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Romantic engagement can bias sensory perception. This ‘love blindness’ reflects a
common behavioural principle across organisms: favouring pursuit of a coveted reward

over potential risks’. In the case of animal courtship, such sensory biases may support
reproductive success but can also expose individuals to danger, such as predation®.
However, how neural networks balance the trade-off between risk and reward is
unknown. Here we discover a dopamine-governed filter mechanismin male Drosophila
thatreduces threat perception as courtship progresses. We show that during early
courtship stages, threat-activated visual neurons inhibit central courtship nodes via
specific serotonergic neurons. This serotonergic inhibition prompts flies to abort
courtship when they see imminent danger. However, as flies advance in the courtship
process, the dopaminergic filter system reduces visual threat responses, shifting

the balance from survival to mating. By recording neural activity from males as

they approach mating, we demonstrate that progressin courtship is registered as
dopaminergicactivity levels ramping up. This dopamine signalling inhibits the visual
threat detection pathway via Dop2R receptors, allowing male flies to focus on courtship
whenthey are close to copulation. Thus, dopamine signalling biases sensory perception
based on perceived goal proximity, to prioritize between competing behaviours.

Every day animals make decisions that require balancing opportunities
and risks. This trade-offhas been explored in humans*®, rodents®’ and
invertebrates® ™. However, we still lack a detailed mechanistic under-
standing of how conflictisresolvedin the brain, particularly when the
dangers and benefits are crucial life choices.

One especially important trade-off is between survival and repro-
duction. Avoiding threats can be a life-saving decision, but excessive
caution might result in missed mating opportunities. Recent work
has revealed how sex drive and threat avoidance are independently
signalled in the brain’>%, yet it remains unclear how these needs are
prioritized when they are in conflict. How animals suppress courtship
whenitisbettertorunaway,and howthisis reversed when the rewards
of courtship outweigh the risk of predation (for example, if mating is
imminent) still remain unknown.

Dopamineis akey playerin motivation, need and reward? . Beyond
these functions, dopamine is thought to relay the value of sensory
input and internal/behavioural states to decision-making centres,
thus adapting behaviour?*?%, Yet, how dopamine dynamically modu-
lates sensory valence and influences decision-making during conflict
remains poorly understood. This task could be mediated through
sensory filter systems?, which block superfluous inputs and high-
light relevantinformation to facilitate appropriate behaviours. Such
filtering systems could thus serve asameans to shut down competing
sensory inputs when animals are close to achieving acrucial goal. Here
we describe a state-dependent filter system driven by dopamine that

allows Drosophila males to filter out external threats and focus on
courtship when they are close to mating.

Visual threats block courtship viaLC16

Drosophilamales engage in aseries of stereotyped, progressive court-
ship steps to achieve copulation” (Fig.1a and Supplementary Videos 1
and 2). If the female is receptive, the male typically exhibits strong
courtship motivation'**, persisting until copulationis achieved. Yet,
what happens when the urge to court is fraught with risk?

Todissect the neural circuitry that prioritizes between sex and sur-
vival, we established a sex—danger conflict assay, in which courting
Drosophila males were presented with a visual threat: a predator-like
moving shadow? (Fig. 1b). Indeed, in the absence of females, the threat
caused males to show defensive responses such as running away and
freezing® (Extended DataFig.1a,b). To eliminate confounding effects
of female behaviour, we used immobile virgin females. As expected,
in the absence of the threat, wild-type males vigorously courted the
females and showed low defensive behaviours (Fig. 1c, Extended Data
Fig. 1c and Supplementary Video 1). However, upon threat presen-
tation, males immediately halted courtship and engaged in defen-
sive responses (Fig. 1c, Extended Data Fig. 1c and Supplementary
Videos 3 and 4).

We next asked which neurons detect the visual threat. Lobular colum-
nar (LC) visual projection neurons connect early visual processing
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Fig.1|Courtshipis disrupted by visual threatsin maleflies viaLC16 neurons.
a, Schematic of the courtshipritual. b, Schematic of the actionselection
paradigm. ¢, Courtship and defensive indices of wild-type males without (grey)
orwith (blue) the visual threat (n =59 each). CS, Canton-S.d, LC16 split-GAL4
(Sp-GAL4) driving UAS-mCD8-GFP (green) in the adult brain; neuropil
counterstaining is with anti-nC82 (magenta). Scale bar, 50 pum. e, LC16 > TNT
flies fail to stop courtinginresponse to the visual threat (n=30,18 and 38
(nothreat); n=32,16 and 37 (threat)). f, LC16 > CsChrimson flies interrupt
courtship uponartificial activation without threat (n =17,16 and 15 (red light
OFF); n=27,21and 20 (red light ON)). g, Schematic of liveimaging with threat
delivery. h,i, Left, AF/F, (%) of the LC16 > GCaMPé6f signal before and after

with central brain areas and respond to conspecifics and motion
cues®?°230 we therefore hypothesized that LC neurons might detect
and convey visual threats to higher brain centres to inhibit courtship.
Indeed, we found that LC16 neurons®** were required to prioritize
defensive responses over courtship (Fig. 1d,e and Extended Data
Fig.1d). When LC16 neurons were silenced by expression of tetanus
toxin light chain (TNT), males courted the female despite the threat
(Fig. 1e and Extended Data Fig. 1d). Conversely, when LC16 neurons
were optogenetically activated using CsChrimson in the absence of
the threat, males stopped courting, mimicking the effect of the visual
threat (Fig. 1f and Extended Data Fig. 1e). Blocking LC16 synaptic output
disrupted visual threat responses in solitary males (Extended Data
Fig. 1f) but did not alter responses to mechanical threats in court-
ing males (Extended Data Fig. 1g). Males with silenced LC16 neurons
showed normal courtship behavioursin the absence of threats (Fig. 1e,
grey plot). Therefore, LC16 neurons suppress courtship in response
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presenting athreat (h) or anon-threatlight (i). Mean AF/F, (%) pre-stimulus

and post-stimulus (n=7and 6) is also shown (right). The sample sizes represent
biologicallyindependent animals. The solid line and shaded area of live-
imaging traces show mean +s.e.m., respectively. Behaviouralindexes are
displayed as boxplots. The boxes delimit the lower (25th) and upper (75th)
interquartile, and the horizontal line represents the median. Calciumimaging
quantification plots are shown as minimum/maximum plots, and the median as
ahorizontalline. Each dotrepresents asingle fly. Significant differences are
indicated by different letters at thelevel of P < 0.05 (for example, ais different
frombbutnot fromab). See Supplementary Table 1for details on statistics.

to visual threats by modulating courtship-related circuits, rather than
directly controlling courtship.

LC16 neurons are sensitive to both looming cues and moving bars***2,
To verify that LC16 neurons canalso perceive the moving shadow stimu-
lus, we performed in vivo two-photon calciumimaging (Fig.1g). Visual
threats induced substantial calcium influx in LC16 neurons, whereas
non-threat stimuli such as light-only controls or female sensory cues
did not (Fig. 1h,i, Extended Data Fig. 1h and Supplementary Table 2).
Together, our findings show that LC16 neurons detect visual threats and
prompt the flies to cease courtship and engage in defensive actions.

Prioritizing survival requires 5-HT

Previous researchin fish and mammals has shown that serotonin (5-HT)
signalling is increased by stress and modulates predator-associated
fight-or-flight responses®*3*. Therefore, we postulated that inhibition
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Fig.2|Visually driven 5-HT signalling inhibits P1and pIP10 courtship-
promoting neurons. a, P1Sp-GAL4-driving UAS-mCD8-GFP (green) inthe
adultbrain. Anti-nC82isin magenta. Scale bar, 50 pm.b, P1> CsChrimson
males continue courtship upon artificial activation despite the threat (n =30
each (nothreat); n=30,28and 30 (threat)). c, Predicted path connecting LC16
topClathrough 5-HT?MP®% (top), and electron microscope reconstructions of
female pCland 5-HT™"! neurons (bottom). See Supplementary Information
Fig. 2c for axis details. d, TRH****2Sp-GAL4 labels PMPD neurons (top), and
5-HT clustersintheadult brain (bottom).1denotes the posterior medial dorsal
protocerebrum (PMPD) cluster. See Supplementary Information Fig. 2d for the
nomenclature for clusters. e, AF/F, (%) of the 5-HT™"" > GCaMP#é6s signal after
artificial activation of LC16 neurons (left), and the mean AF/F, (%) at baseline
versus first stimulation (n = 7). f, TRH****2> TNT males fail to stop courtingin
responsetothethreat (n=15,15and 17 (no threat); n=14,19 and 24 (threat)).

g, TRHR®!2> CsChrimson (CsChr.) males stop courtship upon artificial
activation withoutthreat (n=17,19 and 25 (red light OFF); n=14,22and 19

of courtship could be driven by 5-HT signalling. To test this hypothesis,
weeither silenced all 5-HT neurons or blocked 5-HT synthesis altogether
using RNA interference (RNAi) against tryptophan hydroxylase (TRH),
an enzyme required for 5-HT synthesis. In both cases, the threat did
notincrease walking speed insolitary males or stop courtship inmales
paired with females (Extended Data Fig. 2a-f). By contrast, optoge-
netically activating 5-HT neurons stopped courtship inthe absence of
the threat (Extended Data Fig. 2g,h). These experimentsindicate that
5-HT neurons are important for prioritizing escape over courtship in
response to visual threats.

