Circuits and computations for state-dependent multisensory integration during social behavior

1. Background and preliminary results
Nearly all behaviors are multimodal. When we decide whether a fruit is ripe, we combine visual, tactile, and olfactory cues - the perfect tomato should be deep red, not too soft and not too firm, and have an aromatic smell. Social behaviors also often rely on the combination of multiple cues: during conversation, we evaluate facial expression in addition to speech and can detect dishonesty from a mismatch between the cues. Similarly, birds, frogs, and insects combine visual and acoustic displays during courtship 1–3. Multimodal cues may carry redundant information (e.g., on the species, quality or location of a potential mate) and enhance animal responses 4. Alternatively, multimodal cues may provide complementary pieces of information: olfactory cues may signal the species of a potential mate 5, while acoustic cues may signal mate quality 6 or location 7.
Much insight into multimodal decision making comes from animals trained to perform simple multimodal tasks. These studies have shown, for instance, that cue integration tends to follow optimality principles 8,9, or that multimodal integration can happen early (Andrew King) or late 8 in the brain. Accordingly, a wide range of models of decision making exist, ranging from drift-diffusion and rise-to-threshold models 10,11 to attractor-type models. 
However, how these experimental results and models translate to ethologically relevant settings is not well studied 12. Studying multisensory integration in the context of naturalistic, and specifically - social behaviors - is critical for multiple reasons: First, social stimuli are often complex and dynamically modified by feedback from the partner 13,14. Natural stimulus statistics and feedback-driven dynamics are missing in artificial tasks but likely affect multimodal integration of sensory stimuli, since neural circuits are adapted to process natural stimuli. Second, multisensory integration affects social behavior on multiple timescales. From moment-to-moment decisions on the timescale of seconds, including non-binary (change in speed or angle) and binary (to court or to be aggressive), to onetime decisions that result from the accumulation of information over many minutes (to mate or not to mate). Lastly, responses to social cues depend on the animal’s internal state 15,16. For example, the female response to fly courtship depends on mating state in flies 17,18, and olfactory-auditory integration in female mice is modulated by maternal experience 19. State-dependent and dynamic decisions across timescales are typically not captured in simplified tasks. Studying multisensory integration during social behaviors allows us to study how the brain solves a complex task it has evolved to solve. However, the complexity of social behavior complicates linking multimodal cues with behavior via circuit computations. To overcome this challenge, we combine our experimental (Deutsch) and computational (Clemens) expertise to study multimodal courtship in the genetic model organism Drosophila melanogaster (Fig. 1A). Combining a powerful experimental system (Figs 2-3) with computational tools (Figs 4-5) enables us to 1) detect multimodal and state-dependent effects in natural behavior on short and long timescales, 2) identify how brain-wide dynamics are affected by naturalistic multimodal cues and internal state during behavior, 3) causally link social cues with behavior through functional and connectomics data, network models, and optogenetic manipulations.
Fly courtship is state-dependent and multimodal (Fig. 1A): The male courts the female using a multimodal display that includes acoustic (song) and olfactory cues (pheromones). The song consists of two major modes: Sine song which corresponds to a constant sinusoidal oscillation with a frequency of 150Hz. And pulse song - brief pulses produced at a regular interval of 40ms. Cuticular hydrocarbons act as pheromones and play important roles in courtship and aggregation behaviors (Table 1). The major male-specific pheromones are (Z)-7-tricosene (7-T) and cis-vaccenyl acetate (cVA) 20,21. In addition, several cuticular odorants, like methyl laurate (ML), methyl myristate (MM), and methyl palmitate (MP), are present approximately equally in males and females.
Females respond to the males’ multimodal courtship display with a wide range of behaviors based on their sexual maturation and mating history 17. Mature virgin females respond to pulse song with acceptance (slowing, vaginal plate opening) or rejection (wing flicking, shoving, ovipositor extrusion) behaviors 17, and ultimately by accepting or rejecting the male’s copulation attempts. Mated females remate, but they display more rejection behaviors and take longer until they accept the male 17. The male-specific pheromones 7-T and cVA have been shown to promote copulation 22,23 and many pheromones elicit short-range attraction behavior in both sexes 24. However, a detailed analysis of the specific behaviors affected by most pheromones during courtship is still missing. This is probably because pheromones do not elicit behavioral responses by themselves, but modulate responses to other cues such as male touch or song - they act in a multimodal context.
The work of others as well as our own published and preliminary data suggest a tight integration of song and pheromones during courtship in females. However, how song and pheromones are combined at the neuronal and behavioral level is poorly understood. First, connectomics data suggest that many neurons that control social behaviors in flies are multimodal. Male and female courtship behavior in Drosophila melanogaster is regulated by two transcription factors, fruitless (fru)and doublesex (dsx). We have shown that many dsx neurons respond to song in the female 25, and our preliminary results show that auditory responses are also widespread in fru neurons (Fig. 3). Additional preliminary evidence from connectomic data shows that many dsx and dru neurons are at most two synapses away from song and pheromone sensing areas (see also 26,27). This implies that multimodal processing during courtship is pervasive in flies, but the functional significance of multimodal progressing in most of these neurons is not tested. Second, the multimodality of courtship is further supported by neuronal data showing that responses to song are facilitated by pheromones. We recently showed that pC2l and pC1 neurons detect pulse song and drive behavioral responses to song 15,25). The vpoDNs are postsynaptic to both cell types and directly control female receptivity to courtship 28,29. Interestingly, responses to song in the vpoDNs are facilitated by additional inputs from non-auditory pC1 or pC2 neurons, that encode mating state 29 and possibly also olfactory cues 30. This is consistent with our own preliminary data showing facilitated responses to song in pC1/2 in the presence of male pheromones. Again, the specific effect and source of this olfactory information is unknown. Lastly, pheromones likely increase memory for social cues in flies. The pC1 neurons respond to social cues in both sexes and drive persistent social behaviors by activating a recurrent neural network (Hoopfer, 15. In the male, the integration time of this network is increased by the pheromone detecting pCd neurons 31. In the female, pC1 neurons respond to song, and the pCd neurons to the male pheromone cVA 30 (Fig. 3C). We therefore hypothesize that they play a similar role as in males: To increase the “memory” for song in the presence of pheromones from a nearby male. This is consistent with our own published results: Females integrate song over minutes in the presence of the male but not when alone 25,32, and brief optogenetic pC1 activation in females drives persistent social behaviors and brain activity for minutes 15.
 
