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Abstract

Living in a changing environment composed of other behaving animals entails both opportunities and
challenges to obtain resources and mating partners. Actions that promote survival and reproduction are
reinforced by the brain reward systems, whereas coping with the challenges associated with obtaining these
rewards are mediated by stress response pathways. The activation of the latter can impair health and shorten
lifespan. Although similar responses to social opportunity and challenge exist across the animal kingdom, little
is known about the mechanisms that process reward and stress under different social conditions. Here, we
studied the interplay between deprivation of sexual reward and stress response in Drosophila melanogaster
and discovered that repeated failures to obtain sexual reward induces a frustration-like state that is
characterized by increased arousal, persistent sexual motivation, and impaired ability to cope with starvation
and oxidative stressors. We show that this increased arousal and sensitivity to starvation is mediated by
disinhibition of neurons that express receptors for the fly homologue of neuropeptide Y (neuropeptide F, NPF).
We furthermore demonstrate the existence of an anatomical overlap between stress and reward systems in the
fly brain in the form of neurons that co-express receptors for NPF (NPFR) and the corticotropin-releasing
factor (CRF)-like homologue Diuretic hormone 44 (Dh44), and that deprivation of sexual reward leads to
translocation of forkhead box-subgroup O (FoxO) to the cytoplasm in these neurons. Nevertheless, the activity
of Dh44 neurons alone does not mediate sensitivity to starvation and aroused behavior following sexual
deprivation, instead, these responses are mediated by disinhibition of ~12-16 NPFR-expressing neurons via a
dynamin-independent synaptic signaling mechanism, suggesting the existence of a NPFR mediated stress
pathway which is Dh44-independent. This paves the path for using simple model organisms to dissect
mechanisms behind anticipation of reward, and more specifically, to determine what happens when

expectations to obtain natural and drug rewards are not met.
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Introduction

Living in a social environment involves diverse interactions between members of the same species,
the outcomes of which affects health, survival, and reproductive success'?. Coping with the challenges and
opportunities associated with this dynamic environment requires individuals to rapidly process multiple
sensory inputs, integrate this information with their own internal state and respond appropriately to various
social encounters®®. Encounters that hold opportunities to obtain resources, mating partners, and higher social
status are considered rewarding and are therefore reinforced by the brain reward systems’, whereas the failure
to obtain such rewards due to high competition or lack of competence can be perceived as a frustrative
experience'*'®. Deprivation or omission of expected reward (OER) occurs when organisms fail to obtain a
reward they expect to receive despite signals for its presentation'’. This condition leads to a frustrative state,

q113.17

characterized by increased motivation to obtain the rewar , increased levels of arousal'’, agitation'?,

10,18 13-16,20

grooming'®'® stress associated behaviors'"'?, drug consumption'*'"®, locomotion'?, and aggression
Example for a frustration-like state associated with deprivation of reward can be seen in small, submissive
individuals of the rainbow trout, Oncorhynchus mykiss, which display an increase in both aggressive behavior
and serotonin levels following frustrative reward omission, resulting in some cases in improved social status®.

Although certain stress responses can increase motivation and improve chances for obtaining natural
rewards”', some types of social challenges like repeated aggressive encounters, lead to compromised health
and shorten lifespan®*®. There is considerable anatomical overlap between brain regions that process reward
and stress stimuli, as well as opposing functionality: exposure to natural rewards buffers the effect of stressors,
while stressors such as social defeat can alter sensitivity to reward and increase the rewarding value of certain
addictive drugs®****?’. Example for such opposing functions is seen in rodents where Neuropeptide Y (NPY)
decreases, while corticotropin-releasing factor (CRF) increases alcohol intake **’, and binding of NPY to
NPY receptor Y1 that is found on CRF positive neurons within the bed nucleus of the stria terminalis (BNST)
function to inhibit binge alcohol drinking ***"-%,

Similar responses to social stress and reward-seeking behaviors can be seen in a variety of animals,
suggesting that the central systems facilitating survival and reproduction originated early in evolution, and that
similar ancient basic building blocks, biological processes and genes are inherently involved in these
processes’’. In agreement with this concept, we and others showed that Drosophila melanogaster display the
ability to adjust their behavior and physiology to various changes in their social environment**>2, Moreover,
recent studies provided evidence that the brains of mammals and fruit flies share similar principles when it
comes to encoding stress and reward**>*>°. The homologs for NPY and CRF in Drosophila are Neuropeptide
F (NPF) and Diuretic hormone 44 (Dh44), respectively®>®. Their effects on behavior are similar to those of
mammals: the NPF and the NPF receptor (NPFR) system in flies mediates the response to reward and reward-
seeking behavior, feeding behavior, suppresses responses to aversive stimuli such as harsh physical

environments, decreases aggressive behaviors, and mediates courtship behavior**>***%® Like CRF neurons,

the Dh44 signaling pathway facilitates aggressive behavior in males, although whether Dh44 neurons mediate
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social stress response is still unknown®. Additionally, NPY\Y1 signaling is an essential link in a variety of

70-74

processes affecting health and lifespan in mammals™ ", and similarly, activation of NPF neurons in male flies

leads to decreased resistance to starvation and decreased lifespan’7®.

We previously showed that successful mating, and more specifically, ejaculation, is rewarding for
male fruit flies”’. Successful mating and sexual deprivation bi-directionally regulate the level of NPF, which
in turn regulates the motivation to consume ethanol as a drug reward**’®. We recently discovered that male
flies that experience repeated events of sexual deprivation respond to this social challenge by increasing their
competitive behaviors in the form of increased arousal when interacting with rival male flies in a group,
elevated aggression, and prolonged copulation time with receptive female flies (known as mate guarding)*’.
The latter is augmented by increased expression of certain seminal fluid genes that facilitate stronger post-
mating responses in female flies*’. While certain types of social challenges in mammals are considered
stressors, affecting health and lifespan, it is not known whether this occurs in fruit flies, and more specifically,
whether failure to mate in Drosophila male flies is an acute stressor imposing certain costs to male flies, or
simply a lack of reward.

In this study we show that repeated events of sexual deprivation in males lead to a frustration-like
stress response, which is characterized by increased arousal, high motivational state and lower ability to endure
metabolic and oxidative stressors. We then demonstrate the existence of an anatomical link between stress and
reward systems within the fly brain in the form of receptors for NPF on Dh44 expressing neurons. Finally, we
provide evidence that increased arousal and sensitivity to starvation stress result from disinhibition of a small
subset of NPF-receptor neurons, which do not express Dh44 or NPF, and that this is mediated by a dynamin-

independent, possibly peptidergic signaling mechanism.
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Results
Sexual deprivation induces an acute stress response in male flies

The negative valence associated with courting non-receptive females and the behaviors exhibited by
sexually deprived male flies prompted us to use courtship suppression as a tool to investigate the connection
between deprivation of sexual reward and stress response in Drosophila. To determine whether
deprivation/omission of sexual reward is experienced as stress, we closely observed the behavior of male flies
during repeated encounters with previously mated non-receptive female flies. Wild type male flies were
exposed to three consecutive one-hour interactions with mated females, spaced by one-hour rest (the ‘rejected’
cohort). The control cohort (naive) consisted of naive males, which were replaced at the beginning of each
new session, and each time were coupled with new virgin females (Fig. 1A). The behavior of both cohorts
during the first 10 min of the interaction was manually analyzed. In line with previous studies, the rejected
cohort displayed a marked courtship suppression, reflected by a reduction in the overall time spent courting in
all 3 sessions (Fig. 1B)*"**_ Among those that exhibited active courtship during the sessions, various aspects
of their courtship actions, such as wing vibration, licking and attempts to copulate were analyzed (Fig. 1B).
To measure males’ innate response to first encounter with mated females, we analyzed all males in the first
session. To discover which actions are affected by repeated encounter with mated females we analyzed the
males that maintained active courtship during sessions 2 and 3.

While the total percentage of time males spent courting was lower among rejected males compared to
naive males in all three sessions (Fig. 1B), certain aspects of their courtship behavior were no less vigorous,
such as the overall number of licking actions and attempts to copulate (Fig. 1B). Notably, although rejected
males depicted longer latency to court mated females during the first encounter (consistent with innate aversion
to the male pheromone cVA™*"), they overcame this aversion in subsequent sessions and initiated courtship
at the same time as males that courted virgin females (Fig. 1B). Another feature that may reflect their surprising
persistence was documented in the duration of copulation attempts, which was 6 times longer compared to
controls (Fig. 1B), suggestive of persistent motivation to obtain mating reward. To our surprise, while rejected
males depicted reduced courtship during the first 10 minutes of the interaction with mated females in courtship
arenas (Fig. 1B), in a complimentary experiment, they did exhibit persistent courtship towards females along
the entire training session, with no reduction in the overall number of males that exhibited courtship, during
two entire days of consecutive rejection sessions (Fig. S1). These results suggest that rejected males experience
a conflict between high motivation to mate and repeated inability to fulfil this mating drive.