Pre Post
100 uM 5-HT

100 uM 5-HT

(redlight ON)). h,P1>5-HT,RNAifliesrespondless to the threat (n=22,16 and
24 (no threat); n=39,24 and 39 (threat)).i,j, AF/F, (%) of the P1> GCaMP6s signal
pre-application and post-application of 100 pM 5-HT without (i) or with (j) the
5-HT,receptor knocked downinP1neurons. The mean AF/F, (%) comparing
the before and after application of 5-HT time windows (n =7 and 7) isalso
shown (right). k, pIP10 Sp-GAL4 driving UAS-mCD8-GFP (green) in the adult
brain. Anti-nC82isin magenta.Scalebar, 50 pm.1, pIP10 > 5-HT,;-RNAi;Dicer
malesrespond lessto the threat (n=18,20 and 24 (no threat); n=11,15and 20
(threat)).m,n, AF/F, (%) of the P1> GCaMP6ém signal pre-application and
post-application of 100 uM 5-HT without (m) or with (n) the 5-HT,; receptor
knocked down in p1P10 neurons. The mean AF/F, (%) comparing the before
and after application of 5-HT time windows (n = 6 and 6) is also shown (right).
o,Network model. The dashed lines indicate non-functionally established
connections. CPG, central pattern generator. Refer to the legend of Fig.1for
detailson graphics and statistics.

5-HT inhibits central courtship nodes

Inour search for the neurons involved in the courtship-escape choice,
we examined the P1 cluster, a central mating regulation hub that
initiates courtship in response to female sensory cues and internal
states'>719283536 (Fig_2a). Given that P1 neurons integrate other com-
peting drives®* 3% we hypothesized that they may also regulate the
courtship-escape choice. Indeed, optogenetically activating P1 neu-
rons in males during the exposure to the visual threat caused them to
continueto court, overriding the threat response (Fig. 2b and Extended
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DataFig.3a). This result suggests that visual threats might block court-
ship by inhibiting P1 neurons.

Using the female Drosophila connectome®, we identified a 5-HT neu-
ron (5-HT™P%) jn the posterior medial dorsal (PMPD) cluster (Fig. 2c,d)
thatreceives input from LC16 neurons through anintermediate neuron
and thatin turnsynapses onto pCl, the female equivalent of P1(Fig. 2c).
Although the same connection is not guaranteed to exist on male P1
neurons, thanks to the sexual dimorphism of pC1/P1, these connectome
data made 5-HT™™ neurons attractive candidates for carrying threat
signals from LC16 to P1.

To assess whether LC16 and 5-HT™" neurons are functionally con-
nected, we optogenetically activated LC16 and monitored 5-HT"MPP
responses by GCaMPé6s calcium imaging (Fig. 2e). LC16 stimulation
reliably increased the GCaMPé6s signal in 5-HT"® neurons (Fig. 2e),
whereas light stimulation in flies lacking CsChrimson had a slight
but not significant effect (Extended Data Fig. 3b and Supplementary
Table 2), placing the 5-HT"™* cluster downstream of threat detecting
neurons. Furthermore, threat exposure triggered significant calcium
influx in 5-HT"™*? neurons (Fig. 5k), similar to the threat response of
LC16 neurons.

Totesttherole of 5-HT™" neurons in threat-induced suppression of
courtship, we used asplit-GAL4 (TRH**2) targeting the 5-HT"™ cluster
and asubset of 5-HT*" neurons*° (Fig. 2d). Blocking TRH***? synaptic
output prevented solitary males from escaping threats (Extended Data
Fig.3c),implicating them in defensive responses. We further found that
silencing TRH***? neurons by either expressing TNT or knocking down
the gene encoding the TRH enzyme led to persistent courtship activ-
ity in the presence of either a visual threat (Fig. 2f and Extended Data
Fig.3d-f) oramechanical threat (Extended Data Fig.1g). By contrast,
optogenetic activation of TRH***2in the absence of the threat caused
male flies to terminate courtship and exhibit defensive behaviours
(Fig. 2g and Extended Data Fig. 3g). Together, these data suggest that
TRHR*2 neurons may integrate threats of different modalities to act
as general effectors of threat responses.

We next sought toidentify the 5-HT receptor (or receptors) involved
ininhibiting courtship. Drosophila have five highly conserved 5-HT G
protein-coupled receptors (GPCRs)*". We individually downregulated
each 5-HT receptor in P1 neurons using RNAi. Knocking down 5-HT,,
5-HT,, or 5-HT; did not significantly affect threat responses (Extended
DataFig.3h). However, flies deficientineither 5-HT, or 5-HT,; receptors
in P1responded less to the threat and showed higher courtship levels
than controls (Fig.2h and Extended Data Fig. 3h). Given that knocking
down 5-HT, gave the strongest phenotype, we focused our analysis on
thisreceptor. Inlive-imaging experiments, applying 5-HT to the brain
decreased GCaMPés fluorescence in P1neurons (Fig. 2i), aninhibitory
effect that was abolished by decreasing 5-HT, expression in P1 (Fig. 2j
and Supplementary Table 2). These experiments suggest that 5-HT
suppresses courtship by inhibiting P1 cells via 5-HT, (note that we do
not exclude arole for 5-HT,g).

Although Drosophila 5-HT, can act as an excitatory receptor by
increasing intracellular cAMP, the same GPCR can be excitatory or
inhibitory depending on the associated G protein and the cell type* .
To investigate the mechanism by which 5-HT, triggers inhibition,
we downregulated different G proteins and evaluated behavioural
responses. Knocking down the inhibitory Go; protein in P1 neurons
prevented males from prioritizing defensive responses over courtship
(Extended Data Fig. 3i) and abolished the inhibitory effect of 5-HT on
Plcalciumactivity (Extended DataFig.3j and Supplementary Table 2).
Knocking down either 5-HT; or Ga; in P1 neurons did not affect the
response of solitary males to the threat (Extended Data Fig. 3k). These
findings collectively suggest that, in response to visual threats, 5-HT
inhibits P1via 5-HT,~Gq; signalling, thereby suppressing courtship.

Given that inhibiting P1suppresses courtship only transiently’,
we reasoned that other neurons are involved in sustaining the
threat-induced inhibition of courtship. One potential candidate is
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pIP10 descending neurons, which target the wing motor region in the
ventral nerve cord and are crucial for courtship song** (Fig. 2k). Indeed,
optogenetic activation of pIP10 resulted in high, sustained courtship
levels throughout threat delivery (Extended Data Fig. 4a,b), whereas
optogeneticinhibition of pIP10 via GtACR1in the absence of the threat
robustly suppressed courtship (Extended Data Fig. 4c,d).

We next asked whether —as with P1neurons — pIP10-mediated court-
ship inhibitionis serotonergic. Knocking down the 5-HT,; receptorin
pIP10 neurons by RNAi resulted in males continuing courtship despite
the threat (Fig. 2l and Extended Data Fig. 4e), althoughit did not affect
defensive behavioursinsolitary males (Extended Data Fig. 4f). Knock-
ing down other 5-HT receptors did not significantly affect the behav-
ioural choice (Extended DataFig. 4e). In calcium imaging experiments,
5-HT application significantly decreased the activity of pIP10 neurons
(Fig. 2m), an inhibitory effect that was abolished by reducing 5-HT,;
expression in pIP10 neurons (Fig. 2n and Supplementary Table 2).
Together, these results show that 5-HT inhibits pIP10 neurons via 5-HT,g.