Thus, there is ample evidence that male acoustic and olfactory cues interact at the neuronal and behavioral level during courtship in females (Fig. 1A). However, the specific behavioral effects of acousto-olfactory stimuli as well as the circuits that combine and accumulate acoustic and olfactory cues are not understood.

2. Objectives and merits of the proposed research
In this project, we aim to reveal the circuits and computations that link acousto-olfactory integration to female mating behavior, and to determine how the female’s mating state modulates these computations. Our working hypothesis is that pheromones modulate the transformation from male song to female behavior at multiple levels along the sensorimotor pathway (Fig. 1A). We will test this hypothesis through a combination of experimental and theoretical approaches via a collaboration between the Deutsch and Clemens labs. We will systematically map how pheromones and auditory signals are combined to drive neural activity and behavioral responses over the multiple timescales that are relevant for mating behavior in flies: from hundreds of milliseconds to minutes 25,32. Experiments will inform and constrain models, and theory will be used to interpret data and refine hypotheses (Fig. 1B). The Deutsch lab will employ the experimental accessibility of Drosophila (e.g., optogenetics, volumetric two-photon imaging, connectomics), while the Clemens lab will develop computational methods for analyzing and modeling behavioral and neuronal data (e.g., behavioral classification, analysis of volumetric imaging data, models of decision making). This approach will identify principles for state-dependent multimodal integration in ethologically relevant contexts – from behavioral strategies down to their circuit implementation.