We previously documented increased aggression, increased social avoidance and longer mating
duration (LMD) following repeated sexual deprivation*’. These actions can be interpreted as a result of a
frustration-like state caused by stressful encounters with unreceptive females. To support this hypothesis, we
searched for stress/frustration related actions that occur whenever animals are prevented from properly
expressing a goal driven behavior. In such cases, rather than suspending actions, animals perform actions that
are considered irrelevant to the context in which they take place (i.e. displacement behaviors) such as

grooming, which is typically observed in stressful social situations®* ™. In agreement with this, we documented


https://doi.org/10.1101/2022.03.02.482596
http://creativecommons.org/licenses/by-nd/4.0/

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.02.482596; this version posted March 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

a significantly higher incidence of self-grooming in rejected males in all 3 sessions, suggesting that self-
grooming is a displacement-like action that is associated with the failure to mate (Fig. 1C).

In mice, acute social stress caused by aggressive encounters with a dominant male is known to shorten
lifespan and reduce the ability to cope with other types of stressors** 2. The appearance of displacement like
behavior, increased aggression, and elevated arousal prompted us to further test the hypothesis that deprivation
of sexual reward is perceived as a stressor to male flies, which can impair their ability to cope with additional
stressors. To test this, three cohorts of male flies were exposed to the following social conditions: (a) males
that experienced multiple events of successful mating encounters over the course of two days (mated cohort),
(b) males that experienced multiple events of sexual deprivation by previously mated, non-receptive females
(rejected cohort) and (c) males that were housed in isolation for the entire duration of the experiment (single
cohort) (Fig. 1D). Each cohort was then exposed to starvation (1% agarose) or oxidative stress (20mM
paraquat), and the rate of survival over time was documented (Fig. 1D-F). If deprivation of sexual reward is a
stressor, we expect the cohort of rejected male flies to be more sensitive to other stressors. Indeed, rejected
males exhibited higher sensitivity to both starvation and oxidative stress compared to controls. While mated
and single cohorts reached 50% decline in survival after 22-24h of starvation, rejected male flies exhibited a
faster decline in survival rates, reaching 50% survival after less than 18h (Fig. 1E). Exposure to paraquat led
to a 50% decline in survival after more than 17h for both the mated and single cohorts, vs. less than 14 hours
for rejected males (Fig. 1F). This indicates that deprivation of sexual reward promotes sensitivity to starvation
and oxidative stress, further suggesting that multiple rejection events are perceived as an acute stressor,
compromising the ability of male flies to cope with other stressors. Extending this line of experiments, we next
examined whether deprivation of sexual reward also affects the overall lifespan of rejected male flies, by
quantifying the longevity of the 3 cohorts of flies over the course of 70 days. While rejected and mated cohorts
exhibited shorter lifespans compared to isolated male flies, there were no significant differences between
rejected and mated cohorts (Fig. 1G). The prolonged lifespan of single male flies suggests that any interaction
with female flies is sufficient to reduce the longevity of male flies (even as little as 6h), and is in agreement
with previous studies showing that exposure to female pheromones shortens the lifespan of male flies”*®. The
lack of differences between the rejected and mated cohorts suggests that deprivation of sexual reward does not

affect general lifespan, but rather affect the way by which male flies cope with additional acute stressors.

Deprivation of sexual reward is represented by discrete transcriptional programs in NPFR neurons

To explore mechanisms that could explain the apparent trade-off between the behavioral responses to
being repeatedly rejected and the sensitivity to subsequent stressors, an unbiased transcriptomic approach was
undertaken to highlight changes in brain transcriptional programs in response to deprivation of sexual reward.
For that, we isolated and sequenced the transcriptome of a selected neuronal population from brains of male
flies that experienced either two days of repeated rejection events, successful mating, or single housing. Cell-
type specific RNA isolation was achieved using the INTACT (Isolation of Nuclei Tagged in specific Cell

Types) method, which utilizes immunoprecipitation of genetically marked nuclei (Fig. 2A)*”. We chose to
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isolate NPF-receptor expressing neurons based on their role in processing sexual interactions, motivational
drives, reward seeking behavior and aggressive and aroused behaviors*®* (Fig. 2B). Analyzing the
transcriptome of the 3 different conditions revealed 258 differentially expressed genes (DEGs) with discrete
transcriptional programs for rejection, successful mating, and single housing (Fig. 2C, Table S1).

We documented 77 DEGs in mated vs. single male flies, 90 DEGs in mated vs. rejected male flies,
and 42 DEGs when comparing rejected to single males (Figure 2D, Table S2). Analyzing the statistical
overrepresentation of known biological processes of all DEGs using the PANTHER GO-term analysis, did not
reveal overrepresentation of specific GO term groups indicative of common pathway or cellular function.
Nevertheless, the identified DEGs can shed light on gene products that function in shaping behavioral and
physiological responses to changes in social conditions. Interesting examples are two circadian clock genes,
Clock (Clk) and period (per), in rejected males (Fig. 2E-F). Tachykinin (tk), a neuropeptide that functions to
regulate aggressive arousal and process anti-aphrodisiac pheromone information was upregulated in response
to rejection (Fig. 2E,F,H)*'°'**  Another courtship-related gene identified in our dataset was Ubiquitin-
conjugating enzyme7 (Ubc7), which was down-regulated in response to rejection (Fig. 2E,F,H)**®. Focusing
on DEGs specific for the rejected cohort, we identified 15 genes (Fig. 2H) that were enriched or depleted in
rejected males compared to both single and mated flies. Manual annotation of these indicated a few genes
associated with the metabolic response to starvation and oxidative stress or related to the insulin/FoxO stress
response pathway, such as Insulin-like peptide 5 (Ilp5), Flavin-containing monooxygenase 2 (Fmo2) and
Glucose dehydrogenase (G1d) (Fig. 2H)’*°. This suggests a molecular connection between metabolic\cellular

stress response pathways and the experience of deprivation of sexual reward.

Sensitivity to starvation and oxidative stress is not a result of cytoprotective activity in DH44 positive
NPFR neurons

Expression differences in genes associated with metabolism and stress response following rejection
support two possible explanations for what appears to be a trade-off between short-term behavioral responses
and higher sensitivity to starvation and oxidative stress. The first is that enhancement of some courtship
behaviors during rejection generates a high metabolic demand, resulting in depletion of reservoirs and
therefore an increase in sensitivity to starvation. The second is that the challenge of repeated rejection and the
resulting frustration-like state induces oxidative stress or activates a neuronal stress response that impairs the
cytoprotective response to starvation. To test whether rejected male flies are subjected to high energetic
demand, we analyzed triglycerides (TAG), fly weight and body or hemolymph glucose levels in rejected,
mated and single male flies. No difference was documented in body TAG, glucose levels, or body weight
between the cohorts (Fig. 3A-D), suggesting that rejected male flies do not suffer from an energetic deficit
which would increase their sensitivity to starvation.

The brain, the central organ that controls stress response, is structurally and chemically sensitive to
stress, especially oxidative stress’®. We hypothesized that certain brain metabolites are produced differentially

in response to acute social stress, affecting starvation and oxidative stress resistance. To capture metabolic
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changes, which could potentially affect resistance to stressors, we extracted head metabolites of males that
experienced courtship conditioning using polar solvents and performed liquid chromatography—mass
spectrometry (LC-MS) for targeted metabolite analysis. Analysis of the metabolome revealed a unique profile
for each cohort (Fig. 3E). Looking only at metabolites which were enriched or depleted in rejected compared
to both mated and single cohorts, five metabolites were enriched in rejected males: Glycine, tryptophan, 5-
Aminolevulinic acid (SALA), acetyl-glutamine, and stearic acid (Fig. 3E, Table S3). Though tryptophan can
be converted to serotonin or tryptamine, and most of the tryptophan metabolizes to kynurenine pathway (KP)

metabolites, which contribute to a shorter lifespan®’ '

, we did not document significant accumulation or
decline of metabolites in the KP (Fig. 3E). Additionally, we did not document a difference in the abundance
of serotonin (Fig. 3E). No difference was observed in oxidative agents nor in antioxidant activity and glucose
levels, though a decline in trehalose (the main circulating sugar in flies) levels was detected in single males
compared to mated and rejected males, indicating a possible change in insulin signaling'®' '™, In summary,
no significant changes in the metabolome were detected that could explain the enhanced sensitivity to stressors
observed in rejected flies, suggesting this is not a result of metabolic effects.