Like 5-HT,, 5-HTzis not considered to be aninhibitory receptor*. To
elucidate how 5-HT,; caninhibit pIP10, we downregulated different G
proteins. Depleting the inhibitory Ga, protein — but not Go; — from
plP10 neurons prevented males from prioritizing escape responses
over courtship (Extended Data Fig. 4g) and abolished the inhibitory
effect of 5-HT on pIP10 calcium activity (Extended Data Fig. 4h and
Supplementary Table 2). Together, these findings suggest that 5-HT,;
inhibits pIP10 via Ga,.

Although direct evidence for connections between 5-HT"™", P1and
plIP10 neurons awaits confirmation, our findings suggest a model in
which, upon threat detection, LC16 neurons activate 5-HT"™ neurons
viaanintermediate neuron. The threat-drivenrelease of 5-HT inhibits P1
and pIP10 neurons, allowing flies to prioritize survival over sex (Fig. 20).
Of note, threat-driven inhibition of courtship was not fully prevented
by blocking serotonergic signalling to either P1 or pIP10 individually
(Fig. 2h,1), indicating that either serotonergic pathway acting alone
can partially suppress courtship upon threat detection.

Malesignore threats late in courtship

Our findings show that male fliesabort courtship inresponse to threats
presented directly after courtship onset. We next asked whether this
isalsothe casein advanced stages, when they have already invested in
courtship and are probably closer to achieving mating. Indeed, pre-
vious research has shown that the value of sensory information can
be influenced by ongoing behaviour and the internal state?%?>2526,
Therefore, to test whether male flies respond differently to the visual
threat atadvanced stages, we delivered the visual threat at progressive
courtship stages (Fig.3a). As males advanced furtherin the courtship
process, the threat became less effective at making them stop courting
and show defensive behaviours (Fig. 3b,cand Extended DataFig. 5a,b).
Moreover, copulating male flies completely ignored visual threats, even
after spermtransfer (Extended DataFig. 5¢,d), in contrast to heat-shock
threats, which do terminate copulation after sperm transfer'®, These
results collectively suggest that as courtship progresses, malesbecome
increasingly unresponsive to visual threats.

Female flies signal acceptance and readiness to copulate by ceasing
rejection behaviours and slowing down, allowing the male to bend its
abdomen and mount them. Thus, abdomen bending may indicate prox-
imity to expected copulation”. We asked whether the late-courtship
reductioninthreat response was linked to the execution of advanced
courtship steps. Indeed, males engaged in abdomen bending before
threat presentation were less likely to interrupt courtship, regardless
of whenthe threat was delivered (Fig. 3d and Supplementary Video 5).
In line with this, optogenetically inducing abdomen bending by acti-
vating a small subset of abdominal ganglion neurons (OvAbg)* also
diminished threat responses (Fig. 3e). Crucially, silencing OvAbg neu-
rons made flies reduce courtship inresponse to the threat even during
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late courtship stages, indicating that OvAbg activity is required for
late-courtship males to ignore the threat (Fig. 3f).

Dopamine ramps up during courtship

Having established that males become less responsive to threats asthey
advanceintheir courtship, we next explored how courtship progressis
integrated within the neural circuitry that arbitrates between courtship
and escape. Dopamine is linked with behaviour engagement and the
perceived value and distance of a reward®>*****’, We therefore specu-
lated that courtship progress might correlate with changes in dopamine
neuron activity. To test this notion, we focused on dopamine neurons
labelled by TH-C1-GAL4, some of which have been shown to modu-
late mating drive® (Fig. 4a, Extended Data Fig. 7d and Supplementary
Table 3). Activation of TH-C1 neurons during early courtship caused
males toignore threats and continue courting the female, although it
did not affect courtship or visual threat detection per se (Fig. 4b and
Extended Data Fig. 6a-c).

We thus asked whether TH-C1dopamine activity might change with
courtship progress. We developed amethod for tracking neural activity
asamalefly progresses through courtship under atwo-photon micro-
scope (Supplementary Video 6). When exposed to a virgin immobile
female, tethered males displayed early and late courtship steps (for
example, tapping, licking and abdomen bending). During the final
80 sof the experimental time window, males showed anincreasein late
courtship actions, suchasabdomenbending (Extended DataFig. 6d,e
and Supplementary Video 6). GCaMP7brecordings revealed agradual
increase in calcium signal during courtship progressionin a group
of approximately seven dopamine neurons per hemisphere, named
protocerebral posterior medial 1/2 (PPM1/2; Fig. 4c). Thisincrease was
absent when the focal male was paired with another male, which elicited
minimal abdomen bending events (Extended Data Fig. 6f and Sup-
plementary Table 2). The PPM1/2 calcium signal returned to baseline
when the female was moved away (Extended Data Fig. 6g). In contrast

to the ramping PPM1/2 signal, the GCaMP7b signal did notincreasein
adjacent cell bodies located in the same focal plane, or in TH-C1+PAL
dopamine neurons (linked to mating drive’) or in TH-C1+PAM dopa-
mine neurons (involved in courtship reward*®) (Extended Data Fig. 6g-i
and Supplementary Table 2). Together, these findings suggest that
the calcium ramping observed in PPM1/2 neuronsis specific to court-
ship progression.

Inline with our behavioural findings, ramping PPM1/2 calcium levels
were correlated with abdomen bending (Fig. 4c, bottom right, and
Extended DataFig. 6j), suggesting a direct link between abdomen bend-
ing and dopamine activity. Indeed, PPM1/2 calcium signals increased
during courtship even in males withimmobilized probiscises or legs,
indicating that PPM1/2 is not driven by licking or tapping the female
(Extended Data Fig. 6k,l, Supplementary Table 2 and Supplementary
Videos 8 and 9; note that males do not display wing vibrations in
our setup, see Methods for details). Moreover, PPM1/2 activity was
increased by stimulation of abdomen bending viaOvAbg activationin
solitary males (Fig. 4d, top). This effect was dose dependent, as dopa-
mine ramping was observed after prolonged LED stimulation, which
elicited 4-7 bending events, but not short LED stimulation, which elic-
ited 0-3 bendingevents (Fig.4d, middle and bottom panels, Extended
Data Fig. 6m and Supplementary Table 2). Of note, males exhibited
abdominal bending events even after the long LED stimulation ceased,
suggesting that this ongoing behaviour may sustain elevated PPM1/2
calcium levels (Extended Data Fig. 6m). Our findings indicate that
PPM1/2 dopamine ramping is primarily driven by abdomen bending
during courtship progression.

The dopamineactivity ramp could be driven by either sensory infor-
mation triggered by the abdomen-bending action (proprioception) or
the predictive signal in anticipation of this movement (efferent copy).
To address this, we immobilized the abdomen of males, preventing
males from bending it while preserving other courtship behaviours
such as tapping and licking (Fig. 4e, Extended Data Fig. 6n and Sup-
plementary Video 6). Following this manipulation, the GCaMP7b signal
in PPM1/2 neurons did not show the expected ramping behaviour.
Instead, PPM1/2 activity decreased significantly over time (Fig. 4e
and Supplementary Table 2), suggesting that proprioceptive feed-
back from abdomen bending, rather than efferent copy from a com-
mand circuit, is required to ramp up dopamine activity in PPM1/2
neurons. Consistent with these findings, dopamine ramping triggered
by optogenetic activation of OvAbg neurons only occurred when
solitary males were physically able to bend their abdomen (Fig. 4d,
top and bottom panel, and Supplementary Table 2). These findings
predict that late-courtship abdomen bending suppresses LC16 vis-
ual threat responses. Indeed, in live-imaging experiments, we found
that LC16 neurons responded to threats in solitary males and during
early courtship (Fig. 4f, first and second panels) but not during late
courtship (Fig. 4f, third panel). Of note, when abdomen bending was
mechanically blocked, LC16 threat calcium responses during late
courtship were restored (Fig. 4f, fourth panel and Supplementary
Table 2). Together, our findings indicate that abdomenbending ramps
up dopaminergic activity levels, which integrate proprioceptive feed-
back and ultimately induce a late-courtship state.

Dopamineblocks visual threat detection

We next asked how increased dopamine levels might translate courtship
progressioninto reduced threat responses. Using the female connec-
tome*, we found that LC16 neurons receive directinput from PPM1/2 at
their axon terminals but not fromother dopaminergic clusters (Fig. 5a).
Thus, we hypothesized that PPM1/2 neurons directly modulate the
perception of visual threats.