Our specific aims are:
Aim 1: Identify circuits that integrate acoustic and olfactory cues in the female brain
Aim 2: Determine computations and mechanisms linking acousto-olfactory integration and behavior
Aim 3: Characterize how multimodal integration is affected by social experience

3. Detailed description of the joint research (including methods and plan of operation)
Aim 1: Identify circuits that integrate acoustic and olfactory cues in the female brain
To identify neurons that integrate courtship song and sex pheromones we will take two complementary approaches: (1) A behavioral screen of the effect of different pheromones on female mating behaviors. Given that our behavioral assays are high-throughput and that the analysis pipeline is automated, 13 pheromones (see Table 1) can be easily tested and analyzed in less than six months. We will initially focus on virgin females, but in case behavioral effects are small, we will switch to recently mated females, since they are known to be more choosy and display a richer repertoire of rejection behaviors (see Aim 3). Behavioral experiments will be performed in the Deutsch lab in circular behavioral chambers with a diameter of 10 cm. Song will be recorded using 16 microphones tiling the chamber floor. Male and female behavior will be recorded with USB video cameras at 100 fps and a spatial resolution of 35 mm/pixel for pose tracking. (2) A screen of neural responses in sexually dimorphic cells (cells that express the sex-determination genes doublesex (dsx) or fruitless (fru)) using two-photon (2P) imaging (Fig. 2, 3). The Deutsch lab is currently equipped with two 2P systems, one resonant system for fast volumetric imaging (2Hz volume rate) and one galvo-based system for scanning more specific populations/drivers at a higher SNR. We will focus on a small set of auditory stimuli (pulse and sine song with conspecific parameters and white noise 15), and on a small subset of pheromones with demonstrated effects on female behaviore ( cis-vaccenyl acetate 33, 7-tricosene 34 and methyl palmitate 35), and on virgin females. Based on the behavioral screen we will extend the set of stimuli in the imaging setup, or extend the imaging to mated females. While auditory stimuli will be presented using a sound delivery system in all experiments, there are a number of ways to deliver pheromonal stimuli: (1) coating the behavioral chamber or presenting a soaked filter paper to a female under a 2P 30, (2) using an air-stream with the odorant (for volatile odors). Dr. Parnas (Tel-Aviv University) 36 will advise Dr. Deutsch in setting up the olfactory delivery system. (3) Using optogenetic activation of odor-specific olfactory receptor neurons or glomeruli.
Computational pipelines for analyzing the behavioral and imaging data will be developed in the Clemens lab, based on existing tools 37–39. For the behavioral data from the pheromone screen, we will detect changes in female behaviors during courtship with the presentation of pheromones, with a focus on behaviors triggered by song. We will score moment-by-moment female behaviors, like ovipositor extrusion, wing flicking, slowing 17, as well as copulation times. Song will be detected using DeepAudioSegmenter, developed in the Clemens lab (Steinfath 2021). Fly poses will be tracked with SLEAP (37, Fig 1) and supervised classifiers will identify specific female behaviors based on the female’s pose dynamics. This dataset will also form the basis for behavioral modeling in aim 2.
In the volumetric calcium data, multimodal neurons will be identified by comparing response magnitudes between unisensory (song or pheromone alone) to multisensory stimulation. We will also compare response dynamics, by fitting linear-nonlinear models to the calcium imaging data 32,40 (Fig. 4). For instance, if pheromones increase neural integration times for song response, then the filters for acoustic inputs are expected to become wider in the presence of pheromones 13. For the thus identified multimodal neurons, we will more finely probe how pheromones affect the neural coding of behaviorally-relevant features of the song, by presenting a wide range of artificial song patterns with varying features (Deutsch 2019) in combination with pheromone of different concentrations. Finally, we will identify the cell types of multi-modal neurons for more detailed characterization in aims 2 and 3, for instance, to determine the behavioral relevance of these neurons through activation or inhibition during behavior or to identify the circuit computations by which they combine song and pheromones. The auditory responses of dsx neurons were already mapped 25 (Fig. 3C). Since the number of dsx neurons is relatively small, we are able to assign neural responses to specific cell types, including pC1 which responds to courtship song and controls female receptivity 25,30,41, pC2, which is tuned to pulse song 25 and vpoDN (pMN2), which responds to pulse song 25 and controls vaginal plate opening in female flies 41. In the case of fru neurons, we have preliminary evidence for widespread auditory responses (Fig 3A), but a systematic mapping of auditory and pheromonal responses in fru neurons is missing. As the fru population is more dense compared to the dsx population, it will be hard to identify cell types using a fru driver (fru-Gal4 or fru-LexA). However, in collaboration with Dr. Mala Murthy, Dr. Barry Dickson and Dr. Kaiyu Wang and based on previous mappings of dsx/fru neurons using light microscopy 25–27, we identified candidates for all the dsx and fru cells in the two available EM datasets (Hemibrain 42, FlyWire 43; Fig 3C), which will guide the cell identification. Once we identify acousto-olfactory responses in a given region of interest (ROI), we will image responses to song and pheromones in sparser lines to confirm the identified the specific cell types. Dr. Deutsch is collaborating with Dr. Barry Dickson and Dr. Kaiyu Wang who built a library of driver lines for specific fru-subsets.
The Deutsch lab will perform the imaging experiments, while the Clemens lab will develop tools to detect and characterize multimodal neurons in the volumetric imaging of sexually dimorphic cells and to combine functional and connectomics data.
Overall, this aim will provide 1) the first systematic characterization of the effects of sex pheromones on specific female courtship behaviors and 2) the first brain-wide map of multimodal integration of social cues in sexually dimorphic neurons.
 