Activation of the insulin signaling pathway can decrease lifespan and affect resistance to starvation,
mainly via FoxO phosphorylation'” """, The connection between FoxO activity and lifespan\resistance to
stressors has been studied in Drosophila, typically in the fat body, where the activity of FoxO can prolong
lifespan and increase resistance to stressors'®>!''2, FoxO activity in abdominal and\or pericerebral fat bodies
affects insulin signaling, lipolysis, gluconeogenesis and thus the abundance of TAG and different
metabolites®**>!9%!127 114 The lack of changes in TAG, glucose, and oxidative stress related metabolites in
response to deprivation of sexual reward indicates that FoxO activity in fat body is not affected, and instead
suggests a potential role in neurons, as supported by our RNAseq results. To test this possibility, we examined
expression pattern of endogenous FoxO in the brain using FoxO specific antibodies. In agreement with Cao et
al'” and Okamoto, et al.*™®, we identified six FoxO positive neurons in the pars intercerebralis neurons (PI)
(Fig. 4A). These FoxO expressing neurons were colocalized with NPFR expressing insulin-producing cells
(IPCs) that could be identified by Ilp2 immunolabeling (Fig. 4A, S2A,B). Based on similarity in the
transcriptional profile of Dh44 and NPFR neuronal populations identified in our previous study®, we examined
the overlap between the two populations as well as FoxO expression. Indeed, all six PI Dh44 neurons are
NPEFR (Fig. 4B), and five of them also express FoxO (Fig. 4C). This indicates that these are NPFR-Dh44+ and
FoxO expressing neurons.

Next, we examined whether sexual deprivation inactivates FoxO by forcing its translocation to the
cytoplasm of neurons, thereby preventing it from inducing transcription of genes important for survival. We
imaged the subcellular localization of FoxO in brains of male flies that experienced sexual deprivation, mating
or were single housed at the end of the conditioning phase or after 20 hours of starvation. The mean
fluorescence intensity of FoxO within the cytoplasm (cyto) was normalized to the mean fluorescence intensity
of FoxO in the nucleus (cyto/nuc) and compared among rejected, mated, and single housed males. Flies which

were not subjected to starvation showed no significant difference in mean fluorescence intensity between the
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cohorts (Fig. S3A-D), whereas starved cohorts exhibited significant differences between conditions. Rejected
males showed a higher relative cyto/nuc intensity of fluorescence compared to both mated and single males
(Fig. S3E-H), and both rejected and mated males displayed higher relative mean cyto/nuc intensity of
fluorescence than single housed males, perhaps due to exposure to female pheromones (Fig. S3E-H). This
suggests that sexual rejection changes FoxO translocation to the nucleus, which might affect sensitivity to
stressors.

To test whether export of FoxO from the nucleus is required for the increased sensitivity of rejected
males to starvation, a form of FoxO that is mutated in three phosphorylation sites such that it is retained in the
nucleus (UAS-dFoxO-TM)'”® was expressed in Dh44 neurons. Dh44> dFoxO-TM flies were exposed to
repeated sexual deprivation and their sensitivity to starvation stress was analyzed. While, rejected males
expressing nuclear FoxO exhibited similar response to starvation as their corresponding genetic controls, they
were more sensitive to starvation than Dh44> dFoxO-TM single housed males flies, similar to the differences
between rejected and single housed observed in WT males (Fig. 1E, Fig. 4D). Altogether, these results suggest
that repeated sexual deprivation, followed by starvation affects FoxO localization in Dh44 neurons. However,
FoxO activity in these neurons does not directly facilitate sensitivity to starvation in response to sexual

deprivation.

Disinhibition of NPFR neurons increases sensitivity to starvation in male flies
Given the bidirectional regulation of NPF levels in response to sexual deprivation and mating, where
deprivation reduces and mating induces its levels*’, and the inhibitory effect of NPY binding to NPY receptor

29561167118 " \we postulated that the disinhibition of NPFR neurons in response to sexual deprivation

neurons
promotes sensitivity to starvation. To test this hypothesis, we knocked down NPFR in NPFR neurons and
compared the sensitivity of single, rejected and mated male flies to starvation stress. If sexual deprivation
reduces NPF signaling, that in turn disinhibits NPFR neurons, we expect mated male flies to exhibit similar
responses as rejected male flies. This manipulation abrogated the differences between mated and rejected
cohorts (Fig. 5A), implying that NPFR is necessary for this effect. Interestingly, NPFR KD in single housed
males showed higher resistance to starvation compared to both rejected and mated males (Fig. 5SA), implying
that NPFR activity has no effect on single housed males. It also emphasizes that NPFR KD increased mated
males’ sensitivity to starvation rather than reducing rejected males’ sensitivity. This suggests that the activity
of NPFR neurons mediates the perception of non-rewarding experience in the context of a sexual experience,
and consequently increases sensitivity to starvation.

To further strengthen this finding and mimic rejection state, we optogenetically activated NPFR
neurons in naive NPFR>csChrimson male flies by repeatedly exposing them to red light for two days, three
times each day, and tested their resistance to starvation. Experimental flies were significantly more sensitive
to starvation than controls (Fig. 5B), implying that activation of NPFR neurons is sufficient to mimic the effect
of sexual deprivation on sensitivity to starvation. To assess whether activation of these neurons also mediates

other behavioral phenotypes observed in rejected males, we assayed the behavior of NPFR>csChrimson flies
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during optogenetic activation in an open field exploration arena (FlyBowl) in which flies can move and interact
in two dimensions. The system is coupled with a tracking and machine learning algorithms capable of
automatically quantifying various behavioral parameters®™'"’. Intriguingly, we observed no difference in the
behavior of experimental flies compared to both genetic controls (NPFRG4\+, UAS-csChrimson\t) (Fig. 5C,
S4), suggesting that disinhibition of all NPFR neurons is sufficient to cause increased sensitivity to starvation,
but not to induce changes in social interaction.

We next examined whether synaptic signaling is required for starvation sensitivity that is triggered by
activation of NPFR neurons. To test this, NPFR neurons were optogenetically activated while their synaptic
transmission was blocked using temperature-sensitive Shibire (Shibire®). Activation of NPFR neurons and
simultaneous inhibition of their synaptic transmission resulted in similar levels of sensitivity to starvation as
that of activation of NPFR neurons alone (Fig. 5D), suggesting that sensitivity to starvation induced by sexual
deprivation is not mediated via a synaptic dynamin-based neurotransmitter release, but possibly via peptidergic
signaling. Since Insulin signaling is dynamin independent, we tested whether sexual deprivation or activation
of NPFR neurons induces insulin release from IPCs. Imaging of endogenous Ilp2 in brains of males that
experienced sexual deprivation or optogenetic activation of NPFR neurons identified no apparent difference

in its abundance in under all tested conditions (Fig. SSA-E).

Activation of a small subpopulation of NPFR neurons increases sensitivity to starvation and promotes
social arousal

So far, we demonstrated that optogenetic activation of NPFR neurons is sufficient to recapitulate the
increased sensitivity to starvation but does not mimic the increased arousal and frustration-like behavior
associated with deprivation of sexual reward. Since the NPFR neuronal population consists of about 100
neurons, we next investigated which subset of NPFR cells is responsible for the enhanced sensitivity to
starvation. Given the possibility that sensitivity to starvation is mediated via neuropeptide release, we divided
the NPFR expression pattern into sub-populations using genetic intersection with drivers for neuropeptides
that are co-expressed with NPFR such as NPF'?, Dh44 and Tachykinin (illuminated in our RNAseq dataset,
Fig. 2E,F,H, Table S2). Activating Dh44 neurons did not affect sensitivity to starvation and did not lead to
apparent behavioral responses using the FlyBowl system (Fig. 6A, S6B). In addition, knocking down the
expression of Dh44 in NPFR neurons did not change sensitivity to starvation (Fig. S6A), altogether suggesting
that Dh44 signaling pathway does not mediate the sexual reward deprivation stress response. Similarly,
activation of NPFR™* mutual cells (P1 and L1-I neurons) did not affect either sensitivity to starvation or
group behavior in the FlyBowl (Fig. 6B, S6C), suggesting that subpopulations of NPF expressing NPFR
neurons, which presumably have the capacity for autoinhibition are not responsible for these effects.

