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This study presents the state-dependent role of serotonin for the protein and sugar
intake of Drosophila by expressing a dominant-negative serotonin transporter in
subsets of serotoninergic neurons. This paper is valuable for neuroscientists working
on neuromodulation and the effects of internal states such as hunger, however the
characterization of behavioral and neuroanatomical data is incomplete.
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Abstract

For the organism it is important to replenish internal energy storages selectively and
selective appetite for nutrients might uncover internal energy requirements. How is the
selective uptake of a specific nutrient regulated? Here we show that in Drosophila
melanogaster different sets of serotonergic neurons regulate appetite for sucrose and hunger
for proteins. Increased neuronal activity in specific subsets of serotonergic neurons and
interfering with serotonin reuptake using a mutated serotonin transporter reduced the
appetite for sucrose selectively, but not the hunger for proteins. The insulin receptor together
with the serotonin transporter regulates the selective sucrose appetite. We provide evidence
that the cellular location of the serotonin transporter depends on the insulin receptor. This
mechanism might allow optimizing nutrient intake and in turn might prevent
overconsumption by repressing appetite for sucrose. Given the conserved nature of the
molecules involved it is likely that the mechanism is conserved in higher organisms.

Introduction

Food intake must be regulated depending on the organism’s internal energy requirements and the
availability of external food sources. The lack of internal energy manifests itself by the feeling of
hunger. Hunger leads to pronounced foraging behavior and increases the sensitivity to external
stimuli to ensure the detection of a suitable food source (Ko et al., 2015     ). Appetite, on the other
hand, is defined as the desire to feed despite the lack of hunger and can optimize the intake of
certain nutrients. Loss of control over appetite-driven food intake in humans often leads to
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overeating and metabolic disorders such as obesity and diabetes (Berthoud & Morrison, 2008     ).
In vertebrates and invertebrates, the neurotransmitter serotonin is involved in the regulation of
appetite and hunger (Tierney, 2020     ). However, it remains unclear how serotonin regulates
selective appetite for certain nutrients.

In vertebrates, increased serotonin levels are associated with the repression of appetite (Voigt &
Fink, 2015     ; Yabut et al., 2019     ). In adult Drosophila melanogaster, the role of serotonin in food
intake is diverse and serotonin regulates different aspects of feeding (Albin et al., 2015     ;
Pooryasin & Fiala, 2015     ; Ro et al., 2016     ; Yao & Scott, 2022     ). For example, in satiated flies, the
activation of subsets of serotonergic neurons results in increased food intake (Albin et al., 2015     ),
whereas in hungry flies the activation of a similar and broader set of serotonergic neurons led to a
reduction in food intake (Pooryasin & Fiala, 2015     ). Preference for a high-protein diet after mild
starvation depends on serotonin levels (Ro et al., 2016     ). Different serotonergic neurons respond
with activity to sucrose or bitter taste. The serotonergic neurons that respond to sucrose activate
insulin secretion, while the neurons that respond to bitterness regulate gastric motility (Yao &
Scott, 2022     ).

The presence of serotonin in the synaptic cleft can be prolonged by blocking the reuptake of
serotonin via the serotonin transporter into the presynaptic neuron. In rats, serotonin reuptake
inhibitors reduce food intake (Halford et al., 2007     ; Simansky & Vaidya, 1990     ). In humans,
serotonin reuptake inhibitors have been used as anorexic drug to reduce food intake and weight
(Hainer et al., 2006     ; Voigt & Fink, 2015     ). The mechanism appears to be conserved between flies
and mammals, as flies lacking the Drosophila serotonin transporter (SerT) also show a reduced
food intake (Knapp et al., 2022     ).

Regulation of food intake affects the amount of nutrients available to produce or store energy on
cellular level. At the cellular level, insulin receptors regulate the uptake of glucose into the cells
(Saltiel & Kahn, 2001     ). In vertebrates and invertebrates such as Drosophila melanogaster, the
signal transduction cascades acting downstream of the insulin receptors are well conserved
(Chatterjee & Perrimon, 2021; Inoue et al., 2018     ). In contrast to insulin in vertebrates, several
insulin-like peptides have been identified in Drosophila that could interact with the insulin
receptor (Chowanski et al., 2021     ). In Drosophila, insulin-like peptides (Dilp) regulate food intake
(Semaniuk et al., 2021     ). Several Dilp mutants consume too much sucrose or protein-enriched
food (Semaniuk et al., 2021     ; Semaniuk et al., 2018     ), suggesting that the activation of insulin
receptor signaling via different Dilps might serve as satiety signal. Under starvation, this might
change, as Dilps promote food intake (Sudhakar et al., 2020     ). Alternatively, different
downstream targets of Dilp signaling can regulate different aspects of selective food intake in
context of different internal energy demands.

To better understand how internal energy resources are replenished, we investigated how
serotonergic neurons regulate nutrient-specific food intake and analyzed the role of serotonin
transporter and insulin receptor function in the regulation of this specificity. Using behavioral
experiments and neuroanatomical analysis, we identified a group of serotonergic neurons that
specifically regulate the appetite for sucrose, but not high-protein diet. Increased serotonin
signaling reduced sucrose appetite similar to a blocked or activated insulin receptor function. The
reduction in sucrose appetite could be due to two different mechanisms. One mechanism is due to
changes in the morphology of serotonergic neurons, that can reduce sucrose intake. The second
mechanism is due to dislocation of the serotonin transporter within the neurons. Using genetic
epistasis experiments, we provide evidence that the serotonin transporter acts downstream of
insulin receptor in regulating appetite of sucrose. Reduced appetite for sucrose could in turn affect
other appetitive behaviors, such as learning and memory of food reward. Together, our results
reveal a mechanism by which insulin receptor signaling regulate the appetite for a specific
nutrient. This mechanism enables nutrient-specific food intake required to selectively replenish
internal energy stores.

https://doi.org/10.7554/eLife.104535.1
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Results

General activation of serotonergic neurons suppresses food intake (Pooryasin & Fiala, 2015     ).
However, in satiated flies, activation of serotonergic neurons triggers food intake (Albin et al.,
2015     ). This raises the question of how the serotonergic neurotransmitter system does both:
suppressing and enhancing food intake.

