratory, University of
Göttingen. Data were normalized and statistically analyzed using
the DESeq2 algorithm (Love et al. 2014).

Statistical analysis
All statistical analyses and visualizations were performed using
GraphPad Prism 10, with a significance level set at α=0.05. For
normally distributed data, parametric statistical tests were used,
and for nonnormally distributed data, nonparametric tests were
used throughout. To compare individual groups against the level
of chance, we used Holm–Sidak-corrected, two-tailed, one-
sample t-tests for normally distributed data (as determined by
the Shapiro–Wilk test), and Holm–Sidak-corrected, two-tailed,
Wilcoxon signed-rank tests for nonparametric data. Parametric sta-
tistics were used for statistical analyses between groups that met

the assumptions of a normal distribution (as determined by the
Shapiro–Wilk test) and homogeneity of variance (as determined
by Bartlett’s test). Specifically, an unpaired t-test was used for com-
parisons between two groups, and a one-way ANOVA followed by
planned pairwise comparisons using Tukey honestly significant
difference (HSD) post hoc tests was conducted for comparisons
amongmore than two groups. In cases where the data significantly
deviated from the assumptions of normality and homogeneity of
variance, nonparametric tests were used. The Mann–Whitney
U-test was used for comparisons between two groups, and the
Kruskal–Wallis test was used for comparisons among more than
two groups. Dunn’s multiple pairwise comparisons were per-
formed post hoc, after the Kruskal–Wallis test. Detailed informa-
tion on the specific statistical tests used, sample sizes, and
descriptive statistics can be found in Supplemental Tables S1–S4
for themain figures and in Supplemental Figures. To assess the sur-
vival of flies under different feeding conditions, a Kaplan–Meier
survival analysis was conducted. Significant differences between
groups were analyzed using a Holm–Sidak-corrected log-rank test
(Mantel–Cox).
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