Finally, the activation of a subpopulation of 22-26 NPFR neurons that co-express the neuropeptide
Tachykinin (NPFR™) (Fig. 6C) induced starvation sensitivity that was similar in its extent to activation of the
entire NPFR population (Fig. 6D). Knock down of Tachykinin in NPFR did not affect sensitivity to starvation
(Fig. S7A,B), suggesting that the activity of NPFR™ neurons and not Tachykinin neuropeptide mediate
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activation induced sensitivity to starvation. Next, we tested the behavioral responses associated with the
activation of NPFR™ neurons in the FlyBowl system. NPFR-TK>csChrimson males exhibited increased social
arousal, characterized by higher levels of active approach behavior, increased duration of chase behavior, an
increase in unilateral wing vibration (song), and in many cases, formed long chains containing 4-8 flies (Fig.
6E). Moreover, experimental flies depicted a significant reduction in features that reflect changes in angle and
speed between two close individuals (absanglefrom1to2, absphidiff, absthetadiff, and angleonclosestfly; see
Fig. S4 for more details). This may signify an increase in coordination between pairs of flies and suggest that
NPFR-TK>cs-Chrimson flies engage more persistently with others when interacting (Fig. 6E). Lastly,
experimental flies exhibited reduced social clustering (Fig. 6E), altogether suggesting that activation of
NPFR' neurons mimics some of the activity-related behavioral effects induced by sexual deprivation: reduced
social clustering and overall arousal. Taken together, this implies that although expression of tk transcript in
NPFR neurons does not affect sensitivity to starvation, disinhibition of NPFR"™ neurons does affect sensitivity
to starvation and produces a behavioral phenotype which resembles a frustration\stress-like behavior.
Analyzing the expression pattern of NPFR™ neurons, we noticed that part of this neuronal population co-
expresses Dh44 and NPF (Fig. 6F, S7C,D), suggesting that only about 12-16 NPFR™ neurons that do not
express Dh44 and NPF regulates both sensitivity to starvation and tunes arousal levels. This further indicates

that stress-like response to reward deprivation is mediated by NPF/NPFR rather than a Dh44 circuit.
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Discussion

Reward-seeking behaviors are evolutionary adaptations designed to increase motivation to perform
actions that in turn will increase fitness. When the expectation of reward is not met, individuals exhibit
frustration and change their behavior towards other animals'®'®. Here we utilized courtship suppression to
deprive male flies of the inherent expectation of sexual reward as a model for frustration-like stress response
in Drosophila. While courtship suppression is associated with reduced courtship and presumably a defeat-like
state, we discovered that rejected males are rather persistent in their attempts to obtain sexual reward. This
finding is not completely surprising considering the innate nature of mating motivation and the presence of
female aphrodisiac pheromones. It can also be attributed to measuring various courtship actions rather than
overall percentage of time spent courting, which is the usual indicator used to quantify courtship.

In response to repeated failures to mate, rejected males exhibit features characteristic of a frustration-
like state, such as persistent mating actions (some of which are elongated), increased arousal, increased
aggression, as well as long mating duration upon successful mating encounters, all of which are reminiscent
of high motivational state*’. While this motivational state may serve to increase their fitness, it is perceived as
a stressful experience manifested by the appearance of displacement-like behavior and accompanied by
temporal costs in the form of sensitivity to acute stressors. This is the first example in flies of a situation in
which deprivation of sexual reward is not simply a lack of reward but is perceived as a stressful experience.

In search for mechanisms that could explain the behavioral and physiological responses to deprivation
of sexual reward we examined four possible directions: (1) changes in gene expression within discrete neuronal
populations (2) energetic costs or modulation of metabolic pathways (3) activation of cytoprotective stress
response (4) disinhibition of NPF target neurons. Although Gendron et al. (2014"°) showed that exposure to
female, as opposed to male, pheromones lowers the levels of TAG in males, we did not detect metabolic
changes that could explain sensitivity to starvation or oxidative stress, and therefore ruled out energetic cost
as the cause for sensitivity to starvation stress. Still, the metabolome highlighted some interesting metabolites,
such as 5-Aminolevulinic acid, which is enriched in rejected flies. This may indicate a reduction in Hem
synthesis and consequently an elevation in protoporphyrin, and a possible reduction in heme oxigenase (HO).

Although there is some evidence that protoporphyrin can act as an antioxidant'?"-'#

it mainly functions as a
pro-oxidative'**'**, HO is a rate-limiting enzyme that degrades heme into biliverdin, carbon monoxide (CO),
and iron'®. In Drosophila, ho gene is expressed in different brain tissues including the optic lobe, the central
brain, and glial cells, and plays an important role in cell survival and protection against paraquat-induced
oxidative stress'?®. This is consistent with rejected males experiencing oxidative stress and are thus more
sensitive to paraquat. However, this does not clarify why in addition, rejected males were more sensitive to
starvation.

We previously generated a transcriptomic map of the fly brain, demonstrating that different neuronal
populations possess distinct transcriptional programs®, and extended this approach to identify changes in gene

expression within selected neuronal populations following social and sexual experience. An example of the

strength of the approach is the downregulation of Ubiquitin conjugating enzyme (UBC?7) in NPFR neurons in
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response to rejection. Though a null mutation of UBC?7 that eliminates its expression in all tissue disrupts the
ability of male flies to court™, its knockdown in NPFR neurons leads to the opposite phenotype, including
enhanced motivation to court and increased social arousal®, providing a functional explanation for its
downregulation in response to rejection.

Though the INTACT technology provides valuable information that broadens our understanding of
the molecular signature of neurons under different conditions, it is challenging to bridge the gap between DEGs
and their functional relevance. While imaging NPFR™ neurons, we noticed that their expression did not match
the known tk expression*'”"*112":128 ‘This could be attributed to the high resolution of INTACT, which enabled
us to identify a minor but significant elevation of tk transcript in NPFR cells whereas protein/peptide could
not be identified by immunolabeling. Alternatively, this could result from a tk promoter activity at a very
specific period in fly development, facilitating the expression of LexAop-FIpL in these cells. Another
explanation is that only tk transcript is upregulated, but no TK peptides are generated.

One of the limitations of the INTACT method that makes it difficult to interpret the genomic results,
is that it uses genetic drivers to mark certain neuronal populations. The drivers are based on the expression
pattern of marker genes such as NPF or NPFR, resulting in the isolation of cells that express this marker and
are composed of smaller subsets of neurons with composite molecular signatures. By tagging neurons using
this approach, we extract all the cells that express a certain marker gene, inevitably pooling together very
different cells in terms of function and location inside the brain. A good example for this is the NPFR driver,
which marks a population of 100 neurons, some of which also express NPF'?°, while other express Dhd4, TK
or are dopaminergic’®. A way to overcome this limitation is profiling smaller numbers of neurons using an
improved version of the INTACT called TAPIN'®’ and new technologies that allow mapping of the expression
of single RNA molecules in intact brain tissue, such as expansion sequencing'*’.

We revealed an anatomical association between reward and stress systems in the form of receptors for
NPF on Dh44 neurons, resembling the known interplay between NPY and CRF neurons in mammals®. In
addition, we documented a translocation of FoxO to the cytoplasm of Dh44 neurons in response to deprivation
of sexual reward followed by starvation. Although this could represent the activation of a cellular stress
response that could limit the ability of flies to resist other types of stressors, as has been shown in C.elegans'®,
we did not find a functional connection between rejection, FoxO translocation in Dh44 neurons and increased
sensitivity to starvation.

After ruling out metabolic changes and brain cytoprotective stress response as possible explanations
for the responses of male flies to deprivation of sexual responses, we demonstrated that sensitivity to starvation
stress is caused by disinhibition of NPF target neurons, mimicked in our experiments by optogenetic activation
of NPFR neurons as well as KD of npf- transcript in NPFR neurons. This response is mediated through a
dynamin independent signaling mechanism, possibly bulk endocytosis or neuropeptide release, which does
not involve synaptic vesicle reuptake. Interestingly, single males were not affected by NPFR KD. This can be
attributed to their lack of sexual and social interaction. This can be also seen in their distinct internal state

reflected by a unique transcriptome and metabolome expression. Furthermore, the activation of only ~22-26
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NPFR™ neurons proved sufficient to induce both increased sensitivity to starvation and some of the behavioral
phenotypes observed in rejected males. The identified NPFR sub-population can be divided into smaller known
subpopulations: six of these neurons express Dh44, and two pairs of NPFR™ neurons, L1-1 and P1, colocalize
with NPF expressing neurons (Fig. 6F). Both of these NPFR-NPF neuron pairs were previously indicated as
not related to wakefulness promotion, and presumably not involved in reward-seeking behavior’®'?. Thus, it
is likely that L1-1, P1 NPFR-NPF neurons do not facilitate increased arousal and might not be affected by
sexual reward deprivation. Indeed, we showed that the activation of these neurons did not affect either
resistance to starvation or group behavior in the flybowl. While CRF neurons in mammals mediate reward

seeking behaviors and responses to social stress?'=> 271317136

and the fly Dh44 neurons are known to facilitate
aggressive behaviors®, we did not find evidence to support their role in regulating responses to social stress.
Therefore, the activity of NPFANPFR circuit alone is sufficient to facilitate a stress-like response caused by
deprivation of a reward and increase subsequent sensitivity to acute stressors (Fig. 6G). Further dissection of
the NPFR and NPFR™ neuronal subpopulations is needed to better understand the role of each cell type in
response to sexual reward deprivation.