Different sets of serotonergic neurons regulate
appetite or hunger for certain nutrients
The difference in food intake might depend on the set of serotonergic neurons that regulate the
intake, the internal energy state of the fly and/or the food source. Therefore, we wanted to
investigate the function of different groups of serotonergic neurons in flies with different energy
states during the food intake on different diets (Figure 1     ).

To specifically alter serotonergic function in serotonergic neurons, we employed the expression of
a non-functional serotonin transporter with mutated serotonin binding sites under the control of
the Gal4/UAS system that competes with the endogenous serotonin transporter for function. The
serotonin transporter exists as a multimer that takes up serotonin from the synaptic cleft after
release and thereby terminates transmission between pre-and post-synapsis (Cooper et al.,
2019     ; Rudnick & Sandtner, 2019     ). The expression of the mutated SerT results in reduced
presynaptic serotonin and functions as a dominant-negative serotonin transporter (UAS-SerTDN;
(Xu et al., 2016     ; He et al., 2020     ). To target different sets of serotonergic neurons, we used three
different serotonergic Gal4 drivers (Figure 1A      to Figure 1C     ). The Sert3- Gal4 driver targets
three serotonergic neurons per brain hemisphere, including one SE1 neuron, one IP neuron, and
one LP1 neuron (Xu et al., 2016     ). The R50H05-Gal4 and the Tph-Gal4 drivers target
approximately 54% of serotonergic neurons, which comprise partially overlapping sets of
serotonergic neurons (Jenett et al., 2012     ; Park et al., 2006     ; Xu et al., 2016     ). To investigate the
influence of the internal energy state, we analyzed food intake of starved flies to determine
hunger-induced food intake or of ad libitum-fed flies to determine appetite-induced food intake.
We used 5% sucrose, 5% yeast or 5% sucrose with 5% yeast as food source and determined food
intake using a Capillary Feeder assay (CaFe assay; Ja et al., 2007     ; Figure 1     ).

Expression of the UAS-SerTDN under the control of Sert3-Gal4, R50H05-Gal4, and Tph-Gal4 reduced
appetite for sucrose but did not alter appetite for yeast (Figure 1D      to Figure 1F     ; Figure 1G     
to Figure 1I     ). The same sets of serotonergic neurons did not regulate sucrose hunger (Figure
1D      to Figure 1F     ). Expression of the UAS-SerTDN in a set of serotonergic neurons under the
control of the R50H05-Gal4 and the Tph- Gal4 drivers increased the yeast hunger (Figure 1H      to
Figure 1I     ). When comparing the different sets of serotonergic neurons targeted by the different
drivers, the reduced appetite for sucrose can be attributed to three serotonergic neurons targeted
by the Sert3-Gal4 driver, while protein hunger is regulated by additional neurons of clusters SE3,
IP or LP1 or serotonergic neurons of the clusters SE3, SP1, SP2, LP2 or AP.

Next, we investigated how information from hunger-sensing and appetite sensing-neurons jointly
influences food intake of food containing sucrose and yeast. We therefore gave starved flies a
mixed diet of 5% sucrose and 5% yeast or gave fed flies ad libitum excess to the food source
(Figure 1K      to Figure 1M     ). Although expression of SerTDN under the control of the Sert3-Gal4
driver still resulted in reduced appetite for the food mixture, it had no effect on hunger-induced
food intake (Figure 1K     ). Expression of the SerTDN under the control of the R50H05-Gal4 and
Tph-Gal4 did not alter appetite or hunger for the mixed food diet, suggesting that serotonergic
neurons exist that counteract the reduced appetite for sucrose when a balanced diet is provided.
Similarly, hunger for proteins can be suppressed by a diet high in proteins and sucrose.

https://doi.org/10.7554/eLife.104535.1
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Figure 1.

Serotonergic neurons regulate sucrose appetite and protein hunger.

A to C, Schematics of serotonergic neurons targeted by different Gal4 drivers; serotonergic neurons are marked in red. D to
F, Expression of SerTDN under the control of the Sert-Gal4, R50H05-Gal4 or Tph-Gal4 drivers reduced sucrose intake in flies fed
ad libitum but not starved flies. G to I, Hunger-induced protein intake is increased, when SerTDN is expressed in broad subsets
of serotonergic neurons. K to L, Appetite-induced intake of a mixed diet consisting of 5% sucrose and 5% yeast is reduced
only in flies in which SerTDN is expressed under the control of the Sert3-Gal4 driver. Data represents mean ± SEM (n = 16–37).
For raw data see Supplementary Table S1. *P < 0.05; **P < 0.01; one-way ANOVA, with Tukey post-hoc test.
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In summary, appetite for sucrose and hunger for a high-protein diet are regulated by different sets
of serotonergic neurons. In the presence of a food source containing sucrose and proteins, the
information from different serotonergic neurons is processed together and information of sucrose
appetite and protein hunger is offset against each other.

Activation of serotonergic neurons reduce
appetite for sucrose or hunger for proteins
Expression of a mutated serotonin transporter during development could lead to compensatory
effects in the brain. To analyze whether activation of serotonergic neurons directly regulate
sucrose intake, we activated the set of serotonergic neurons using optogenetics in adult flies and
analyzed food intake. To do so, we combined the CaFe assay with a light source that allowed to
activate the light-sensitive Channelrhodopsin-2 (ChR2) under the control of the Sert3-Gal4 or Tph-
Gal4 driver (Figure 2     ). Blue light irradiation causes a conformational change of ChR2 in the
presence of all-trans retinal (ATR), which leads to influx of cations and depolarization of neurons,
thereby increasing neurotransmitter release (Nagel et al., 2003     ). We analyzed the food intake of
hungry flies or flies fed ad libitum (Figure 2B      to Figure 2D     ). As control group, we used flies
that were not fed with ATR. In addition, we controlled for the effect of ATR on the ChR2 transgene
by examining food intake of flies carrying one copy of the UAS-ChR transgene.