To functionally test the PPM1/2-LC16 connection, we imaged
dopamine release onto LC16 presynaptic terminals using a GPCR
activation-based dopamine (GRAB,,) sensor*’. We found a steady
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Fig.4 |Ramping dopaminereleasereflects courtship progress.a, TH-Cl1-
GAL4 driving UAS-mCD8-GFP (green) in the adult brain (top). Anti-nC82isin
magenta. Scale bar, 50 pm. The TH-C1-GAL4 expression pattern (blue) isalso
shown (bottom). See Supplementary Information Fig. 4a for the nomenclature
of clusters. b, TH-C1> CsChrimson males continue courtship upon artificial
activationdespite the threat (n=19,17 and 20 (no threat); n=16,16 and 21
(threat)). ¢, AF/F, (%) of the TH-C1"™"2 > GCaMP7b signal of males exposed to
females (top left); comparing mean AF/F, (%) during the first minute (0-20 s)
and at4 min (220-2405s) (n=10; topright); and arepresentative fluorescence
heatmap of PPM1/2 neurons over time (bottom left). Scale bar, 2 um. A correlation
of calcium activity and the number of abdominal bendingsis also shown
(bottomright).d, AF/F, (%) of the TH-C1?™¥2 > GCaMP6s signal increases

after long (top left) but not short (middle left) optogenetic stimulation of

increase in GRAB,, fluorescence in males paired with a female, indi-
cating a gradual increase in dopamine release onto LC16 presynaptic
terminals (Fig. 5b), consistent with the steady increase in PPM1/2 activ-
ity (Fig. 4c). This dopamine ramping was not observed in males paired
with another male (Extended DataFig.7a and Supplementary Table 2).
These findings suggest that the gradual release of dopamine onto LC16
may help toreduce responses of LC16 axonal terminals to visual threats
during courtship progress.

Todirectly test whether dopamine shuts down visual threat responses
in LC16 neurons, we recorded activity in LC16 presynaptic terminals
during threat delivery while simultaneously administering dopamine.
Not only did application of dopamine reduce LC16 baseline calcium
activity (Extended Data Fig. 7b) but it also completely suppressed the
threat-driven LC16 response (Fig. 5¢,d and Supplementary Table 2).
Moreover, focal injection of dopamine using a micropipette directly
onto LC16 presynaptic terminals caused a robust decrease in LC16
calcium activity, suggesting axo-axonal inhibition of LC16 output by
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dopamine (Extended Data Fig. 7c). In addition, optogenetically stimu-
lating PPM1/2 dopamine neurons gradually decreased the GCaMP6s
signal in LC16 neurons (Fig. 5e-g and Supplementary Table 2) and —
consistent with dopamine administration — reduced threat responses
in LC16 (Extended Data Fig. 7e and Supplementary Table 2).

This dopamine-induced inhibition seems to act through dopamine
D2-like receptors (Dop2R), as expressing Dop2R-RNAiin LC16 neurons
partially rescued the threat response and prevented LC16 inhibition
by focal dopamine injection (Fig. 5h and Extended Data Fig. 7¢c). We
confirmed Dop2R expressionin LC16 using reconstitution of split-GFP,
in which we tagged endogenous Dop2R with spGFP,; and expressed
cytoplasmic spGFP,_;, under LC16 split-GAL4 (Fig. 5i and Extended
Data Fig. 7f). Reconstituted GFP signal was significantly higher than
insplit-GFP,_;,-only controls in LC16 presynapses, but notin LC16 cell
bodies (Fig. 5i and Extended Data Fig. 7f), indicating that Dop2R recep-
tors are localized in the axon terminals, proximal to PPM1/2 neurons.
Crucially, when flies expressing Dop2R-RNAi in LC16 neurons were
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tested in the behavioural assay, their behaviour shifted from court-
ship to defensive responses during late courtship stages (Fig. 5j). Our
findings predict that dopaminergic inhibition of outgoing activity
from LC16 neurons would prevent 5-HT™ neuronal responses to the

Early courtship Courtship progression

knocked downin LC16 neurons (left), and the mean AF/F, (%) pre-stimulation
and post-stimulation time windows (n =7 and 9; right). i, UAS-spGFP,_,, driven
by LC16 Sp-GAL4 combined with tagging endogenous Dop2R::GFP,, (left).
Anti-brp (nC82) isin magenta. The fluorescence in axon terminals of LC16 >
GFP,_,,neurons with or without Dop2R::GFP,, (normalized to the average for
LC16 > GFP,_,,, Dop2R::GFP,;; n=7and11) is also shown (right). Scale bar, 25 um.
j,LC16 > Dop2R-RNAi males respond to the late threat (n =18,29 and 20).

k.1, AF/Fy (%) of the 5-HT""" > GCaMP6s signal pre-threat and post-threat,
without (k) or with (I) 500 uM dopamine (left), and the mean AF/F, (%) pre-threat
and post-threat time windows (n =8 and 6; right). m, Working model. The

solid and dashed lines indicate directand indirect connections, respectively.
DA, dopamine. Refer to thelegend of Fig. 1 for details on graphics and
statistics.

visual threat.Indeed, we found that although 5-HT™" activity increased
following threat delivery (Fig. 5k), this response was abolished by
adding dopamine (Fig. 5land Supplementary Table 2). Moreover, this
dopamine-driven inhibition of 5-HT™™ threat responses was in turn
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blocked by knocking down Dop2R in LC16-GAL4 neurons (Extended
DataFig. 7g).

Together, our findings suggest that dopamine signalling from PPM1/2
acts through Dop2R to shut down LC16-mediated threat detection,
allowing males to persistin courtship despite the presence of athreat.

Discussion

Amorous adventures can lead us to pursue risky actions. This ‘love
blind’ state emerges from a fundamental function of life: weighing
up risks against opportunities’. Our study showcases this balancing
act by demonstrating that imminent mating success disrupts threat
perception in Drosophila males, rendering them ‘love blind’. We have
shown that, upon detecting a visual threat, LC16 visual neurons trig-
ger 5-HT-mediated inhibition of key courtship nodes (P1and plIP10),
prompting flies to abort courtship (Fig. 20). However, as courtship pro-
gresses (as reported by abdomen bending), the activity within PPM1/2
dopamine neurons gradually increases. PPM1/2 activity in turn sup-
presses LC16 activity, allowing flies to persist in courtship and ignore
external threats when close to mating (Fig. 5m). Thus, risk-benefit
arbitration is dynamically modulated by goal proximity and is under
dopaminergic control.

Similar examples of risk-reward trade-offs abound in the animal
kingdom. Animals become less risk-averse when the opportunity cost of
dying (foregone future mating opportunities) is lower or the expected
reproductive rewards are higher. For example, male mice become less
afraid of predator odours after smelling oestrous female odours?, while
male moths following pheromone plumes ignore ultrasound cues
that simulate an approaching bat®. Our results provide a mechanistic
framework for these classic ethological questions by revealing how
risk versus reward trade-offs are calculated based on mating success.

Our study suggeststhat abdomen bending triggers alate-courtship
state via proprioceptive feedback ramping up dopaminergic
activity. PPM1/2 neurons do not necessarily respond to discrete
abdominal-bending events with phasic, time-locked responses. Instead,
the observed gradual ramping of PPM1/2 activity suggests that PPM1/2
neuronsintegrate proprioceptive inputs over time, leading to agradual
increase in tonic calcium levels. We propose that this gradual rise in
calcium activity within dopaminergic neurons stems from the con-
tinued integration of both female sensory cues and proprioceptive
feedback from abdominal bending. It will be interesting to test can-
didate biophysical mechanisms underlying this integration, such as
neuromodulatory regulation of spontaneous activity and intrinsic
excitability®, in future studies.

In addition to dopamine ramping suppressing threat detection,
other parallel modulatory mechanisms might work together to prior-
itize courtship when copulation is imminent. Indeed, PPM1/2 activa-
tion prevents threat responses in courting males but not in solitary
males, suggesting that PPM1/2 inhibits but does not entirely silence
LC16 output, such that the reduced output canstill drive escape behav-
iourinsolitary malesbut cannot outcompete courtship drive. Parallel
mechanisms might reduce serotonergic threat responses or reduce
the sensitivity of central courtship nodes to serotonergic inhibition.
For example, sexual arousal due toincreased P1activity gates the per-
ception of female-related visual cues during courtship®; after courtship
begins, P1activity is thought to be sustained by recurrent activation,
facilitated by dopamine released from SMPa neurons'®*? (although
Plactivity does not ramp up in the way PPM1/2 neurons do*). Future
experiments should test whether this recurrent activity is facilitated
by the same PPM1/2 neurons that ramp up as courtship progresses.