This is the first documentation of a frustration-like stress response in Drosophila, which is caused by
innate expectation of a natural reward that is not achieved. Sexual deprivation, therefore, can be used as a tool
to study the interplay between natural reward omission, reward seeking behaviors such as ethanol
consumption, stress, and addiction. Further investigation of cell type-specific mechanisms that facilitate

frustration-like response to reward omission will shed more light on the complex mechanism by which the

brain processes motivation and reward.
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Methods:
Fly lines and culture: Drosophila melanogaster WT Canton S flies were kept at 25C°, ~50% humidity,

light/dark of 12:12 hours, and maintained on cornmeal, yeast, molasses, and agar medium. Most fly lines were
back-crossed to a Canton S background. UAS UAS.unc84-2XGFP and UAS mCD8 GFP were obtained from
HHMI Janelia Research Campus. For INTACT, UAS.unc84-2XGFP transgenic flies were crossed with NPFR-
GALA4 flies. NPFR-Gal4, UAS-NPFR RNAi, NPF-GALA4 flies were a gift from the Truman lab (HHMI Janelia
Campus). UAS<dsFRT>cs-Chrimson-mVenus in attp2, and LexAop-FLPL flies were a gift from the Heberlein
lab (HHMI Janelia Campus). UAS-dFoxO-TM flies were a kind gift from the Tatar lab (Brown University).
The following lines were ordered from the indicated fly centers: TK-LexA (Bloomington #54080), UAS-tk-
HA (ORF F000997), UAS-tk RNAi (VDRC #103662), Dh44-Gal4 (VDRC #207474).

RNA extractions from different neuronal cell types INTACT): Cell type specific labeled nuclei were isolated

using the INTACT method (Isolation of Nuclei Tagged in A specific Cell Type technique) as previously
described®’. This method was slightly modified as follows: about 100 adult male flies collected from 3-4 days
F1 generation of NPFR GAL4 driver X UAS unc84 2XGFP_ reporter were subjected to a courtship assay,
at the end of which they were anesthetized by CO, and their heads were separated on ice using a scalpel. 9ml
of homogenization buffer (20mM B-Glycerophosphate pH7, 200mM NaCl, 2mM EDTA, 0.5% NP40
supplemented with RNAase inhibitor,10mg/ml t-RNA, 50mg/ml ultrapure BSA, 0.5mM Spermidine, 0.15mM
Spermine and 140ul of carboxyl Dynabeads -270 (Invitrogene: 14305D) was added to each sample. The heads
were filtered on ice by a series of mechanical grinding steps followed by filtering the homogenate using a
10um Partek filter assembly (Partek: 0400422314). After removing the carboxyl-coated Dynabeads using a
magnet, the homogenate was filtered using a 1um pluriSelect filter (pluriSelect: 435000103). The liquid phase
was carefully placed on a 40% optiprep cushion layer and centrifuged in a 4°C centrifuge for 30min at
~2300Xg. The homogenate/Optiprep interface was incubated with anti-GFP antibody (Invitrogen: G10362)
and protein G Dynabeads (Invitrogen: 100-03D) for 40 minutes at 4°C. Beads were then washed once in NUN
buffer (20mM B-Glycerophosphate pH7, 300mM NaCl, 1M Urea, 0.5% NP40, 2mM EDTA, 0.5mM
Spermidine, 0.15mM Spermine, ImM DTT, 1X Complete protease inhibitor, 0.075mg/ml Yeast torula RNA,
0.05Units/ul Superasin). Bead-bound nuclei were separated using a magnet stand and resuspended in 100l of
RNA extraction buffer (Picopure kit, Invitrogen # KIT0204), and RNA was extracted using the standard

protocol.

RNA-seq library preparation and sequencing: The NuGEN RNAseq v2 (7102-32) kit was used to prepare
cDNA from the INTACT purified RNA, followed by library preparation using the SPIA - NuGEN Encore

Rapid DR prep kit. Samples were sequenced on an [llumina HiSeq using single-end 60 base pair reads.

1
t37

Determining gene expression levels from RNA-seq: Reads were trimmed using cutadapt ®’ and mapped to

Drosophila melanogaster (BDGP6) genome using STAR"® v2.4.2a (with EndToEnd option and
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outFilterMismatchNoverLmax was set to 0.04). Counting proceeded over genes annotated in Ensembl release
31, using htseg-count'* (intersection-strict mode). Reads overlapping exons in each gene were counted using

140 and these counts were used as input into DESeq2'*'. DeSeq2 function rlog(blind=FALSE)

featureCounts
was used to calculate normalized counts with a regularized log transformation. The DESeq() and results()

functions were used to calculate gene expression differences between pairs of cell types.

Behavioral assays: 1. Courtship suppression recording: WT males and females were collected on CO, 3-4 days

before the recording. Males were kept in groups of 25 per vial. To generate mated females for the experiment,
virgin females were introduced to males ~16 hours before the experiment. All flies were kept in the incubator
at 25°C, ~50% humidity, and light/dark of 12:12 hours. Prior to the conditioning, the mated females were
separated from the males on CO; on the morning of the recording. During the recording, the temperature was
kept at ~25°C, and humidity ~55%. Since the extent of courtship display is shaped by circadian rhythmicity,
where male flies depict the highest courtship activity closest to the onset of light, and their general activity
declines towards noon, the first session started right after the onset of light, and the other two sessions took
place in the afternoon. Virgin male flies were exposed to either mated or virgin female for three one-hour
sessions, and their behavior was recorded using a Point Grey Firefly camera and analyzed in detail during the
first 10 minutes of each interaction. At the end of each session, female flies were removed, and the males that
experienced rejection were kept isolated in narrow glass vials for one hour. At the end of the rest hour, males
were returned to their original location in the courtship arena for the recording. In order to compare the
courtship behavior of rejected and naive males, virgin males from the naive cohort were replaced at the
beginning of each session. Different aspects of courtship behavior were analyzed manually using “Lifesong”
software.

2.Courtship conditioning for INTACT: Males and females were collected within 2 h of eclosion on CO,, 3-4

days before courtship conditioning. Males were collected into narrow glass vials (VWR culture glass tubes
10X75mm) containing food and kept single housed until the conditioning. To generate mated females for the
experiment, mature males were added to the females ~16 h before the experiment. All flies were kept in the
incubator at 25°C, ~50% humidity, and light/dark of 12:12 hours. The mated females were separated from the
males on the morning of the conditioning. During the conditioning, the temperature was kept at about 25°C,
and humidity ~55%.

Generation of rejected males: Individual males were placed with mated females for 3 one-h conditioning
trials (separated by 1-h rests) a day for two consecutive days. Females were removed after each trial.
Generating mated males: To generate the “mated-grouped” cohort, individual males were housed with virgin
females for 3 one-h conditioning trials (separated by 1-h rests) a day for two consecutive days. Females were
removed after each trial. Single males: Virgin males were collected within 2 h of eclosion and kept separately
in small food vials during the entire trial. Gentle handling was performed parallel to rejected and mated males’

conditioning sessions.
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3.FlyBowl: FlyBowl experiments were conducted as described in Bentzur et. al'"®. In brief: groups of 10 male
flies, which were socially raised in groups of 10 for 3-4 days, were placed in FlyBowl arenas, and their behavior

142 - Automatic behavior classifiers and Per-frame

was recorded at 30 fps for 15 min and tracked using Ctrax
features were computed by JABBA'* tracking system. Data of all behavioral features were normalized to
percentage of difference from the average of each experiment for visualization. Details about the different

features are found in Figure S4.

Optogenetics Activation of NPFR, Dh44, and NPFR™ neurons: Light-induced activation of red-shifted

Channel Rhodopsin UAS-CsCrimson was achieved by placing glass fly vials containing one fly each over red
LEDs (40 Hz, 650nm, 0.6 Im @20mA). Activation protocol consisted of 3x5 min-long activation periods

spaced by 1 h and 55 min resting intervals for 2 consecutive days.