Activation of serotonergic neurons under the control of the Sert3-Gal4 or Tph- Gal4 driver reduced
appetite-induced sucrose intake (Figure 2B     ), but not hunger- induced sucrose intake (Figure
2C     ). This supports our results showing that the serotoninergic neurons function as negative
regulator of sucrose appetite. Consistent with the idea that a different set of serotonergic neurons
regulates protein hunger, we observed activation of neurons targeted by theTph-Gal4 driver
increased hunger- induced protein intake, but not activation of the serotonergic neurons targeted
by the Sert3-Gal4 driver (Figure 2D     ). Thus, different sets of serotonergic neurons regulate
sucrose appetite and protein hunger.

Reduced appetite correlates with
reduced appetitive short-term memory
To clarify whether a reduced appetite for sucrose is also associated with a reduction in the
rewarding properties of sucrose, we performed classical olfactory conditioning experiments with
sucrose as a reinforcer. To do so, we used the Tully- Quinn paradigm and analyzed whether flies
expressing the UAS-SerTDN under the control of the Sert3-Gal4 driver form a positive association
between an odorant and sucrose within 2 min (Figure 3     ).

To assess appetitive short-term learning and memory, flies were exposed to the 3-octanol for 2 min
and then to the second odorant 4-methylcyclohexanol with a reward of 2 M sucrose (Schwaerzel et
al., 2003     ; Tully & Quinn, 1985     ). After training, the flies were given the choice between the
reinforced and non-reinforced odorant for 2 min (Figure 3A     ). A second independent group of
flies were trained in a reciprocal manner. The learning indices for both reinforced odorants were
used to determine the average learning index (LI). Flies expressing the SerTDN under the control of
the Sert3-Gal4 driver showed reduced appetitive short-term learning and memory (Figure 3B     ).

To address whether general mechanisms underlying short-term learning and memory are
impaired, we performed similar experiments using a 90 V electric shock as a negative reinforcer
(Figure 3B     ). Here, we observed no differences between the experimental group and the
corresponding controls (Figure 3B     ). The reduction in appetitive STM was not due to differences
in sensory acuity, as the flies sensed the odorants and the reinforcers, sucrose and the electric
shock, in a similar way (Table 1     ). Thus, the reduced appetite of sucrose correlates with reduced
reward properties of sucrose.

https://doi.org/10.7554/eLife.104535.1
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Figure 2.

Activation of serotonergic neurons decreases appetite for sucrose and hunger for proteins

A, The CaFe-assays were combined with blue diodes with a light intensity of 1800 lx and a flicker frequency of 2 s 40 Hz, 16 s 8
Hz and 2 s of no light. B, Activation of serotonergic neurons decreased appetite-induced sucrose intake- C, Activation does
not affect hunger-induced sucrose intake. D, Hunger-induced protein intake increases with activation of a broad subsets of
serotonergic neurons. Data are mean ± SEM (n = 16-21). For raw data see Supplementary Table S1. Unpaired Student’s t-test
for comparison between the groups: **P < 0.01, ***P < 0.001.

https://doi.org/10.7554/eLife.104535.1
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Figure 3.

Influence of reduced sucrose appetite on appetitive and aversive STM

A, To assess appetitive short-term learning and memory, flies were first exposed to one odorant paired with a reward of 2 M
sucrose followed by a second odorant during training. B, To asses aversive learning and memory, flies were exposed to the
odor paired with an electric shock of 90V for 1 min followed by an exposure to a second odor (US) of 1 min. In the test
situation 3 min after the training, they choose for 2 min between both odorants A, Expression of UAS-SerTDN under the control
of Sert3-Gal4 significantly reduced the olfactory appetitive STM. B, Aversive STM is not affected in flies with expression UAS-
SerTDN under the control of Sert3-Gal4. The letter “a” indicates a significant difference from random choice (one-sample t-test
(P < 0.05)). N = 12. For raw data see Supplementary Table S1. Statistic differences between groups were determined by a One-
way ANOVA followed by post-hoc Tukey HSD test; ** P < 0.01.

Table 1.

Sensory acuity tests in serotonergic neurons targeted by Sert3-Gal4

Mean ± s.e.m is shown. No significant differences between control and experimental groups were detected using ANOVA
Turkey-Cramer post hoc analysis (P < 0.05). The letter a indicates significant differences from random choice as determined
by One-sample sign test (P < 0.05). N = 12 - 18 for each test except sucrose sensitivity (N = 20).

https://doi.org/10.7554/eLife.104535.1
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The Insulin-like receptor regulates appetite for sucrose
At the cellular level, the insulin-like receptor in Drosophila regulates glucose uptake, a metabolite
of sucrose (Chatterjee & Perrimon, 2021a     ). Expression of the activated insulin-like receptor
reflects high internal glucose levels and should lead to suppression of food intake. To assess
whether the insulin-like receptor regulates the appetite for sucrose in serotonergic neurons, we
expressed the constitutively active InR (InRCA) under the control of the Sert3-Gal4 driver and
analyzed food intake (Figure 4     ). Expression of the active insulin-like receptor reduced appetite
for sucrose, but not hunger for sucrose (Figure 4A     ). Similarly, the appetite for sucrose and yeast-
containing food was reduced, but not the hunger for the mixed diet. Appetite for yeast or hunger
for sucrose remained unchanged (Figure 4A     ).