Studies in mammals have reported dopamine ramping in diverse
behavioural trials thatlead toreward, including goal-directed naviga-
tion and multi-step tasks****¢*’, Such ramping release profiles have
been proposed to supply the motivational drive required to sustain
goal pursuit, as they scale with distance to reward>*¢4%525* Qur study
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showed thatinaddition toits well-established rolein encoding reward
expectation®**, dopamine ramping also serves as a gradual sensory
filter system, which shuts down the visual threat pathway as courtship
progresses. This mechanism would put animals in a ‘love blind’ state,
allowing them to pursue their reproductive goal despite the danger.

Dopaminergic modulation of sensory signalling has been shown
in many species. In lampreys and zebrafish, dopaminergic neurons
modulate responses to visual features such as looming cues®*,
Inrodents, dopamine influences subcortical responses to unexpected
auditory stimuli®. In humans, antipsychotic drugs are thought to acton
D2-like receptors®, the mammalian homologue of Dop2R, suggesting
that D2-like receptors may have acommonroleintop-down regulation
of sensory perception, whether ingenerating hallucinations orignor-
ing visual threats. Given the striking similaritiesin the cellular biology
of dopamine neurons across species®> °, dopamine-mediated filter
systems may be a general mechanism for blocking sensory cues that
compete with more important goals.
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tothelead author (C.R.). All data generated in this paper can be shared
onrequest.

Fly husbandry and strains

Flieswerereared at 25 °Cor 30 °C for RNAi experiments, with40-50%
humidity onastandard cornmeal-agar foodina12-hlight-dark cycle.
Canton-S (CS) strain flies were used as wild type. Flies were sorted under
CO,anaesthesiawithin 6 hofemergence and housed in same-sex groups
of 20, except for the males that were to be tested in the behavioural
experiments, which were kept in groups of 4 per vial. Virgin females
for the behavioural experiments were collected using the As-hid con-
ditional virginator transgenicline. L3 larvae were heat shocked at 37 °C
for 1.5 h. Additional strains used and their sources® ® are outlined in
Supplementary Table 3.

Trans-retinal food

Trans-retinal (R2500-100MG, CAS number: 116-31-4, Sigma-Aldrich)
was stored at -20 °C as a 50 mM stock solution diluted in ethanol
and wrapped in foil. To blend retinal homogeneously into the food,
60 pl of stock solution was directly pipetted into 6-ml vials of liquid
cornmeal-yeast food except for the experiment in Fig. 3e in which
OvAbg flies were not exposed to food supplemented with trans-retinal
factor.

Behaviour

Threat setup. Experiments were recorded at 27 frames per second
using a Mako U-130B camera mounted with an infrared filter (BP735-
40.5, Midopt). The visual threat was generated by repeatedly passing
al3 cmx 6 cm x 2 cm 3D-printed opaque oblong paddle through a
blue-light beam (455 nm). This created an overhead shadow at periodic
intervals of 0.3 Hz for 30 s. The paddle was set 5 cm above the court-
ship chambers (20 mm, 5 mm) at a 90° angle on a servo motor con-
trolled by acustom-built Arduino code, which controlled the movement
parameters of the paddle (frequency set to 0.3 Hzand number of cycles
set to 9). The mechanical threat was generated using a Sony XP500-X
speaker playing aloud 3-Hz binaural beat (https://www.youtube.com/
watch?v=Y-urmCRs611&t=713s) causing surface vibrations. Court-
ship chambers were illuminated from the bottom using an infrared
backlight.

Behavioural assays. Behavioural assays were conducted at 25 °Cunder
continuous blue light between 09:00 and 13:00. Tested males were
5-7 days of age and transferred to fresh food vials 1 day before experi-
ments. For males used in optogenetic assays, flies were transferred to
food enriched with trans-retinal 3 days before the experiment. Vials
containing retinal were wrapped in foil. Virgin females were decapitated
and used within amaximum of 3 hto preserve chemical signature and
motor reflexes during the experiment.

Action selection assay. The action selection assay presented a naive
male coupled with a decapitated hs-hid virgin female with a choice
between continuing to court the female or interrupting the ritual in
responsetothethreat. The threat was delivered after consistent court-
ship ofatleast 7 s (early),2 min (middle) or 4 min (late). Only males that
started to court during the first 5 min of the trial and until threat deliv-
erywere considered in the analysis. All assays were manually analysed
using the behavioural analysis software BORIS™, and the following
parameters were quantified to measure the effect of the threat on male
courtship behaviour.

The courtship indexis defined by the percentage of time (in seconds)
the male spends courting the female over the total time of the threat

delivery (30 s). We considered that males initiated courtship by dem-
onstrating full wing extension and a persistent courtship behaviour of
atleast 7 stowards the female. We considered courtship as the display
of stereotyped courtship events that include tapping of the female with
the forelegs of the male, singing (wing extension and vibration), licking
(male proboscis extension) and attempts at copulation in which the
male bends the abdomen towards the female and attempts to mount
her. See Fig. 1a for aschematical representation of these behaviours.
The defensiveindex is defined by the percentage of time (in seconds)
the male spends displaying defensive behaviours (that s, escaping and
freezing) over the total time of the threat delivery (30 s).
Asacontrol, thebehaviour was assessed in the absence of the visual
threat during the same time window according to the same criteria.

Optogenetic assay. Flies were tested in a transparent circular cham-
ber (20 mm, H =5 mm for courtship; and & 24 mm, H=3 mm for
the locomotion assay) and illuminated from underneath with either
660-nm (red) or 515-nm (green) light in the absence or presence of the
threat. Refer to Supplementary Table 4 for the optogenetic experimen-
tal conditions corresponding to each figure. The light was turned ON
1sbefore the first threat passed.

Locomotion assay. Individual flies were introduced into a circular
chamber (24 mm, H =3 mm) and left to acclimatize for 3 min. After
the acclimatation period, flies were subjected to the threat (9 cycles
and frequency of 0.3 Hz). The walking speed of the flies (thresholded at
valueslarger than4 mm s™tobe considered as ‘walking’) was assessed
using the Ethovision XT17 software. The change in walking speed was
calculated by subtracting the average walking speed of the 30 s after
threat from the 30-s average before threat delivery.

Two-photon functional imaging. Tethered male flies (3-6 days of age)
had their head capsules dissected in a sugar-free HL3-like saline-filled
imaging chamber with a central hole (for details on fly dissection,
see ref. 71). Flies were then placed under a multiphoton microscope
(Femto2D-Resonant by Femtonics), and expressed either the calcium
indicator GCaMP or GRAB,, in different sets of neurons (see Supple-
mentary Table 3 for details on genotypes). Fluorescence was gener-
ated by a Ti-Sapphire laser centred on 920 nm (Chameleon Ultrall,
Coherent). Images with a pixel size of 0.3 x 0.3 pmwere acquired with
ax20,1.0 NA water-immersion objective, controlled by the MESc v3.5
software (Femtonics). Fast recordings were taken at a speed of 30 Hz
with aresonant scan head using MESc software (Femtonics). Analy-
sis was performed using NOSA software v1.1.16 (neuro-optical signal
analysis)”?and a customized R script or Graphpad Prism, Regions of
interest (ROIs) were manually drawn for analysis. Data were converted
into tiff files and processed using a Savitzky-Golay filter or moving
average of 2 s when brain movement was strong (Figs. 4c and 5b). No
baseline/photobleaching correction was applied to any of theimaging
data. Thefinal time resolution was 6 fps (Femtonics microscope data)
or 2 fps (Optogenetic data from Nikon microscope). Mean intensity
values were calculated as AF/F, (in %), whereas F, was defined as the
mean F from baseline activity (first 30 s in Figs. 1h,i, 2i,j,m,n, 4e and
5¢,d,h,k,land Extended DataFigs. 3j,4h, 7b,e; the first 20 sin Figs. 4c,f,
and 5b and Extended Data Figs. 6f-i,k,1and 7a; the first 15 s in Fig. Se,f
and Extended Data Fig. 7e,g; and the first 2 s in Fig. 2e and Extended
DataFig.3b).