Neuronal activation combined with inhibition of synaptic vesicle release: Flies expressing Cs-Chrimson and

UAS-Shibire" in NPFR neurons were subjected to one of four conditions for two days: (1) Three 5-min-long
optogenetic activations spaced by 1 h and 55 min resting intervals (under constant dark) at constant 18-20°C
served as a positive control. (2) Three 10-min-long sessions at 28-29°C under constant dark followed by 5 min
long optogenetic activations spaced by 1 h and 45 min resting intervals at 18-20°C, also under constant dark.
(3) Three 15-min-long sessions at 28-29°C under constant dark, spaced by 1 h and 45 min at 18-20°C, also
under constant dark, served as synaptic release block control. (4) Flies kept at constant 18-20°C and constant
dark served as a negative control. After the last activation, flies were transferred into glass vials containing 1%

agarose.

Immunostaining: Whole-mount brains were fixed for 20 min in 4% paraformaldehyde (PFA) or over-night in

1.7% PFA. Preparations were blocked for 1h at 4°C with gentle agitation in 0.5% BSA, 0.3% Triton in PBS.

The following primary antibodies were used: Rabbit anti GFP (LifeTech 1:500), the neuropile-specific
antibody NC82, (1:50, The Jackson Laboratory), mouse anti GFP (1:100, Roche), Rabbit anti Dh44 (0.6:100),
rabbit anti dILp2 (1:100, a kind gift from Takashi Nishimura lab), rabbit anti FoxO (1:100. A kind gift from
Pierre Leopold lab), rabbit anti tk (1:1000 a Kind gift from Wei Song) were incubated overnight at 4°C.
Secondary antibodies, goat anti mouse-Alexa488 (1:200-1:100), goat anti rabbit-Alexa568 (1:200-1:100), goat
anti mouse-Alexa568 (1:1000) and goat anti rabbit-Alexa488 (1:1000) were incubated for 2hr at 4°C. DAPI
(1:20). The stained samples were mounted with SlowFade™ Gold antifade reagent (Thermo Fisher Scientific)

and visualized using a Leica SP8 confocal microscope.
Stress tests: Survival was measured during: (i) Starvation: After the last bout of conditioning, males were

transferred to glass vials containing 1% agarose. Males were kept in isolation, and the number of living flies

was recorded every 2-3 h.
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(i1)Oxidative stress: To induce oxidative stress, male flies were single-housed in glass vials containing

standard food supplemented with 20mM paraquat (856177,Sigma-Aldrich).
Longevity: After the last bout of conditioning, males were transferred to vials containing food. Males were
kept in isolation and the number of living flies was recorded every day. Flies were transferred to new vials

twice a week. Log rank or Renyi-type test (REF) with FDR correction were performed.

TAG, Glucose levels evaluation: TAG levels were assessed as described” with modifications: After courtship

conditioning, experimental males were divided into groups of 5 and were homogenized together in 100 ul
NP40 substitute assay reagent from Triglyceride colorimetric assay kit 10010303 (Cayman JM-K622-100).
Homogenate was centrifuged at 10,000 x g for 10 min at 4°C, and the supernatant was collected. Triglyceride
enzyme mixture (10010511) was used to hydrolyze the triglycerides and subsequently measure glycerol by a
coupled enzymatic reaction. TAG concentrations were determined by the absorbance at 540nm and estimated
by a known triglyceride standard. The absorbance was measured using SynergyH1 Hybrid Multi-Mode
microplate Reader.

Body and hemolymph glucose were extracted as described'**. Briefly (with modifications):

Whole bodies: After courtship conditioning, 5 males were placed in each sample tube and were weighed using
Fisher scientific ALF104 analytical balance scale. Then, flies were homogenized in 100 ml cold PBS on ice.
Supernatant was heated for 10 min at 70°C, then centrifuged for 3 min at maximum speed at 4°C. Supernatant
was collected and transferred to a new 1.5 ml tube. Hemolymph: After courtship conditioning, males were
sedated on ice and carefully punctured in the thorax using sharpen stainless steel tweezers. 40 punctured flies
were placed in each 0.5 ml microfuge tube with a hole at the bottom made by a 25G needle. The 0.5 microfuge
tube was then placed in a 1.5 ml tube and centrifuged at 5000rpm for 10 min at 4°C. Hemolymph was collected,
and samples were heated for 5 min at 70°C. Glucose was measured using High sensitivity Glucose Assay kit
(MAK181 Sigma-Aldrich). Glucose concentration is determined by coupled enzyme assay, which results in

fluorometric (Aex = 535/Aem = 587nm) products and was assessed using SynergyH1.

Metabolites extraction: After courtship conditioning, males were flash-frozen and decapitated using a

microscalpel. For each samples, 5 heads were transferred into soft tissue homogenizing CK 14 tubes containing
1.4 mm ceramic beads (Bertin corp.) prefilled with 600 ul of cold (—20 °C) metabolite extraction solvent
containing interanl standards (Methanol:Acetonitrile:H20::50:30:20) and kept on ice. Samples were
homogenized using Precellys 24 tissue homogenizer (Bertin Technologies) cooled to 4°C (3x30s at
6000 rpm, with a 30 s gap between each cycle). Homogenized extracts were centrifuged in the Precellys tubes
at 18,000 g for 10 min at 4 °C. The supernatants were transferred to glass HPLC vials and kept at —75 °C prior
to LC-MS analysis.

18


https://doi.org/10.1101/2022.03.02.482596
http://creativecommons.org/licenses/by-nd/4.0/

586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.02.482596; this version posted March 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

LC-MS metabolomic analysis : LC-MS analysis was conducted as described'*. Briefly, Dionex Ultimate ultra-

high-performance liquid chromatography (UPLC) system coupled to Orbitrap Q-Exactive Mass Spectrometer
(Thermo Fisher Scientific) was used. Resolution was set to 35,000 at 200 mass/charge ratio (m/z) with
electrospray ionization and polarity switching mode to enable both positive and negative ions across a mass
range of 67-1000 m/z. UPLC setup consisted ZIC-pHILIC column (SeQuant; 150 mm x 2.1 mm, 5 pum;
Merck). 5 ul of cells extracts were injected and the compounds were separated using a mobile phase gradient
of 15 min, starting at 20% aqueous (20 mM ammonium carbonate adjusted to pH 9.2 with 0.1% of 25%
ammonium hydroxide) :80% organic (acetonitrile) and terminated with 20% acetonitrile. Flow rate and column
temperature were maintained at 0.2 ml/min and 45 °C, respectively, for a total run time of 27 min. All
metabolites were detected using mass accuracy below 5ppm. Thermo Xcalibur 4.1 was used for data
acquisition. The peak areas of different metabolites were determined using Thermo TraceFinder™ 4.1
software, where metabolites were identified by the exact mass of the singly charged ion and by known retention
time, using an in-house MS library built by running commercial standards for all detected metabolites. Each
identified metabolite intensity was normalized to ug protein. Metabolite-Auto Plotter'*® was used for data

visualization during data processing.

FoxO in cyto\nuc: Dissected stained samples of male’s brains were visualized using a Leica SP8 confocal

microscope, with an X60 lens. Images of cells containing both immunostaining to FoxO and DAPI were
analyzed using CellProfiles 3.1.9. Images were acquired with different acquisition settings because of the very
large dynamic range difference among the samples. Cell cytoplasm intensity was calculated as (whole-cell
intensity) — (nucleus intensity). To quantify the differences among samples, intensity was measured in each
cell in the nucleus (nuc) and cytoplasm (cyto), and the ratio was then calculated as the relation between the
cytoplasm and nucleus in order to normalize. This ratio was compared among samples. The cyto\nuc portion
of rejected, mated, and single males was compared and analyzed using Kruskal-Wallis and post-hoc Dunn’s

test.