We next investigated whether blocking insulin-like receptor function would increase appetite-
induced food intake (Figure 4B     ). Blockade of InR should reflect a reduced internal glucose level
or a starvation state of the animal. Expression of a dominant negative InR (InRDN; Demontis &
Perrimon, 2009     ) under the control of the Sert3-Gal4 driver reduced appetite-induced intake of
sucrose or a mixture of sucrose and yeast, but did not alter yeast intake. Hunger-induced food
intake was not affected, regardless of the type of food. We again observe the selective effect of
appetite-driven sucrose intake, but surprisingly, activation and inactivation of the InR led to
similar effects.

The Insulin-like receptor influences SerT expression
Changes in InR signaling or blocking SerT function decreased appetite for sucrose, suggesting that
both molecules act in a similar process. To investigate whether the insulin-like receptor affects
SerT function, we wanted to analyze whether altered InR signaling alters the expression of SerT
(Figure 5     ). We focused our analysis on neurons within the fan-shaped body (fb) of the brain,
since they have distinct morphological domains with clearly visible synaptic regions (Hanesch et
al., 1989     ). First, we compared the expression of the serotonin transporter with serotonin
expression (Figure 5A     ). In line with previous result, there are regional differences in the
strength of expression in other structures of the brain, but above all SerT und serotonin
expression overlaps (Giang et al., 2011     ; Figure 5A′′     ). For example, both occur overlapping in
the typical glomerular structure of layer 4 of the fan-shaped body. The Tph-Gal4 line drives UAS-
mCD8::GFP expression in the serotonergic ExR3 neuron, that innervates the dorsal part of the fan-
shaped body and contributes to the glomerular structure in layer 4 (Omoto et al., 2018     ; Figure
5B     ).

To analyze the SerT expression in response to altered InR function, we used the UAS-SerT::GFP
transgene (Figure 5C      to Figure 5E     ). The GFP expression is clearly visible in densely packed
glomerular structures in layer 4 and lightly in an additional layer (Figure 5C     ). Co-expression of
InRCA results in more intense GFP expression in layer 4 and loosely packed glomerular structures
in addition to more intense expression in a second layer mainly containing projections (Figure
5D     ). Co-expression of InRDN resulted in more punctate GFP expression in layer 4 appearing as
loosely packed glomerular structures. The expression of the activated InR broadened the
expression of the SerT::GFP as determined by measuring the width between the two layers which
was not the case when inactivated InR was expressed (Figure 5E     ). In summary, the expression
of the activated and inactivated InR alters the expression of SerT, but not necessarily in the same
way.

https://doi.org/10.7554/eLife.104535.1
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Figure 4.

The insulin-like receptor regulates appetite-induced sucrose intake.

A, Flies expressing InRCA under the control of the Ser3-Gal4 driver reduced their food intake when fed ad libitum with sucrose
or sucrose and yeast, but not with yeast only. The food intake of hungry flies was not affected. B, Expression of InRDN under
the control of the Ser3-Gal4 driver only reduced food intake in flies that were fed either sucrose or sucrose and yeast ad
libitum. The data are mean food intake ± SEM (n = 12-36); for raw data see Supplementary Table S1. *P < 0.05, ** P < 0.01
based on ANOVA Tukey HSD test.

https://doi.org/10.7554/eLife.104535.1
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Figure 5.

Insulin receptor function affects SerT expression.

A to A′′, Expression of SerT (in magenta), expression of serotonin (in green) and overlap (in white) in 10µm thick brain section
showing the fans-shaped body (fb). B to B′′, The Tph-Gal4 driver targets the ExR3 neuron that innervates the fb and
contributes to the layer 4 (l4) of the fb in the whole mount brain of a control fly (GFP expression in green and serotonin
expression in magenta). C to E, The GFP signal (in green) of the UAS-SerT::GFP transgene under the control of the Tph-Gal4
driver changes the localization and intensity depending on D, InRCA, or E, InRDN , expression. To quantify the expression area
of SerT::GFP, the width of layer 2 and layer 4 was measured. The nc82 antigen was used to label neurophils (in magenta) in
the whole mount brain. l2: layer 2; l4: layer 4. N = 5 – 8 brains. The data were compared using ANOVA Tukey HSD test. For raw
data see Supplementary Table S1. ** P < 0.01.

https://doi.org/10.7554/eLife.104535.1
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The Insulin-like receptor regulates
neuron morphology and SerT localization
To analyze the connection between InR signal and SerT at the level of individual neurons, we next
focused on the serotonergic SE1 neuron targeted by Sert3-Gal4 driver (Figure 6A     ). The soma of
the SE1 neuron is located in the subesophageal zone (SEZ). In the SEZ, the projection of the SE1
neuron divides into three branches, two of which span the SEZ and the third projects towards the
ventral nerve cord. To visualize the morphology of the SE1 neuron, a membrane-bound RFP was
expressed under the control of the Sert3-Gal4 driver and SerT expression was monitored using a
UAS-SerT::GFP transgene (Figure 6      B to Figure 6      E). Expression of activated InRCA did not
alter the gross morphology of the branching pattern, but reduced SerT::GFP expression in the
region of the branches and synaptic varicosities within the SEZ (Figure 6C     ). In contrast,
expression of InRDN leads to a reduction in branching. SerT::GFP expression was mainly found in
the soma and the projection targeting into the ventral nerve cord (Figure 6C     ). This suggests that
the reduced appetite for sucrose observed by expression of the activated insulin receptor or the
blocked receptor is due to two different effects. Consistent with a function of the InR in axonal
growth (Li et al., 2013     ), blocking insulin receptor function leads to a reduction in axon
branching. In contrast, activation of the InR receptor leads to alteration of the intracellular
localization of the serotonin transporter.