Threat delivery under the two-photon microscope. The threat was
delivered as previously described (see the ‘Threat setup’ section). The
paddle andlight source were placed below the microscope andinclined
towards the chamber in a way that the passing shadow reached the
tethered fly’s eye. Calcium signals in LC16 axons and PMPD neurons
were recorded for 30 s before and 60 s immediately after the threat
exposure (calculationwindowsin Figs.1h,iand 5¢,d,h,k,I:last 10 s before
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and first 10 s after; Fig. 4f and Extended Data Fig. 7e,g: last 15 s before
and 30 s after). As LC16 neurons respond to laser onset, the first 2 s of
eachrecording were excluded from the analysis. Conditions under the
microscope were set to more than 20 °C and 40% humidity.

Application of serotonin or dopamine. 100 pl of serotonin (H9523,
Sigma-Aldrich) or dopamine (H8502, Sigma-Aldrich) diluted in
sugar-free HL3 solution was applied directly onto the Drosophila
brain through the open head capsule. The final concentration was
100 puMforserotoninand 500 puM for dopamine. Calcium signals were
recorded 50 s before and 100 s immediately after application (first
30 s of pre-application and last 30 s of post-application were taken
for quantification).

Courtship progression under the microscope. For examining court-
ship progression, 5-8-day-old virgin male flies were used. Flies were
tethered and dissected as previously described, leaving legs and
proboscis freely moveable (or fixed depending on the experiment
indicated for each figure). Note that the fixation position of the male
onto theimaging chamber does not allow for wing extension. Agitated
males thatdid not stop moving for 10 s during the first 5 min under the
microscope were discarded. Immediately uponrecordinginitiation, a
decapitated 3-5-day-old virgin female tethered onto a moveable arm
controlled by amicromanipulator was presented to the male with her
abdomen oriented towards the head of the male fly. Following male
contact with the female, calcium or GRAB,,, signals were recorded for
atotal duration of 4 min, while the fly behaviour was simultaneously
observed usingavideo camera (Thorlabs C1285R12M and SM1D12D iris
diaphragm) recording at 7 fps. The first 20 s and last 20 s were taken
for quantification (except Extended Data Fig. 6g:1-20 s, 240-260 s
and 400-420 s). Abdomen bending was manually analysed frame by
frame. As tethered flies show typical behaviour that includes moving
the abdomen back and forth, only full-bending events (the tip of the
abdomen bending underneath the thorax) that lasted longer than1s
or 6 frames were considered as part of courtship behaviour.

Optogenetic experiments during in vivo calcium imaging. Experi-
ments were conducted using a Nikon AIR+ multiphoton microscope
with a galvo scanner at a speed of 2 Hz. We used the two-photon
1,040-nm red laser of the microscope to activate CsChrimson while
simultaneously recording the calcium activity within the ROl (see the
details for the conditions in the main text figure legends and Supple-
mentary Table 4). To activate OvAbg neurons, experiments were carried
outusing a Femtonics microscope with the same imaging parameters
mentioned previously. A 590-nm LED positioned below and towards
the tethered fly was used for optogenetic activation of CsChrim-
son (15 or 7 repetitions of 1-s LED-on and 1-s LED-off intervals) while
recording simultaneously. To activate PPM1/2 neurons during threat
delivery, 15 repetitions of red light were used overlapping the 30 s of
threatexposure under the microscope. LED stimulation artefacts were
removed for clarity. As the acquisition was carried out continuously, the
post-sequence showninthe graph displays the fluorescence intensity
immediately after the LED stopped (Fig. 4d).

Focal dopamine injection. Fly preparation and imaging were con-
ducted as described previously*® using a Nikon AIR+ multiphoton
microscope. The sugar-free HL3-like saline was added with 30 units of
Papain (Roche) and applied to the head capsule for 10 minto digest the
glial sheath of the brain and facilitate removal. Flies were subjected to
local dopamine (10 mM diluted in saline) or saline injection via a
micropipette (saline used for injection contained no CaCl, or MgCl,).
Theinjection solution was labelled with Texas Red (Invitrogen by Ther-
mo Fisher Scientific, dextran, 10,000 MW) to visualize the pipette and
thelocalization of the injections. Multiple (2-5) injections were given
per experiment and averaged, resulting in a single average trace per

experiment. Fluorescence traces were extracted using FIJI (Image]J).
F,forthe AF/F calculations was the average baseline fluorescence of the
10 frames immediately preceding the injection. Calculation windows
for mean AF/F, % was 10 s pre and last 10 s post. ROIs were selected
manually.

Immunohistochemistry. Three-to-five-day-old male fly brains were
dissectedinice-cold PBS and fixed in 4% paraformaldehyde solutionat
roomtemperature for 20 min. Fixed brains were then washed four times
in PBST (0.5%) for 30 minand blocked with normal goat serum (5%) for
30-60 min. The brains were then incubated with primary antibodies
(anti-GFP chicken,1:1,000 or1:2,000,13970, Abcam; anti-dsRed rabbit,
1:250, 632496, Takara; and nC82 anti-Brp, 1:50, DSHB) for 2-3 days at
4 °C. After four 20-min washes in PBST, the brains were incubated over-
nightwith secondary antibodies (Alexa Fluor 488 goat anti-chickenIgG,
1:1,000 (A28175) or 1:2,000 (A32931), Thermo Fisher Scientific); Alexa
Fluor 546 goat anti-mouse, 1:2000, A11018, Thermo Fisher; and Alexa
Fluor 546 goat anti-rabbit, 1:2,000, A11071, Thermo Fisher). After four
20-minwashesin PBST, brains were mounted in Vectashield onaglass
slide before scanning with a Leica SP8 confocal microscope, a Nikon
Al confocal microscope or a Zeiss LSM900 with AiryScan2 module.

Split-GFP immunohistochemistry. Three-to-seven-day-old male
fly brains were dissected in room temperature PBS and fixed in 4%
paraformaldehyde solution at room temperature for 20 min. Fixed
brains were then washed in PBST (0.3%) three times for 20 min each
and blocked with normal goat serum (5%) for 30 min. The brains were
then incubated with anti-Brp (nC82, 1:50, DSHB) with 5% goat serum
for 2 days at 4 °C. No anti-GFP antibody was used. After three 20-min
washes in PBST, the brains were incubated with Alexa Fluor 546 goat
anti-mouse (1:2,000, A11018, Thermo Fisher) for 2 days at 4 °C. After
four 20-min washes in PBST, brains were mounted in Vectashield on
aglassslide before scanning with a Nikon Al confocal microscope.

Reconstituted split-GFP signal was quantified using ImageJ. The GFP
signal was taken as the average pixel intensity within manually drawn
volumes (freehand ROIs in multiple z-slices) around the LC16 axon
terminals and cell bodies. The background fluorescence (from an ROI
in a proximal brain region outside the LC16 neuron) was subtracted
from the GFP signal. Statistical significance was evaluated by ¢-tests
and two-way ANOVA in GraphPad Prism 9.

Connectomics search. We used the neuprint (hemibrain vl.2.1data-
set)* platform to search for candidate neurons and subsequent con-
nectivity (https://neuprint.janelia.org/).

« Predicted link between LC16 and pCla: Query Selection > General >
Shortest paths >neuron A = LC16 # 1256830582 > Neuron B =pCla#
359744514, Minimum weight =3.

« 3Dvisualization of 5-HT™®® and pCl neurons: ‘dataset’:‘hemibrain:vl
.2.1'’bodies’[297230760°\n297908801,\n359744514/\n581304 6951,
‘\n267214250’\n267214250’,\n392821837’/\n359744514'\n5813046951,
‘\n514850616'].

« 3Dvisualization of LC16 neurons and PPM1/2 neurons: ‘dataset”:'hem
ibrain:v1.2.1'bodies’['1350945956’,1288897930°,1319927345'/131958
7380°/1319579391°,1254037524°/1288893503'/1289238972°/13195868
61'/1319919918/1412989088',/950229431,,792040520°,5813054384’].

Statistics and reproducibility. See Supplementary Tables 1and 2
for details on statistics. All statistical tests were performed using
Rv2023.03.1+446 or GraphPad Prism 9. Each behavioural experiment
was repeated at least three times over aminimum of 3 days. Individuals
were tested only once. The sample size for the behavioural experi-
ments alwaysrepresents biologicallyindependent animals. Behavioural
indexes and calcium imaging quantification are displayed as box-
plots. Boxesrepresent the lower (25th) and upper (75th) interquartile,
respectively, and the horizontal line represents the median. Each dot
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ontheplotrepresents asingle fly. Courtship progression behavioural
data and locomotion data do not follow a normal distribution, thus
non-parametric Mann-Whitney or Kruskal-Wallis tests, followed by
a Conover-Iman multiple pairwise comparisons post-hoc test, have
been applied on raw data (P=0.05, with a Bonferroni correction) for
one factor experiments. To test the interaction between the genetic
manipulations and the treatments, we applied two-way ANOVA. Sig-
nificant differences are indicated by different letters at the level of
P < 0.05. We used a one-sample Wilcoxon signed-rank test (i = 0) to
assess whether the speed change (A) in Extended Data Fig. Se signifi-
cantly deviated from 0. We indicated significance using an asterisk at
thelevel of P<0.05.