Statistical analysis: Data of each behavioral feature per experiment were tested for normality, and

consequently, normally distributed data were tested by student’s t-test, one-way ANOVA followed by Tukey’s
post-hoc. Non-parametric data were tested by Mann-Whitney or Kruskal-Wallis tests followed by Dunn’s or
Friedman’s post-hoc tests. FDR correction for multiple comparisons was performed for all Flybowl
experiments  features.  Statistical  overrepresentation ~was  generated using PANTHER'"'#

(http://pantherdb.org/citePanther.jsp). Kmeans clustering method was performed (k= 3) to generate a heatmap

of differentially expressed genes in NPFR neurons. Starvation resistance and longevity experiments were

149

tested by Log-rank or Renyi-type test™ using R package version 3.2-11. FDR correction for multiple

comparisons was performed for experiments with more than two experimental groups.
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Fig 1. Repeated sexual deprivation increases sensitivity to stressors. A. Schematic representation of behavioral assays:
Virgin male flies were exposed to either mated or virgin females for three 1h sessions, and their behavior was recorded.
At the end of each session, the females and males from the naive cohort (top) were removed, and the males that
experienced rejection (bottom) were kept isolated in narrow glass vials for 1h. B. % difference from average courtship
behaviors performed by rejected (blue circle) and naive (grey square) males in the first (I), second (II), and third (III)
sessions. Student’s t-test or Mann-Whitney were performed with FDR correction for multiple comparisons. *p<0.05,
***p<0.001. C. % time spent grooming by rejected males (blue) compared to naive males (grey) during the first (1),
second (IT), and third (III) sessions. T-test or Mann-Whitney were performed. *p<0.05, **p<0.01, ***p<0.001. N of
rejected males= 41 (I),16 (ILIII) (In order to capture differences in courtship behavior that resulted from a second and
third exposure to mated females, only males that courted in both I, III sessions were analyzed). N of naive males= 24 (1),
21 (1), 18 (III). D. Schematic representation of courtship conditioning: naive males were introduced to either virgin,
sexually receptive or sexually non-receptive females. As a result, males were either mated or rejected. The third cohort
consisted of naive single housed males that did not experience any social or sexual event (single). Encounters with
females were repeated 3x a day for two days. E. Starvation resistance assay: rejected males (blue, n=91) compared to
mated (red, n=102) and single housed (yellow, n=110) males, ***p<2E-16; mated vs single males, *»<0.05. F. Resistance
to oxidative stress (20mM Paraquat): rejected males (blue, n=50) compared to mated (red, n=53) p<0.01** and single
housed (yellow, n=54) males ***p<0.001. Pairwise log-rank with FDR correction for multiple comparisons was
performed in E,F. G. Longevity assay: single males (yellow, n=80) compared to mated (red, n=86) and rejected (blue,
n=80) males. *p<0.05. Renyi-type test with PDF corrections for multiple comparisons was performed.
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1014

1015  Fig 2. Courtship conditioning induces differential gene expression for rejected, mated, and single housed males.
1016 A. Schematic representation of INTACT procedure. B. Distribution of NPFR (Green) neurons as visualized by the
1017 expression of GFP driven by NPFR-GAL4 driver. Anti-nc-82 staining is shown in magenta. C. Clustering of average
1018  normalized reads for all significantly differentially expressed genes in NPFR neurons of rejected, mated, and single
1019 housed males. D. Venn diagram depicting differentially expressed genes shared among the courtship conditioning cohorts.
1020 Highlighted in beige are genes that were differentially expressed in rejected males compared to mated and single males.
1021 E-G. Volcano plots of genes that were differentially expressed when comparing: Mated vs rejected (E), rejected vs single
1022 (F) and mated vs single (G). H. Table of genes up-regulated (left) and down-regulated (right) in rejected males compared
1023 to mated and single males.
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1026  Figure 3. Courtship conditioning did not affect TAG and glucose levels and most head metabolite in males. A-D.
1027 Metabolic indices of rejected males (blue) compared to single (yellow) or mated (red) males. No differences were
1028  observed for measurements of (A) triglycerides (TAG, n=11 for all groups, 5 males/ sample). (B) weight (n= 10 single,
1029 9 mated, 9 rejected, 5 males/sample). (C) hemolymph, or (D) body glucose (n=3 for all groups, 5 males/body sample,
1030 and 40 males/hemolymph sample). ANOVA or Kruskal-Wallis with post-hoc Tukey's or Friedman test were performed.
1031 NS p>0.05. E. % difference from average (peak area/ total measurable ions) of metabolites detected using LC-MS in
1032 rejected, mated, and single males’ heads. S-aminolevulinic acid, acetyl-glutamine, glycine, tryptophan, and stearic acid
1033 levels were higher in rejected males’ heads (blue triangles, n=17) compared to single (yellow circles, n=17) and mated
1034 (red squares, n=16, 5 heads/sample). Metabolites of the kynurenine pathways are highlighted in orange; serotonin is
1035  highlighted in yellow. NS p>0.05 , *p<0.05, **p<0.01, ***p<0.001. Statistical analysis was performed by ANOVA or
1036  Kruskal-Wallis with post-hoc Tukey's or Friedman test.
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Fig 4. FoxO activity in NPFR-Dh44 neurons does not abrogate sensitivity to starvation in rejected males. A. Six
NPFRG4; UAS-mcd8GFP (green) neurons co-localized with FoxO (red, endogenous FoxO expression), as indicated by
arrows. B. Co-localization of NPFR neurons (green, NPFRG4/+;UAS-mcd8GFP/+) with six Dh44 neurons (magenta,
endogenous Dh44 expression). C. At least five Dh44 neurons (green, Dh44 G4/+;UAS-mcd8GFP/+) co-localized with
FoxO+ neurons (magenta, endogenous expression). D. Sensitivity to starvation was assessed in rejected males with UAS-
FoxO-TM expressed in DH44 neurons (DH44G4;UAS-dFoxO-TM, blue), and their genetic controls (light and dark grey),
compared to single housed males (red) (¥*p<0.05). NS, not statistically significant (p>0.05). Pairwise log-rank with FDR
correction for multiple comparisons was performed.
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Fig 5. Activation of NPFR neurons mimics reduced resistance to starvation observed in WT males. A. Starvation
resistance assayed on NPFR G4/NPFR RNAi mated (red, n=68), rejected (blue, n=68) and single housed (yellow, n=63)
male flies. No significant difference was observed among mated and rejected flies p>0.05. Both rejected and mated males
were significantly more sensitive to starvation compared to single males. *p<0.05 rejected vs single, **p<0.01 mated vs
single. Pairwise log-rank with FDR correction for multiple comparisons was performed. B. NPFR neurons were activated
in NPFRG4/+;UAS-csChrimson/+ flies (pink) by exposing them to red light three times a day for two days, while control
flies (grey) were not exposed to light. Starvation resistance of experimental (n=55) and control flies (n=72) was assayed.
Log-rank test was performed, ***p< 0.001. C. % difference from average scatter plot of behaviors observed and scored
in the FlyBowl performed by NPFRG4/+;UAS-csChrimson/+ males (pink, n=14) and their genetic controls NPFR G4/+,
UAS-csChrimson/+ (Grey and black, respectively, n=10 each). ANOVA or Kruskal-Wallis with post-hoc Tukey's or
Dunn’s test with FDR correction for multiple comparisons was performed. D. Male flies expressing UAS-csChrimson
and UAS-Shibire® in NPFR neurons were subjected to three 5 min long optogenetic activations for three days, and their
synaptic signaling was blocked at 28-29°C (light+ heat, orange, n=52). Positive control males (light+cold, pink, n=52),
synaptic release block control (dark+heat, light gray, n=52), negative control (dark+cold, dark gray, n=50). Experimental
and positive control flies showed no significant difference in resistance to starvation (p>0.05). Both experimental and
positive control flies were significantly more sensitive to starvation than ‘dark+heat’, and ‘dark+cold’ flies (**p<0.01).
Pairwise log-rank test with FDR correction for multiple comparisons was performed.
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Fig. 6. Activation of NPFR™ neurons reduces resistance to starvation and causes aroused behavior. A. Dh44
neurons were activated in Dh44 G4/+;UAS-csChrimson/+ flies followed by starvation resistance assay. No significant
difference was observed between experimental (Light, green), genetic controls (Dh44-G4/+, grey, UAS-csChrimsom/+,
dark blue) and Dh44 G4/+;UAS-csChrimson/+ flies that were not exposed to light (Dark, black). p>0.05, n=56 for all
cohorts. B. Intersection of NPFR with NPF neurons by crossing NPFRG4;+, NPF-LexA;+, +;LexAop-FlpL,
+;UAS<dsFRT>cs-Chrimson-mVenus flies. Naive experimental males (Light, pink), n=52 and their genetic controls
(NPFR G4/+;NPF LexA/+, grey, n=52; LexAop-FLPL/+;UAS<dsFRT>cs-Chrimson-mVenus/+, dark blue, n=58) were
exposed to red light three times a day for two days. NPFR-NPF flies that were not exposed to light served as a third
control (Dark, black, n=50). Experimental flies (pink) did not exhibit significantly different resistance to starvation
compared to control flies (grey) p>0.05. C. Intersection of NPFR neurons with TK neurons (NPFR™) by crossing
NPFRG4;+, TK-LexA;+, +;LexAop-FlpL, +;UAS<dsFRT>cs-Chrimson-mVenus flies. Green marks NPFR™ neurons,
magenta marks nc-82 neurons. D. NPFR™ neurons of naive males were activated, and their starvation resistance was
assayed. Experimental flies (NPFR™® red, n=51) exhibited significantly lower resistance to starvation compared to
genetic control flies (TK-LexA;LexAop-FLPL, black, n=44; and NPFR G4;UAS<dsFRT>csChrimson-mVenus, grey,
n=51). *p<0.05, **p<0.01. Pairwise log-rank test with FDR correction for multiple comparisons was performed for
AB,D. E. Scatter plot of behaviors observed and scored in the FlyBowl performed by NPFR™ males (red, n=13) and
their genetic controls, TK-LexA; LexAop-FLPL, NPFRG4;UAS<dsFRT>csChrimson-mVenus (black, n=13, and grey,
n=12. *p<0.05,**p<0.01, ***p<0.001. ANOVA or Kruskal-Wallis with post-hoc Tukey's or Dunn’s test, and FDR
correction for multiple comparisons were performed. F. Schematic representation of brain NPFR neurons that intersect
with TK, Ilp2, DH44, FoxO and NPF neurons. G. Summary of results: Deprivation of sexual reward induces a frustrative-
like or a stress-like behavioral response and increases sensitivity to subsequent acute stressors. This is mediated by a
neuronal response: Sexual deprivation decreases NPF signaling, thereby disinhibits NPFR neurons and induces a
dynamin-independent activity, which increases sensitivity to starvation.
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1090  Figure S1. Repeated rejection does not lower the percentage of males who are still motivated to court. Naive males
1091 were repeatedly introduced to sexually non-receptive females over two consecutive days. The number of courting males
1092 was documented for each session. Males that did not initiate courtship, or that succeeded to copulate were excluded from
1093 further analysis. Total n of males for day I= 97 first session (97 courted), 97 second session (95 courted), 95 third session
1094 (88 courted), n for day II= 86 first session (86 courted), 86 second session (82 courted), 82 third session (77 courted). Bar
1095  graph represents % of courting males in each session.
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Figure S2. NPFR neurons colocalize with Ilp2 and FoxO expressing neurons. A. Immunostaining of NPFRG4;
mcd8::GFP neurons using antibodies to GFP (green) and endogenous Ilp2 (magenta). On the left: whole brains. On the
right: cells in the PI. B. Immunostaining of NPFRG4; mcd8::GFP neurons using antibodies to GFP (green) and
endogenous FoxO (magenta).
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1104  Figure S3. Endogenous FoxO localizes to the cytoplasm in starved rejected males. A. The ratio of
1105 cytoplasmic/nuclear localized FoxO in rejected males (blue, n=33 cells (7 brains)) compared to mated (red, n=18 cells (5
1106  brains)), and single males (yellow, n=29 cells (5 brains). p>0.05 Kruskal-Wallis with Friedman post-hoc, No significant
1107 differences were observed. B-D. FoxO positive cells (red) of single (B), mated (C), and rejected (D) males. E. The ratio
1108 of cytoplasmic/nuclear localized FoxO in rejected males (blue, n=34 cells (6 brains)) compared to mated (red, n=30 cells
1109 (6 brains)) and single (yellow, n=33 cells (6 brains)) males, all of which were starved for 20 h. Rejected vs mated, mated
1110 vssingle, *p<0.05, rejected vs single, ***%p<0.0001. Kruskal-Wallis with Friedman post-hoc was performed. F-H. FoxO
1111  positive cells (magenta) of starved single (F), mated (G), and rejected (H) males.
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Definition Description
\Walk Fly moves.
Stop Fly is still.
Turn Changes in fly's direction.
Touch Fly actively touches another fly.
Approach Fly approaches another fly and perform interaction (active or passive).
Aggregation Fly sits in a group of 3 or more flies.
Grooming Fly grooms.
Chase Fly chases another fly.
Chain Chase with 3 or more flies.
Song Fly moves one wing next to another fly.