To test whether the activated insulin receptor indeed alters the localization of SerT, we
investigated whether overexpression of the serotonin transporter in serotonergic neurons with
activated insulin receptor function can restore sucrose appetite. If the morphology of the
serotonergic neurons is altered, overexpression of SerT should not alter the reduced appetite for
sucrose. However, if the localization of SerT is affected by the expression of the activated InR,
increasing expression level of SerT could potentially bypass the effect of activated InR signaling.

We first determined whether overexpression of the serotonin transporter altered sucrose appetite
(Figure 6E     ), which it did not. Next, we co-expressed the activated insulin receptor or blocked
insulin receptor and UAS-SerT::GFP transgene under the control of the Sert3-Gal4 driver and
analyzed sucrose appetite (Figure 6F      and Figure G). As expected, flies with activated insulin
receptor expression reduced their sucrose appetite (Figure 6D     ). Overexpression of SerT
combined with expression of the activated insulin receptor resulted in normal sucrose appetite
(Figure 6E     ). In contrast, blocking of insulin receptor function and co-expression of SerT did not
improve appetite for sucrose (Figure 6F     ). Thus, the mechanisms underlying the reduced sucrose
appetite induced by expression of InRCA and InRDN are different. The activated insulin receptor
disrupts the localization of the serotonin transporter, whereas blocking the insulin receptor affects
the growth of the serotonergic neurons.

In human placental cells, reduction of insulin signaling leads to retention of SerT in the
endoplasmatic reticulum (ER) via an ERp44 dependent process (Kilic, 2023     ). To test whether an
ERp44 related process could affect sucrose appetite, we analyzed the function of putative ERp44
homologs in sucrose appetite. The closet relatives of ERp44 in Drosophila are CG9911 with 51 %
identity (Bi et al., 2021     ) and CG10029 with 43 % identity. Expression of RNAi transgenes of either
CG9911 or CG10029 under the control of Sert3-Gal4 diver did not alter sucrose appetite (Figure
7A     ). However, we cannot rule out that knockdown of CG911 or CG 10029 is sufficient to alter
sucrose appetite. Other mechanisms important for the subcellular localization of SerT depend on
the coat complex II component Sec24. Mutations in Sec24 result in SerT being localized to the
somatodendritic area of the neuron rather than to synaptic varicosities (Montgomery et al.,
2014     ). To determine whether Sec24 is required for sucrose appetite, we examined the effect of
Sec24AB reduction in serotonergic neurons on sucrose appetite using RNAi transgenes under the

https://doi.org/10.7554/eLife.104535.1
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Figure 6.

Insulin receptor function regulates neuron morphology and localization of SerT expression.

A, The Sert3-Gal4 driver target an SE1 serotonergic neuron in the SEZ (in green, GFP expression and in magenta, serotonin). B
to D, SE1 neuron morphology was visualized using a membrane-bound red fluoresce protein (RFP). SerT::GFP expression (in
green) changes upon co-expression of C, InRCA, or D, InRDN. The scale bar represents 10 µm. E to G, 5% sucrose intake was
measured over 24 h. Expression of SerT::GFP under the control of Sert-Gal4 did not alter sucrose intake, but expression of F,
InRCA, or G, InRDN. Combing expression with SerT::GFP restored reduced appetite when F, InRCA was co-expressed but not
when G, InRDN was co-expressed. Data were compared using ANOVA Tukey HSD test. ** P < 0.01.

https://doi.org/10.7554/eLife.104535.1
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control of the Sert3-Gal4 driver. Reduced Sec24AB function reduced sucrose appetite (Figure
7B     ). The results are consistent with the idea that SerT localization is essential for regulating
appetite-driven sucrose intake.

In the SEZ, serotonin might regulate the sucrose appetite by altering the sensitivity of gustatory
receptor neurons. To support this possibility, we screened the projection pattern of sucrose
sensitive taste neurons (Chen & Dahanukar, 2017     ) (Joseph et al., 2017     ) in relation to the
projections of the SE1 neuron. Indeed, we find that the SE1 neuron projects to the close proximity
of the IR60B neuron in the SEZ (Figure 7C      to Figure 7E     ). Neurons expressing IR60b taste
receptor negatively regulate sucrose intake (Joseph et al., 2017     ). This observation suggests that
serotonergic neurons might influence sucrose appetite by regulating taste neurons that suppress
sucrose intake.

Discussion

Activation of serotonergic neurons causes both, an increase and a suppression of food intake. The
level of the food intake depends on the internal energy state of the animal and the food source.
Different groups of serotonergic neurons regulating the appetite for sucrose and the hunger for
proteins. The serotonergic neurons that regulate the appetite for sucrose can be separated from
neurons that regulate hunger- driven sucrose intake. Activation of a broader group of serotonergic
neurons using the R50H05-Gal4 driver elicit feeding behavior in satiated flies. This suggests that
among the broader set of serotonergic neurons, there are also neurons that regulate the hunger-
induced food intake in satiated flies (Albin et al., 2015     ). We did not find, that in starved animals,
activation of the same group of serotonergic neurons increases hunger for sucrose or a mixed diet,
but hunger for protein enriched diet. This suggests that food intake is regulated by different
mechanisms depending on the internal energy levels. This is consistent with results showing that
hunger-induced sucrose uptake can be regulated by neurons upstream of Dilp--secreting neurons
in the IPC (Lin et al., 2019     ). The regulation of Dipls is hunger-dependent (Geminard et al.,
2009     ). Reduction of circulating hemolymph glucose can lead to a sense of hunger. The internal
nutritional content of carbohydrates is directly or indirectly integrated into cell of the IPC that
regulate the expression of the Dilps (Lin et al., 2019     ; Galikova & Klepsatel, 2023     ). The
requirement of the serotonin receptor 5-HT1A in the IPC for food intake (Luo et al., 2014) supports
that hunger-induced sucrose intake might be in part also regulated by serotonin.