Calcium imaging traces over time are represented as the mean
AF/F, (%; solid lines) with s.e.m. (shaded area). Quantification plots
are shown as minimum/maximum plots and the median as the hori-
zontal line. After verification of normality, a paired ¢-test or paired
Wilcoxon signed-rank test was applied on mean AF/F, (%) data from
individual flies on specific time windows indicated in the figures and/
or in the Methods. Significant differences are indicated by different
letters (P < 0.05). For inter-group comparisons, mean pre values were
subsracted from mean post values and differences between genotypes
and treatments were tested using one-way ANOVA, Kruskal-Wallis,
t-test or Mann-Withney test as approriate. Experimenters were not
blinded to the conditions of the experiments during data collection.
Genotypes used for one experiment were tested simultaneously and
inrandom order as well as random times during the day to avoid any
influence of circadian timepoints and order of the experimental tri-
als. We repeated all statistical tests excluding data points that were
identified as outliers using the ROUT method in Prism with Q= 0.5%,
and always obtained the same results, so we did not exclude outlier
data points. Expression pattern of TH-C1-GAL4 and split-GAL4 lines,
including LC16, P1, TRHR?*®? and pIP10, were all imaged in n =4 flies
and were reliable across samples.

Randomization and blinding. Animals were never pre-assigned to a
treatment or control group before the experiments. Behavioural and
imaging experiments were performed in conjunction with their respec-
tive control cohorts. Randomization of animals was notimplemented
inthis design.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig. 3| Visually-driven 5-HT™™*® neuronsinhibit the P1
central courtship node via5-HT7- Ga; signalling. A, Courtship index of
P1>CsChrimson males without (grey bars, n=27,31,25) or with (blue bars,
n=34,31,35) the threat (red light OFF). B, AF/F0% of TRH"™"" > GCaMPém signal
upon laser stimulation. Left: mean AF/FO% signal comparing baseline to
stimulation (n =9). Right: focal plane showing ROl during imaging (scale bar:
15 pm) refer to Fig. 2e. C, Change in walking speed of TRH*?**2 > TNT males and
controls before and after threat (n =31,33,40). D, Defensive index of TRH®*3 12 >
TNT males and controls without (grey bars, n=15,15,17) or with the threat (blue
bars, n=14,19,24).E,F, Courtship and defensiveindexes of TRH > TRH-RNAi
males and controls without (grey plots, n =18,21,25) or with threat (blue plots,

n=18,23,25). G, Defensive index of TRH***!12>CsChrimson males upon artificial
activation without threat (n"¢"€"°FF = 1719 25; n'edliehtON = 14 22 19) and
controls. H, Behavioural effects of knocking-down 5-HT receptorsin P1
neurons using RNAI, in control (n =38) and experimental males (n =18,15,12,29).
1, Behavioural effects of knocking-down Ga; and Ga, proteins in P1neurons
using RNAi (n=9,12,15), and controls (n=17).J, Upper: AF/F0% of P1> GCaMP6s
signal pre and post application of 100 uM 5-HT and with simultaneous knock-
down of Ga; protein (lower). Right: mean AF/FO% comparing the pre and post
timewindows (n=6,7).K, Change in walking speed of P1>5-HT7-RNAiand
P1>Ga;-RNAi males before and after threat (n =58,64,70). See legend to
Extended DataFig.1for details ongraphics and statistics.
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E, Behavioural effects of knocking-down 5-HT receptorsin pIP10 neurons using

no threat
B threat LIGHT OFF & LED
. a b a b a b a b a b c c
- + %
=)
2 g 1l & 1 -
8 o 3
T @ o
£ e g l o B
¢ _(?1 ° ¢ 8 _;_ - o I8
g 404 o 2 g | ° o
2 8 & K
% 20— £ ‘[ || % o I :
3 b2
0- i £ G G
plP10 Split-GAL4 e e o o o o ° o
UAS-CsChrimson e o o o e o e o
E threat
b ¢ a a b a
1004 = o o
x 80—
® § .“g’ . o
s = 60 }
— 2
. G
g 40— T " I
8 & == -
° o
% 20 B4 N .
& N = °
E ol 1 T =27
plP10 Split-GAL4 e e o o oo
®  UAS-5-HT1A RNAI .
L] ® UAS-5-HT2A RNAI .
UAS-5-HT1B RNAi
UAS-5-HT7 RNAI .
H plIP10 neurons (V740556 > GCaMP6s)
£ 30
““““““““““““““““““ g o0
™
< -30
s
@ -60
20% £
£
T
< 25s
100 uM 5-HT
pIP10 neurons (V740556 > GCaMP6s; Gao-RNAI) 30
2 o
TR A AR ittt L
20% <.30
o c
e ©
o [
< 25s g 60

100 pM 5-HT

pre post

RNAi, in control (n =35) and experimental males (n =21,7,17,9). F, Change in
walking speed of pIP10 > 5-HT2B-RNAi males and controls before and after
threat (n=18,20,18). G, Behavioural effects of knocking down Ga; and Ga,,
proteinsin pIP10 neurons using RNAiand controls (n=12,14,15,18). H, Upper:
AF/FO% of pIP10 > GCaMPé6s signal pre and post application of 100 pM 5-HT and
with simultaneous knock-down of Gao protein (lower). Left: mean AF/FO%
comparingthe pre and post time windows (n=5,7) See legend to Extended Data
Fig.1for details ongraphics and statistics.
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Extended DataFig. 6 | PPM1/2 dopamine neuronactivity ramps up as
courtship progresses. A, Courtship index of TH-C1-GAL4>CsChrimson without
artificial activation, without (grey, n=20,21,15) or with (blue, n = 23,17,18) threat.
B, Defensive index of TH-C1>CsChrimson males without or with artificial
activation, without (grey, n'€"°"f = 20, 21,15; n"&"°N = 19,17, 20) or with (blue,
n'iehtOFF = 23 17,18; n'e"ON=16,16, 21) threat. C, Change in walking speed before
and after threat of TH-C1>CsChrimson males and females (light OFF (grey),
n=>55-64,light ON (magenta), n=60-28). D, Abdominal bending events of
males TH-C1>GCaMP7b paired with afemale under the microscope.

E, Abdominal bending events during the first, second, and third tiers of 4 min
of male courting afemale under the microscope (n =10).F,G, AF/FO% of
TH-C1?"Y2> GCaMP7b signal in males paired with a male (F) or female (G).
F,Mean AF/F0% during 1°** min (0-20 s) vs. at 4 min (220-240s) (n = 5). Right:
abdomenbendingevents (n =10). G, AF/FO%in males paired with afemale (blue)

and control of adjacent ROI (grey). Right: mean AF/FO% during1° (0-20), at4
(220-2405),and at 7min (400-420s) (n = 6). H,I, AF/FO% of TH-C1"A* (H) and
TH-C1">GCaMP7b (I) signal of males paired with a female. Right: comparing
mean AF/FO% during1°to 4 min time windows (n = 6). Below: representative
fluorescence heatmap (scale bar 6 um).J, AF/FO% and alignment of abdominal
bendingevents during recording of PPM1/2 neuronsin TH-C1>GCaMP7b males
paired withafemale. K,L, AF/FO% of TH-C1""¥2 > GCaMP7b signal in males
with either afixed proboscis (K) or fixed front legs (L) paired with a female.
Right:mean AF/F0% during1** minand at4 min (n=6,5). M, LED stimulation
protocol of Fig. 4e and number of evoked abdominal bendings of males
THC1>GCaMPé6s; OvAbg>CsChrimson within the pre, during and post-stimulus
windows (n =5-6).N,Number of tapping or licking events of TH-C1> GCaMP7b
males paired with afemale without or with fixed abdomen (n = 6-10). See

legend to Extended Data Fig.1for details on graphics and statistics.
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Extended DataFig.7|Copulationattempts drive dopaminergicinhibition
ofthevisual threat pathway. A, AF/F0% of LC16 > GRAB,,, signal of males
paired with a male fly. Right: mean AF/F0% during1°** min (0-20 s) and at 4 min
(220-2405s) (n=5). B, AF/F0% of LC16 > GCaMPé6f signal of males pre and post
application of 500 pM dopamine. Right: mean AF/FO% pre and post time
windows (n=10). C, AF/F0% of LC16 > GCaMP7b signal after focal injection of
dopamine (blue), saline (grey), or dopamine in LC16 > GCaMP7b; Dop2R-RNAi
males (magenta). Scale bar: 5 pm. Right: mean AF/FO% pre and post-injection.
Saline (n=5,3flies) vs. Dopamine (n = 6, 4 flies) vs. Dop2R-RNAi (n =5, 3 flies).
D, THgenomicregionshowing sequences upstream of Gal4 for lines Cland C'.
Exons areblack boxes. ATG, stop, and il-i6é mark translational start, stop,
andintronsites. “+”, “+/-",and “=” in the table indicate expressionin most, a
subset, or none of the neuronsin the clusters, respectively. See®. Panel D is
adapted fromref. 69, Elsevier. E,;, AF/F0% of LC16>LexAop-GCaMP6f;