Aim 2: Determine computations and mechanisms linking multimodal integration and behavior
We will link multimodal integration in the female brain and female mating behavior. First, we will determine how female courtship behaviors, in particular her responses to male song, are modulated by pheromones. Females respond to courtship and singing with a variety of rejection 17,18,29,44 or acceptance behaviors 13,28,32,41. Pheromones can modify song responses through a range of mechanisms: they can modulate the response gain in auditory neurons, change integration times, or the excitability of the neurons that drive behavior. We will combine behavioral experiments with model-based analyses to disentangle these mechanisms.
In step 1, we will use behavioral modeling based on the data collected in aim 1 to determine how song and pheromones are integrated to modulate female mating behavior
In step 2, we will focus on one or two multimodal circuit nodes, and will use the fly connectome, functional imaging and network modeling to reveal how the auditory-olfactory computations that drive mating behaviors are implemented at the circuit level.

Step 1 - Behavioral computations for multimodal integration
Our behavioral screen in aim 1 will reveal which pheromones affect which types of females behaviors during courtship. To determine how these effects arise, we will use behavioral modeling in this aim, to identify the computations by which song and pheromones are integrated. Two classes of behavioral models - generalized linear models (GLMs, Fig. 4) and drift-diffusion models (DDMs, Fig. 5) - will be used to characterize the effects of pheromones on specific behaviors. 
For continuous behavioral responses, like slowing, we will compare the parameters of Generalized Linear Models fitted to behavioral data recorded in the presence and absence of the pheromones (Coen 2014, Clemens 2018) (Fig. 4). GLMs consist of filters that detect behaviorally relevant temporal patterns in social cues followed by a nonlinearity, which transforms the filtered social cues into a behavioral output. Increases in the gain of auditory neurons will change the magnitude of the filter, longer integration times will lead to longer filters, and changes in the overall excitability of the neurons that drive the behavior will change the shape of the nonlinearity. 
For discrete behavioral events - like the vaginal plate opening, ovipositor extrusion or the onset of mating - we will use extensions of drift-diffusion models (DDM, Fig. 5). In a classical drift-diffusion model, sensory inputs are integrated with an integration time constant which corresponds to the memory of the integrator. If the integrated information reaches a threshold, a behavioral response (vaginal plate opening, mating) is elicited. We will extend this framework to also include multi-dimensional drift-diffusion and attractor-type models of decision making45. A multi-dimensional DDM allows for multiple inputs to the integrator, therefore allowing us to determine whether olfactory responses act as independent inputs. Attractor-type dynamics have been shown to shape decision making in vertebrates 46 and flies 47 and can be produced by adding a positive feedback term to the DDM. In the past, Dr. Clemens has used DDMs to show how different features of song are integrated to drive female responses 48. In the context of this project, the DDMs will reveal whether male pheromones control integration timescales, decision thresholds, or act as independent evidence.
The models will be experimentally validated and if necessary refined by testing specific predictions during behavior. We will do so by manipulating the female’s acoustic and pheromonal inputs using stimulus playback or optogenetic manipulations of olfactory inputs (see aim1). Sound will be introduced via playback. As described above, pheromones can be induced in different ways (coating the behavioral arena or optogenetic activation of receptor neurons). This first step will identify multimodal computations that combine olfactory and auditory inputs to drive female mating behavior. This will guide, in step 2, the investigation of the neural basis of these computations.