Small serotonergic neurons located in the SEZ transmit information of sucrose taste to the IPC (Yao
& Scott, 2022     ). Information about of internal glucose storage, conveyed via Dilp signaling, and
external information about a sucrose source, perceived via taste, must be integrated. We identified
a small group of serotonergic neurons that are regulated by the insulin receptor and reduce
nutrient-specific appetite for sucrose. This group of neurons also includes the serotonergic SE1
neuron, which is located in the SEZ, responds to bitter taste and activates enteric neurons that
stimulate gastric motility (Yao & Scott, 2022     ). In rats, increased peripheral serotonin levels
reduce food intake, but do not induce satiety-related behavior (Simansky & Vaidya, 1990     )
making it rather unlikely that gastric motility regulates appetite-driven sucrose intake.

Alternatively, SE1 neuron function depends on the strength of stimulation. A relative “weak”
sucrose stimulus leads to reduced food intake involving the IR60b neuron, and a stronger bitter
stimulus increases gastric motility. The reduction of sucrose appetite correlates with a reduction of
other appetite-driven behaviors such as a reduction in positive association of a food rewarded
odorant or a reduced foraging behavior (Xu et al., 2016     ). The loss of appetite affects how the
animal perceives a food reward and evaluates a food-associated odor stimulus.

https://doi.org/10.7554/eLife.104535.1
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Figure 7.

Potential pathways for regulation of sucrose appetite.

A, Expression of CG9911RNAi or CG10029RNAi under the control of the Sert-Gal4 driver does not alter sucrose appetite. B,
Reduction of Sec24AB using an RNAi transgene on the third chromosome significantly reduced sucrose appetite. Sucrose
appetite of flies carrying the RNAi transgene on the second chromosome under the control of the Sert-Gal4 driver is
significantly reduced in compared to flies carrying one copy of the Gal4 driver. Data were compared using ANOVA Tukey HSD
test. ** P < 0.01, *** P < 0.001. N = 25 - 30. For raw data see Supplementary Table S1. C, The taste neuron IR60b and D, the
SE1 neuron are visualized using an UAS-mCD8::GFP transgene. The scale bar corresponds to 10 µm. E, Overlay of the IR60b
neuron projection with the SE1 neuron projection pattern in the SEZ.
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Activation of a broader group of serotonergic neurons regulates nutrient-specific hunger for
protein. Hunger shifts a preference for consuming sucrose to a preference for consuming yeast-
containing sucrose (Ro et al., 2016     ). We do not detect an increase in hunger for yeast-containing
sucrose, suggesting that the increase in protein hunger is not due to a shift in preference. In
addition to the serotonergic neurons that regulate appetite for sucrose, there are serotonergic
neurons that regulate hunger for protein. The information of sucrose appetite and protein hunger
is offset against each other because hungry flies fed normal levels of food containing sucrose and
yeast.

InR and SerT regulate the appetite for sucrose
At the cellular level, at least two distinct insulin receptor-dependent functions contribute to the
regulation of sucrose appetite. First, InR signaling regulates the morphology of serotonergic
neurons that regulate sucrose appetite. At the cellular level, blocking insulin receptor signaling
reflects a state of nutrient deprivation and can lead to reduced cellular growth (Britton et al.,
2002     ). Blocking insulin receptor signaling in neuropeptidergic neurons reduces growth of
neurite branch growth (Gu et al., 2014     ) and loss of insulin receptor function results in axon
guidance defects of photoreceptor cells (Song et al., 2003     ). On a smaller scale, in
mechanosensory neurons, the insulin receptor also regulates terminal synapse growth in an axon
branch-specific manner (Urwyler et al., 2019     ). We observe that blocking InR function leads to a
reduction in SE1 neuron branching in the SEZ and that blocking insulin receptor function in the
central complex leads to a more diffuse expression of serotonin transporters in a region of
synaptic output. We cannot distinguish whether the morphological defects of the serotonergic
neurons are due to defects in axonal outgrowth and/or growth defects. However, due to the
morphological changes, the SE1 neuron does not project to the correct target region. The
morphological changes indirectly affect serotonin transporter function, since expression of SerT in
serotonergic neurons with blocked InR function does not improve the reduced appetite for
sucrose.

The second mechanism involves a more direct interaction between the insulin receptor and the
serotonin transporter. Activation of the insulin receptor leads to dislocation of the serotonin
transporter. The reduced sucrose uptake caused by activation of the insulin receptor can be
restored by over-expression of the serotonin transporter. The function of the serotonin transporter
depends on post-translational modifications (Cooper et al., 2019     ). Serotonin reuptake by the
serotonin transporter is inhibited by phosphorylation of the serotonin transporter, increased
internalization of the serotonin transporter, or reduced trafficking of serotonin transporter-
containing membrane vesicles to the plasma membrane (Cooper et al., 2019     ). Recent studies
show that in the placenta, the insulin receptor together with specific proteins of the endoplasmic
reticulum regulates the trafficking of SERT to the plasma membrane (Kilic, 2023     ). A similar
mechanism may also apply to neurons, since the knockdown of the ER protein Sec24A/B leads to a
similarly reduced appetite for sucrose as the modulation of serotonin transporter function and
alteration of insulin receptor signaling. Taken together, in serotonergic neurons, insulin receptor
signal transduction together with the serotonin transporter enables the selective evaluation of
external food sources and internal energy stores. This interaction contributes to the selective
replenishment of internal energy supplies.

STAR Methods

Key Resources Table
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Lead contact
Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, henrike.scholz@uni-koeln.de.

Materials Availability
All materials generated will be available upon request. All behavioral data related to figures are
included in the supplement Table S1.

Experimental model and subject details
Drosophila melanogaster was used for all experiments. Fly stocks are listed in the key resources
table. Flies were bred and maintained on standard agar-corn meal-based food at 25 °C and 60 %
relative humidity under a 12-h light-dark cycle. Flies carrying temperature sensitive transgenes
were maintained at 18 °C. Experimental flies were grown in a density-controlled manner. Three-
to five-day-old male flies recovered from CO2 sedation for 48h were used for all experiments. Flies
carrying transgenes were backcrossed to the Scholz lab w1118 background for five generation
prior to experiments.