TH-C1>CsChrimsonsignal pre and post: E, threat, E, threat with LED stimulation,
orE;threatand LED stimulationin control flies only expressing UAS-GCaMP6f
inLC16 neurons. Right: Mean AF/FO% pre and post time windows (n=8,8,7).

F, Left: LC16 Split-GAL4 driving UAS-spGFP,,, without (left) or with (right)
tagging endogenous Dop2R::GFP,,. Right: quantified GFP fluorescencein LC16
cellbodies (left) or axon terminals (right) with or without Dop2R::GFP,,.
anti-brp (nC82; magenta). (n=8,10,7,11brains). GFP fluorescence was normalised
tothe average fluorescencein the LC16 axon terminals in LC16 > GFP,,,,
Dop2R::GFP, flies.Scale bar: 25 um. G,.;, AF/F0% TRH™ " > GCaMPés pre and
postthreat (G,), threat with 500 pM dopamine (G,), and threat with 500 uM
dopamine with additional knockdown of Dop2R in LC16 neurons (G;). Right:
mean AF/FO% of pre and post-time windows (n=5,5,7). See legend to
Extended DataFig. 5 for details on graphics and statistics.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
E Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regre ssion coefficient)
X AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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[ ] For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

[ ] For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X XX

[ ] Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Visual stimuli were generated using a 3D printed paddle run by a custom Arduino (version 1.8.15) script (stl and code files are available in

https://github.com/Icz|64/Cazale-Debat-Scheunemann-et-al). Locomotion data were acquired using Ethovision X17. Courtship behaviour was
assessed using the Behavioral Observation Research Interactive Software (BORIS v. 7.13.9).Imunofluorescent images were acquired using a
Leica SP8 confocal microscope and a Zeiss LSM900 with AiryScan2 module. Two-photon calcium imaging was performed using a Femto2D-
Resonant by Femtonics Ltd., Hungary. Images with a pixel size of 0.3 x 0.3 um were acquired with a 20x, 1.0 NA water- immersion objective,
controlled by MESc v3.5 software (Femtonics Ltd., Hungary). Fast recordings were taken at a speed of 30 Hz with a resonant scan head using
the mesc software (Femtonics). In-vivo imaging involving optogenetic treatment were conducted using a Nikon A1R+ multiphoton microscope
with a galvo scanner with a speed of 2HZ. The code is available at https://github.com/Icz|64/Cazale-Debat-Scheunemann-et-al.

Data analysis We used R(2023.03.1+446, with embedded statistical and conover.test packages, graphics were plotted using the Beeswarm package),
GraphPad Prism 9. Immunofluorescent images were visualized using Fiji and Imaris for 3D image processing. Fiji (ImageJ) version 2.0.0-
rc71/1.52p and Imaris version 9.1 were used for image analysis. For calcium imaging, analysis were performed using Nosa software (v1.1.16)
and a customized R script. ROIs were manually drawn for analysis. Data was converted into tiff files and processed using a Savitzky-Golay filter
or moving average of 2 sec when movement was strong (Figure 5E). Code files are available in the github repository https://github.com/
IczI64/Cazale-Debat-Scheunemann-et-al and https://github.com/jthueringer/NosaAnalysis for imaging analysis

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Codes and source data are available at https:/github.com/Iczl64/Cazale-Debat-Scheunemann-et-al

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences

D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Sample sizes were not predetermined, but considered appropriate based on the field of research and recent papers with similar behavioural
and tethered imaging preparations (Shen et al.2023; Cury & Axel, 2023; Hindmarsh Sten et al.2021)

For courtship behaviour experiments, only males that started to court during the first five minutes of the trial and until threat delivery were
considered in the analysis. No data were excluded in the analysis of the flies fitting the aforesaid criteria. For the locomotion assay unless in
the event of a tracking acquisition error or data corruption (e.g. dropped frames, loss of the centroid), no data were excluded. For in vivo
calcium imaging of LC16 neurons, the first 2 seconds of the recordings were cut off for analysis as they responded to laser onset. Concerning
the courtship progression experiments under the microscope, agitated males that did not stop moving for 5min under the microscope were
discarded. In addition, as tethered flies show typical behavior that includes moving the abdomen back and forth, only full bending events
(abdomen bending underneath the thorax) that lasted longer than 6 frames were taken into account as part of courtship behavior. Acquisition
in which brain movements to an extend in z that the ROl moved out of the focal plane were excluded from the dataset (only applicable to
courtship progression since proboscis movement can lead to brain displacement, and to focal dopamine injection since dopamine puffs from
the micropipette can lead to movement of the surrounding tissue).

Experiments were conducted and consistently reproduced across a diverse range of time scales, spanning from a minimum of three days to
months or even years. Each experimental run involved no fewer than 5 individual flies for imaging and 7 for behaviour, and they were
systematically evaluated alongside their corresponding genetic and treatment control groups.

Animal were never pre-assigned to a treatment or control group prior to the experiments. Behavioral and imaging experiments were
performed in conjunction with their respective control cohorts. For some of the imaging experiments, controls were tested within the same
subjects, where each individual fly underwent followed periods of "sham" and treatment exposures. The randomization of animals was not
implemented in this design.

Blinding has not been implemented in this study. The assessment of behavior was assessed upon objective, dependable, and replicable
measurable criteria.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a (Involved in the study n/a | Involved in the study
Antibodies B |[] chiP-seq
[ ] Eukaryotic cell lines DX |[] Flow cytometry
D Palaeontology and archaeology g D MRI-based neuroimaging

Animals and other organisms
[ ] Clinical data

[ ] Dual use research of concern

[ ] Plants

XIX XXX [

Antibodies

Antibodies used Primary anti body used were anti-GFP chicken Abcam 1:1000 (Cat#13970) and Alexa Fluor 488 goat anti-chicken IgG ThermoFisher
Scientific 1:1000 (Cat#A28175). Secondary antibodies Alexa Fluor 488 goat anti-chicken IgG ThermoFisher Scientific 1:1000
(Cat#A28175 or A32931 1:2000), Alexa Fluor 546 goat anti-mouse, 1:2000, (Cat#A11018, ThermoFisher), Alexa Fluor 546 goat anti-
rabbit, 1:2000 (ThermoFisher Cat#A11071).

Validation The antibodies used are commercially sourced and have undergone multiple validation for their utility in the Drosophila
immunohistochemistry community (https://www.thermofisher.com/antibody/primary/query/drosophila?ICID=srch-uc-antibodies,
https://www.janelia.org/project-team/flylight/protocols).

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Drosophila melanogaster aged 3-8 days. Detailed descriptions of breeding, maintenance and genotypes are provided in extended
methods and supplementary table 1 (including references to origins and stock numbers).

Wild animals No wild animals were used in this study.

Reporting on sex Only male flies were considered in the behavioural and imaging experiments of this study as it focuses on a male specific behaviour.
The connectome dataset mentioned in this study were obtained from a female fly brain (Scheffer et al. 2020).

Field-collected samples  No samples were collected from the field in this study.

Ethics oversight No ethical approval is necessary for research involving Drosophila melanogaster within the United Kingdom / Europe, where this
study was conducted.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A

This checklist template is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate creditto the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in
the article's Creative Commons license, unless indicated otherwise in a creditline to the material. If material is notincluded in the article's Creative Commons license and your intended use is not permitted by

statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http //creativecommons.org/licenses/by/4.0/
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