Step 2 - Circuit computations driving acousto-olfactory female mating behaviors
Based on the behavioral computations identified in step 1 of this aim, and guided by the brain-wide functional map and connectomics data (aim 1), we will focus on a few circuit nodes (cell types) that integrate song and pheromones. We will confirm the behavioral relevance of the multimodal nodes using optogenetic activation and inactivation during behavior. Then, we will characterize the circuit and molecular mechanisms by which the multimodal nodes integrate multimodal cues.
We will first identify the most significant inputs of the selected multimodal cells based on the connectome, and use computational (https://neuronbridge.janelia.org/) and genetic 49 tools to experimentally access these inputs with specific drivers. This will allow us to characterize these inputs (are they already multimodal) and walk upstream to identify loci of multimodal convergence. Optogenetic activation during imaging (as previously done in Deutsch et al. (2020)) will confirm functional connectivity and characterize the specific effects of individual inputs on the multimodal neurons of interest.
We will then manipulate and image neurotransmitter or neuromodulator systems in a cell-type specific manner, to determine the circuit and biophysical implementation of the behavioral models. For example, an increase of integration time constants for song by pheromones can be achieved via neuromodulators that affect cell-intrinsic properties or the synaptic gain of recurrent connections 50. Interfering with the relevant neuromodulators that extend integration times during behavior will shorten the corresponding parameters in our behavioral models (Figs 4, 5) and should also reduce the persistence of song-evoked activity in the brain. The behavioral and neuronal data will be integrated using circuit models to confirm the sufficiency of the changes in neuronal responses for explaining the behavioral effects and for generating testable hypotheses..
We will also test already existing hypotheses: Based on existing (Zhou 2014) and our own preliminary data, we know that the song response of the pC1 and pC2l neurons is modulated by male pheromones like cVA. We will further characterize this identification using a wide range of artificial song stimuli and pheromone concentrations. This will reveal whether the modulation affects all sound stimuli similarly or whether it is song feature specific. We will also confirm the putative olfactory inputs to pC1/2l based on the connectome. In males, song-responsive pC1 and pheromone-responsive pCd neurons are functionally connected 31, and dopamine controls the intrinsic excitability as well as the sensitivity to chemical inputs in a subset of the pC1 neurons 50. We will test whether dopamine has similar effects on pC1 in the female, if the pheromone-responding pCd neurons and song-responding pC1 or pC2l cells are connected, and whether and by which mechanisms they promote longer temporal integration of male song in the female brain. As above, the effect of circuit manipulations will be test in behavior and imaging, and circuit models will link both levels of description.
Step 1 of this aim focuses on modeling and will mainly executed in the Clemens lab. Step 2 relies on a close interact between experiment (Deutsch) and modeling (Clemens).
The outcome of aim2 will be circuit models constrained by the behavioral, imaging and connectomics data, that reveal how multimodal social cues are integrated to inform social behavior.