Methods

Food intake

Food intake was measured according (Diegelmann et al., 2017     ). To measure how much food
hungry flies feed, 20 flies were starved for 18h in vials with a humidified Whatman filter and then
fed from two 5-µl capillaries containing food for 3h. To measure appetite, 8 non-starved flies had
ad libitum access to food from four 5-µl capillaries for 24h. The food solutions were colored with
2% red food dye (Ruth GmbH). The amount of food was measured using a caliper. To account for
evaporation, the evaporation rate of three assays without flies were determined. Food intake was
normalized to the evaporation rate, the number of flies and body weight. The body weight was
determined from at least 5 populations of 100 flies per genotype.

https://doi.org/10.7554/eLife.104535.1
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To analyze the role of acute activation of serotonergic neurons in food intake, the capillary feeder
assay was combined with an optogenetic set up described in detail in (Schneider et al., 2012).
Briefly, a blue LED (465 – 485 nm; Cree; Germany) with light intensity of 1800 lux was placed
approximately 36 mm above the capillary feeder assay. The light was pulsed with a sequence of 2s
of 40Hz, 16s of 8Hz and 2s without light. The control group was reared with standard food
containing the solvent and the experimental group with standard food containing 300µl of 250mM
all-trans-retinal dissolved in 100% ethanol. The flies were kept in the dark. To recover from CO2
sedation, flies were kept in vials containing vehicle or all-trans-retinal for 2d prior to experiments.

Learning and memory

Associative olfactory short-term learning and memory tests were performed according to (Tully &
Quinn, 1985     ) with modification of (Schwaerzel et al., 2003     ). For appetitive short-term memory,
flies were starved for 16 to 20h prior to the experiment. For training, 100 3- to 5-day-old male flies
were exposed to the first odorant without reinforcer (conditioned stimulus minus) for 2 min,
followed by an exposure to a second odorant paired with 2M sucrose (conditioned stimulus plus).
For aversive short-term memory, flies were not starved. Flies were first exposed to the odorant
paired with electric shock (12 1.3s pulses at 90V spaced in 5s apart), followed by exposure to the
second odorant. After training, flies chose between the two odorants for 2min. The performance
index (PI1/2) was calculated as the PI1/2 = (#CS+ - #CS-)/ (#CS+ + #CS-). To exclude non-associative
effects, each experiment consisted of two independent reciprocal groups of flies. The learning
index was calculated from the average scores of two PIs as follows LI = (PI1 + PI2)/2). Training and
testing were conducted in a T- maze at 25 °C and 80% relative humidity. The odorants used were 3-
octanol (1:80 diluted in paraffin oil) and 4-methylcyclohexanol (1:100 diluted in paraffin oil).

Statistics

The Shapiro-Wilk Test with α = 0.05 was used to determine whether the data were normally
distributed. Two groups of normally distributed data were compared using unpaired Student’s t-
test assuming equal variance and more than two groups with one-way ANOVA, with Tukey’s post-
hoc HSD test (P* < 0.05; P** < 0.01; P*** < 0.001). The statistics were performed using https://www
.statskingdom.com/     .

Immunohistochemistry

Fly brains were dissected in ice-cold Drosophila Ringer and transferred to phosphate-buffered
saline (PBS, pH 7.4). Brains were fixed with 3.7 % formaldehyde for 25 min. Tissue was washed at
least three times for 15 min with PBT (0.5 % Triton X-100). Brains were blocked with 5 % fetal calf
serum in PBT for at least 1.5 h. A primary antibody solution was then added and brains were
incubated overnight at 4 °C. Brains were washed with 0.5 % PBST and incubated with the
secondary antibody for at least 3 h at room temperature or overnight at 4 °C. brains were then
washed again three times with 0.5 % PBST and embedded in VectaShield©. Confocal images were
acquired with an Olympus FV1000MPE or Leica SP8 laser scanning microscope and analyzed with
Fiji ImageJ version 1.53c-q.
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Summary:

Dorn et al. investigate the role of specific serotonergic cell types in fed appetite and starved
hunger. They show that neurons labeled by the Sert3-GAL4 line modulate sucrose appetite
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and that neurons labeled by R50H05-GAL4 and Tph-GAL4 modulate yeast hunger, by
expressing a non-functioning serotonin transporter. Similarly, activating these neurons leads
to the same effects - a decrease in sucrose appetite and an increase in yeast hunger,
respectively. Manipulation of the serotonin transporter in Sert3 neurons impairs appetitive
sugar-odor conditioning, however aversive shock-odor conditioning is intact. The authors
further tested the role of insulin signaling in this paradigm and the Sert3 neurons. Expressing
either constitutively active or non-function insulin receptor impaired sucrose appetite. The
expression of the different modulated insulin receptors affects the anatomy of the cells and
the distribution of serotonin transporters. It seems that overexpression of the serotonin
transporter can rescue the sugar appetite phenotype caused by the constitutively active
insulin receptor. Additional experiments reveal that CG9911 and CG10029 RNAi - genes
potentially involved in the insulin-serotonin pathway - knockdown does not affect sugar
appetite, however Sec24AB RNAi - required for proper serotonin transporter localization -
knockdown also leads to sugar appetite reduction. Finally, the authors show that IR60b taste
receptor neurons potentially get modulated by Sert 3 and thereby influence sucrose appetite.

Strengths:

The authors provide a more detailed description of the multiple roles that serotonin neurons
can take on. Manipulating specific subsets of serotonergic cells, they can distinguish cells that
are involved in sucrose feeding in fed animals, whereas other cells are involved in regulating
yeast hunger in starved animals. Thus, further cell-type specific dissections and
manipulations are required to understand the full functional repertoire of different
serotonergic neurons in the brain. The authors further describe that insulin seems to
modulate serotonergic neurons and starts to elucidate the underlying complex
neuromodulatory mechanisms.