Social clustering

Fly sits in a social cluster (aggregate)

|Behavior bout length

Length of the longest sequence of frames in which the behavior occurred per fly.

Iabsdiheta

Angular speed (rad/s).

velmag Speed of the center of rotation (mm/s).
nflies_close Number of flies within 2 body lengths (4a).
dcenter Minimum distance from this animal’s center to other animal’s center (mm).

|absthetadiff -anglesub

Absolute difference in orientation between current animal and closest animal based on
anglesub (rad).

|absthetadiff-nose2ell

Absolute difference in velocity direction between current animal and closest animal based on
dnose2ell (rad).

Absphidiff-anglesub

Absolute difference in velocity direction between current animal and closest animal based on
anglesub (rad).

labsphidiff-nose2ell

Absolute difference in velocity direction between current animal and closest animal based on
dnose2ell (rad).

langlefrom1to2-nose2ell

Angle to closest (based on distance from nose to ellipse) animal’s centroid in current animal’'s
coordinate system (rad).

Iangleonclosestﬂy

Angle of the current animal’s centroid in the closest (based on distance from nose to ellipse)
animal’s coordinate system (rad).

Figure S4. List of behavioral features presented in Figures 5, 6 and S6.
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1117  Figure S5. Activation of NPFR neurons does not affect insulin peptide 2 (Ilp2) abundance in IPCs. A.-C.
1118  Immunostaining of male brains using antibodies to endogenous Ilp2 following courtship conditioning. Fluorescent
1119  microscope imaging of IPCs in single (A), mated (B), and rejected (C) males. D,E. NPFR neurons were activated in
1120  NPFR G4/+;UAS-csChrimson/+ male flies by exposing them to red light three times a day for two days (D). Control
1121  flies were not exposed to light (E). Brains of both groups were stained with antibodies to endogenous Ilp2 and imaged.
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1122  Figure S6. Disinhibition of DH44 or NPFR-NPF neurons did not affect male group behavior. A. Starvation
1123 resistance assayed on Dh44 G4/NPFR RNAI (green, n=70) flies and their genetic controls Dh44 G4/+ (blue, n=66) and
1124  NPFR RNAi/+ (black, n=64). No significant difference was observed among experimental flies and the controls, p>0.05.
1125 Pairwise log-rank test with FDR correction for multiple comparisons was performed. B. % difference average scatter plot
1126 of behaviors observed and scored in the FlyBowl performed by DH44 G4/+;UAS-csChrimson/+ males (green, n=8) and
1127  their genetic controls Dh44 G4/+, UAS-csChrimson/+ (black, n=7 and grey, n=8, respectively). *p<0.05. Kruskal-Wallis
1128  and pairwise log-rank with FDR correction for multiple comparisons were performed. C. % difference average scatter
1129  plot of behaviors observed and scored in the FlyBowl performed by NPFR-NPF males (pink, n=22) and their genetic
1130 controls NPFR G4/+;NPF LexA/+ (grey, n=22), LexAop-FLPL/+;UAS<dsFRT>cs-Chrimson-mVenus/+, (black, n=21).
1131  p>0.05 Kruskal-Wallis. ANOVA or Kruskal-Wallis with post-hoc Tukey's or Dunn’s test, and FDR correction for
1132 multiple comparisons were performed.
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Figure S7. TK expression in NPFR neurons does not affect resistance to starvation. A. KD of tk in NPFR neurons
of naive males using NPFRG4/+;tkRNAi/+. Experimental single housed NPFR G4/+;TK RNAi/+ (orange, n=50) flies
did not exhibit different resistance to starvation compared to genetic controls: TK RNAi/+ (grey, n=33) and NPFR G4/+
(black, n=45). B. NPFRG4/+;tkRNAi/+ males and their genetic controls were subjected to rejection and their resistance
to starvation was assayed. No significant difference in resistance to starvation in NPFR G4;tk RNA! flies (orange, n=79)
compared to genetic controls (grey, n=90 and black, n=70) was observed. Pairwise log-rank test with FDR correction for
multiple comparisons was performed for A,B. C. Six NPFR™ (green) neurons colocalize with DH44 (magenta,
endogenous Dh44 expression). D. Right: colocalization of NPFR™ neurons (green) and NPF+ neurons (magenta,
endogenous NPF expression), indicated by arrows. White arrows indicate L1-1 neurons, yellow arrows indicate P1
neurons. Left: A closeup to two NPFR™ NPF+ neurons (P1).
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Supplementary Tables

Table S1: List of differentially expressed genes shown in figure 2C. Genes were clustered using Kmeans
clustering method (k= 3).

Table S2: List of differentially expressed genes between rejected, mated and single cohorts.

Table S3: LC-MS metabolite results. Compound averaged peak area/total measurable ions results are
presented for mated (n= 16), rejected (n= 17), and single (n= 17) cohorts.
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