Aim 3: Characterize how multimodal integration is affected by social experience
In the last aim we will reveal how acousto-olfactory integration depends on the female mating state. Mated females do remate 51,52, though with a lower probability than virgins 53, possibly reflecting a difference in the cost-benefit balance between the two conditions 54,55. Accordingly, mated females show more rejection behaviors towards a courting male 17,18,29,56. We hypothesize that the mating status modifies the female choosiness by modifying the way multisensory cues are integrated in the female brain, to suppress the upregulated rejection and promote the downregulated acceptance behaviors in the mated female.
Mating affects neural processing at multiple stages of processing: Sensitivity to the male sex-phermone cVA in females in second-order olfactory neurons is reduced after mating 57. Whether or not mating also reduces sensitivity to acoustic cues in early auditory neurons is unknown, though there is evidence for behavioral and neural plasticity in the response to courtship song following a previous exposure 25,58. Mating also reduces computations in neurons at the sensorimotor interface: the vpoDNs elicit vaginal plate opening, which signals her readiness to mate. vpoDNs require coincident input from the song-responsive pC2 neurons and from pC1 to reliably produce the receptivity signal 41. Interestingly, seminal fluid proteins transferred to the female during copulation suppress pC1 activity in mated females, which in turn reduces responses to song in the vpoDNs 41. Given that unimodal cues lose their potency in mated females, we hypothesize that multimodal processing becomes crucial to elicit acceptance behaviors in mated females. However, behavioral effects of mating go beyond changes in response magnitude to song and pheromones, and also include changes in cue valence. For instance, song slows virgins but induces escape responses in mated females 13. We will test how the female mating state modulates specific nodes and computations for acousto-olfactory integration. Does the female mating state modulate responses to song and olfactory cues differently? Does mating state affect the temporal integration of multisensory evidence? Do recently mated females have a higher threshold for mating acceptance? We will target these questions on the behavioral and circuit level using the experimental and computational frameworks established in aims 1 and 2. We will first compare brainwide functional maps for song and pheromones in virgin and mated females (see aim1). This will reveal how and where responses to song and pheromones are modulated by the female mating state. Then, we will compare behavioral responses in virgin and mated females using our model-based analysis and produce testable hypotheses as to how mating state affects cue integration in the brain - via a reduction of strength of sensory inputs, a reversal in the sign of sensory inputs, shorter integration times, or higher response thresholds. These results will then be linked to the functional maps and to the circuits identified in aim 2, to reveal how changes in circuit computation change multisensory processing and ultimately female mating behavior.

Overall, by combining experimental and theoretical approaches, we will reveal the circuits and computations that link multimodal cues with social decisions, and their modulation by social experience.
 
4. Qualifications of the investigators and the facilities at their disposal 
The Deutsch lab is currently equipped with two setups of two-photon microscopes, including one equipped with resonant mirrors for fast volumetric imaging. The setup will allow auditory and optogenetic stimulation as previously done by Dr. Deutsch and Dr. Clemens 15,25, as well as olfactory stimulation. The Deutsch lab will also have, starting February 2023, six setups for high-throughput behavioral screening of courtship behavior, using SLEAP 59 for pose-tracking and DAS 38 for song segmentation. Dr. Deutsch was also involved in establishing the FlyWire tool for neural segmentation in the FAFB dataset 43, and is currently involved in two projects, aiming to characterize neuron types, information flow and circuit motifs in FlyWire (manuscripts in preparation) that will also inform this proposed work. 
The lab of Dr. Clemens has experience with all data analysis and modeling that will be used in this project. A pipeline for analyzing volumetric calcium data (automatic segmentation and ROI detection, detection of stimulus evoked activity) is established and will be used in the collaborative project. Several methods for modeling the behavioral and neural data that will be used in the project exist: linear-nonlinear models 32, generalized linear models 13,60, drift-diffusion models 48, and circuit models to link computation with mechanism (Clemens 2021). A pose tracking pipeline and methods for nonlinear dimensionality reduction and behavioral classification will be adapted to detect specific female behavioral responses during courtship (Clemens 2018).

5. Mode of cooperation 
Dr. Clemens and Dr. Deutsch have previously collaborated on two projects 15,25, and share overlapping interest in deciphering the neural basis of social communication, using Drosophila as a model system. The two labs have complementary expertise, which will form the basis for this collaboration, with the Deutsch lab being focused on conducting behavioral and imaging experiments, and the Clemens lab focusing on analyzing and modeling data (Fig. 1B). Close interactions between both labs will be fostered through yearly visits, monthly joint lab meetings, and a common data and code base shared via dataverse (https://data.goettingen-research-online.de) and github (https://github.com/janclemenslab). Results will be disseminated through joint publications and co-organized workshops. The two PIs will co-organize a scientific workshop/symposium in Europe (e.g. FENS 2024 in Vienna), focusing on multimodal integration in ethologically-relevant settings. 
 