Weaknesses:

Even though the authors provide evidence for behavioral phenotypes due to manipulations
of serotonin and insulin cells, the evidence for the required molecular mechanism and
connectivity is not convincing and requires further investigation. The authors expand their
findings to play a role in sugar conditioning, however, according to the authors flies were
starved for these experiments - thus these results rather contradict the innate phenotype.

https://doi.org/10.7554/eLife.104535.1.sa1

Reviewer #2 (Public review):

Summary:

This study by Dorn et al. from Dr. Henrike Scholz's group investigates the function of
serotonin signaling in state-dependent feeding control for protein and sugar intake. Using a
dominant-negative serotonin transporter to block serotonin reuptake and optogenetics to
activate serotoninergic neurons, the authors identified that serotonin released from a small
group of Sert3-expressing neurons specifically reduces sucrose consumption of the fed files
but not in the starved flies. Conversely, blocking serotonin reuptake in broad serotonergic
neurons increases yeast consumption only in starved flies but does not affect fed flies. These
results suggest prolonged serotonin signals may suppress sucrose appetite in fed flies while
promoting protein intake in starved flies.

Although the phenotypes presented are intriguing and fundamental to animal fitness, the
data in its current form is insufficient to support the proposed mechanisms underlying the
state-dependent diet control by serotonin signals. Specifically, the authors should carefully
analyze the requirement of serotonin by showing the efficiency of the serotonin reuptake
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blockade caused by the dominant-negative serotonin and validating the requirement of
serotonin in the optogenetic activation of Sert3-expressing neurons. Additionally, the
conclusions based on the overexpressed Sert3::gfp transgene should be retrieved as the
overexpression affects sucrose consumption. Therefore, I recommend some alternative
interpretations and approaches below for authors to verify the current form of conclusions.

Strengths:

The authors identified the state-dependent diet control for sucrose and yeast intake regulated
by a restricted population of serotonin neurons expressing Sert3.

Weaknesses:

The data only partially supports most conclusions. Specifically, findings based on the use of
the transgene Sert3::GFP lack sufficient rigor, as the authors overlooked potential
overexpression effects.

Major issues

(1) The authors try to distinguish the motivation to feed on sucrose or protein in fed or
starved conditions using "sucrose appetite" and "protein hunger", respectively. However,
appetite and hunger should be synonymous in the current context. When specifying protein
hunger, readers will expect the craving for protein in the protein-deprived situation. In the
current study, starved flies were prepared by starvation on wet tissues so the flies are
supposed to be hungry for sugar and protein. To avoid confusion, "sucrose appetite in fed
flies" and "protein appetite in starved flies" are better descriptions.

(2) In Figure 1A-1I (lines 141-142), it remains unclear whether additional serotonergic
neurons are required or if the serotonergic neurons labeled exclusively by R50H05-Gal4 and
Tph-Gal4 are necessary to regulate yeast consumption in starved flies. The overlapping
expressions of these two drivers with the Sert3-Gal4 make it hard to distinguish these two
possibilities.

(3) The data in Figure 1L-1M suggests that the serotonin-dependent regulation in yeast
consumption of starved flies is suppressed by sucrose supplementation. However, the
neurons required for yeast consumption remain undefined due to the overlapping
expression. This result implies that the neurons labeled by R50H05-Gal4 and Tph-Gal4
influence both sucrose and yeast consumption but not specific to yeast.

(4) The regulatory relationship between insulin receptors and serotonin signaling in sucrose
appetite remains unclear. How do the authors interpret the result that both the constitutively
active and dominant-negative forms of the insulin receptor (InR) reduce sucrose appetite in
Figure 4? One possibility is that insulin receptors are involved in two parallel pathways to
regulate sucrose consumption that converge to the same phenotype. However, the insulin
receptor (InR) pathways can still be independent of the serotonin signaling pathway despite
showing a comparable reduction of sucrose consumption in fed flies. This issue should be
discussed further following lines 229-231.

(5) The quantification of Figure 5 should be revised. First, as the transgene Sert3::GFP affects
sucrose consumption, quantifying the transgene signals may not explain its endogenous
function. Second, the quantification lacks a Gal4 expression control using an untagged
fluorescent marker, preferably a different color so that the authors can quantify it in the
same individual as the comparison. Lastly, it is hard to be convinced that the distance
between two layers represents the broad expression of Sert3::GFP in response to insulin
receptor alterations. Quantifying the area size of each layer with fixed imaging conditions
such as the intervals of brain sections and the laser intensity may be a better alternative
approach.

https://doi.org/10.7554/eLife.104535.1
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(6) The conclusions drawn based on the Sert3::GFP transgene failed to explain the
endogenous function of the serotonin transporter Sert3 in regulating sucrose consumption.
Expressing the constitutive-active form of the insulin receptor in Sert3-expressing neurons
reduces the total sucrose consumption of fed flies in Figure 4A, which appears inconsistent
with the fly line with an additional Sert3::GFP expression shown in Figures 6F, where the
suppression of sucrose consumption is not shown for the normalized sucrose intake. This
inconsistency suggests that Sert3::GFP transgene itself affects sucrose consumption.

(7) In lines 324-326, the authors should investigate whether IR60b neurons are indeed the
downstream of serotoninergic neurons SE1 to regulate sucrose consumption in fed flies. First,
synaptic connections could be confirmed by additional approaches. Following this, the
authors could demonstrate that the knockdown of serotonin receptors in IR60b neurons
eliminates the suppression in sucrose consumption induced by the activation of Sert3-
expressing neurons or by the expression of the dominant-negative serotonin transporter in
fed flies.

https://doi.org/10.7554/eLife.104535.1.sa0
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