Supplementary material
Table 1 ( 21,61–63)
	Compound
	Male
	Female
	Known receptor?
	PN
	Effects on female receptivity
	Comments

	cVA
	+
	-* 
	Or67d
/Or65a
	DA1
/DL3
	+
	*transferred to female during copulation

	CH503
	+
	-*
	Gr68a
	
	?
	*transferred to female during copulation

	Methyl laurate (ML), methyl myristate (MM), methyl palmitate (MP)

	+
	+
	Or88a/Or47b (for ML)
	VA1d/
VA1v (for ML)
	?*
	Drives aggregation in both sexes and triggers courtship song in activated females 35

	7-T
	+
	Low
	Gr32a
	n/a
	+
	34

	9-P, 7-P
	+
	Low
	Contact
?
	n/a 
	?
	Role in courtship conditioning

	5-T
	+
	+
	Gr32a
	n/a
	?
	

	9-T, 11-P
	+
	-
	Gr32a/Gr33a
	n/a
	?*
	*drives male and female aggregation and female oviposition site-selection

	7,11-HD; (7,11-ND)
	-
	+
	Contact
	n/a
	?
	Detected by ppk23/25/29

	(z)-4-undecenal
	-
	+
	Or69aB
	?
	?
	a volatile degradation Oxidation product of 7,11-HD

Elicits flight attraction in both sexes 
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Figure 1 - state-dependent audio-olfactory integration
Female mating response depends both on sensory cues (e.g., auditory and olfactory), and on her mating state.
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Figure 2 - Experimental setups and analysis pipelines.
A. Pose estimation in socially interacting flies using SLEAP., B. Feature extraction and song segmentation., C. Optogenetic activation of specific neuronal subsets during behavior, and automatic (supervised or unsupervised) behavioral clustering., D. Two-photon imaging and optogenetic activation in a behaving female fly., E. Automatic ROI extraction based on temporal correlations, F. Extracting spatio-temporal neural activity: spontaneous and in response to sensory stimuli or optogenetic activation of specific cell populations.
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Figure 3 - Functional imaging and connectivity of sexually dimorphic cells.
 A. Two-photon imaging of fruitless expressing neurons. Three stimuli (Pulse,sine,White noise) were repeated 6 times per fly. Responding ROIs were detected and sorted as in 39., B. Dsx neurons in the female brain in FlyWire (top) and using light microscopy (dsx-Gal4; adapted from 25)., C. The doublesex pC1 and pCd1 neurons are indirectly, reciprocally connected. pC1 neurons control female receptivity 30,41, and some pC1 cells respond so male pulse song. pCd1 neurons respond to the sex pheromone cVA 30. Individual pC1a and pCd1 from FlyWire are shown (1 per hemisphere).
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Figure 4 - Generalized-linear models (GLMs) for modeling continuous responses like neuronal calcium signals, or behavioral locomotor responses. A A GLM consists of a filter, which captures the temporal pattern in the input (song) that drives the response. The filtered stimulus signals the match between stimulus and filter and is transformed into a response via the nonlinearity. B Changes in neuronal and behavioral computations through pheromones can result in changes in the filter gain (left), filter width (middle) and the response threshold (right) (black arrows). Pheromones can decrease (blue) or increase (red) the respective parameter relative to the unisensory baseline (black).
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Figure 5 - Drift-diffusion models (DDMs) for modeling the timing of onetime responses or events like mating or vaginal plate opening. A A DDM consists of three steps: First, the sensory input (song) x(t) is weighted (left). The weighted song, wx(t), is then integrated with a time constant τ and additive Gaussian noise η (middle). If the integrated song exceeds a threshold θ, the response is triggered. B Changes in neural computations through pheromones can result in changes in weights of song inputs (left) integration time constants (middle), or response thresholds (right). Black arrows point to then changes. Black traces show the DDM for song alone, red traces show the DDM modulated by pheromones. Thin and thick traces correspond to integrated song for individual trials with independent noise (thin) and the trial-averaged integrated song (thick). The horizontal lines depict the decision threshold. Vertical ticks on top mark response events triggered by the integrated song crossing the threshold. Gray boxes below show the song sequence as input x(t) to the DDM.
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