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Neural control of social decisions in a naturalistic social environment
Scientific Aabstract	Comment by Editor: Overall I think this section Is well done and I have no major comments. However, you could consider whther there is a way to touch on the broader implications of this work as they pertain to human disease in a final sentence at the end of the Abstract.
Social decisions are critical to human prosperity, and suboptimal social decision-making is associated with varied psychiatric and neurological disorders. Whereas While significant progress has been made in deciphering the neural basis of social decision-making in animal models and simplified lab tasks, social decisions in natural environments are typically more complex. From behavioral responses to social cues to the selection ofselecting a mating partner, social decisions in the wild are context context-dependent, relying on multiple factors such as group size and heterogeneity, animal density, the level of competition, and the effect of other recent social encounters. 
Here, we propose to better understand the neural basis of naturalistic social decisions using the vinegar fly, Drosophila melanogaster, as a model system. We have two hypotheses. First, that social decisions in both sexes depends on social context, including decisions who directly involvinge two flies (e.g., male choosing the next song note or females responding to a copulation attempt) and decisions who involvinge more flies (e.g., male switching from one to another female target). Second, that these decisions, within the social context, are modulated by a specific set of sexually dimorphic cells in the central brains of male and female flies.
Accordingly, this proposal has two aims. FTo test this, we first t, we aim to reveal how immediate multisensory sensory cues (visual, auditory, and tactile), social context (specifically, male-female ratio) and recent social experiences (e.g., recent rejections or fights) determine male decisions including song choice, initiating/terminating courtship, or switching target switching and female decisions to accept or reject a copulation attempt. Second, we aim to determine how the activity of sexually dimorphic cells, in male and female central brains, modulate these social decisions.
We will take advantage of new tools for the fine behavioral quantification of social behavior and the ability to apply optogenetic stimulation to of well well-defined neural populations in intact, freely moving flies. Using modern recording methods, we will measure visual, auditory, and tactile stimuli in our environments, as flies behave, and we will computationally estimate of how these stimuli are experienced by individuals from , in their own body’s perspective. We will analyze the data to assess whether complex social decisions can be predicted by a combination of the immediate sensory inputs, group dynamics, and recent experience of the deciding fly. To assess how the activity of central neurons modulates social decisions we will use both open- and closed- loop optogenetic experiments, measuring the effects of tonic and phasic activation of neurons during social behaviors. Overall, this work should allow us to develop a new, and more comprehensive framework for understanding the neural basis of social decision decision-making in a tractable species. Our goal is to make the behavior of individuals in complex social environments increasingly sensible, building on the more reductionistic experiments of the past alongside the modern recording and analysis methods of the present.

Detailed Ddescription of the Rresearch Pprogram

1. Scientific background
Social decisions are complex and state-dependent: they rely on the integration of dynamically changing multisensory cues, as well as on the needs and the physiological state of the participants. Accordingly, many brain disorders are characterized by deficits in social integrations 1. Studying the neural basis of social decisions in animal model systems has been beneficial for the understanding of the processing and production of social cues 2–4. 	Comment by Editor: Perhaps allude to human relevance (or other larger animal species) specifically, if applicable?
Drosophila has been widely used as a model system for studying how males and females make social decisions, mostly in the context of aggression and mating. Mating in Drosophila is a dynamic process which involves multiple decisions both on the male and the female side. Males need to decide when to initiate courtship and with which female partner, which actions to take during courtship (e.g., initiating song or switching between song types, attempting to copulate, fighting a competing male), when to terminate copulation and move to another target, and once copulation was achieved, - when to terminate it. Females are considered mostly ato mostly be ‘responders’, - yet - Drosophila females areultimately make making the ultimate the choice: to mate (accept a copulation attempt) or not to mate (reject an attempt). Moreover, though less explored, the female’ss choice of where to be with respectrelative to other potential mates (at the extreme - flying away or be in the middle of a dense fly cohort) - very likely impacts her probability to be courted, and therefore her mating options and likelihood to mate. Mated females also remate, but are more ‘picky’ compared to adult virgins, reflecting a difference in the cost-benefit between first mating and remating [].	Comment by Editor: Drosophila in general? If so I would say Drosphilia species

Ethologically-oriented studies in various Drosophila species have revealed theories about the principles underlying social decisions such as mate choice in both sexes [xx]. However, these studies typically do nothave largely not explored reveal the neural mechanisms underlying such decisions. Moreover, lLab experiments, and particularly neurobiology-oriented ones experiments that who take advantage of the genetic toolkit available in Drosophila, are often conducted in highly simplified settings. However, these settings are unlikely to reflect the conditions under which the underlying neural circuits evolved. Therefore, we have aThere is thus a major gap in revealing our knowledge of the neural bases of social behaviors in naturalistic conditions. Here we aim to close some of this gap.


1.1 Social decisions in Drosophila
Drosophila melanogaster flies showexhibit a variety of social behaviors, including mating and aggression5. Using the available toolkit in this model system, neurobiologists revealed much of the neural circuitry circuit controlling mating and aggression in these flies6,7. While most neurobiology-oriented studies characterize mating behaviors in isolated male-female pairs on homogenous, food-free backgrounds 8–11, in their natural habitat flies aggregate densely on food patches, where they feed, fight, and mate 12–14. Groups of flies exhibit non-random group structures and social interactions, which depend on multiple factors such as genetic heterogeneity 14–16, group size and density 17, the existence of rivals 18, and sex ratio 19–21. Competition over a female partner depends not only on the male:female ratio, but also on the fraction of receptive females at any given moment, and the higher the ratio between of motivated males to receptive females is, the more competition there is for a female partner 12,20. Social dynamics influence the timing of various behaviors in flies, from locomotor activity bouts to circadian patterns of mating 14,15,22,23. Social decisions also depend on social experiences such as social isolation 24, previous aggressive encounters 25,  and recent mating encounters 26. Taken together, these findings support the notion that group living is a fundamental component of Drosophila behavior 14,17. Social decisions such as choosing a mate or engaging in a fight depend on incoming sensory information about the prospective partner 6,27,28, but also on accumulated information about regarding social environment and experience 16,29. Context-dependent social decisions are possible through spatial integration of sensory cues (e.g., olfactory cues about the density or heterogeneity of the group), and through temporal integration of previous events (such as recent mating or fighting), through their effect on the animals’ internal state (e.g., motivation or arousal), memory (e.g., a previous aggressive encounter), or direct changes in physiology (e.g., the injection of sex-peptide during mating 30,31).  	Comment by Editor: While there is nothing technically wrong with using them, I generally try to avoid relying too heavily on parentheses to convey specific examples of general concepts – this may be a stylistic preference, however, so I will leave them unchanged here
A common framework for predicting and interpreting animal decisions, both  (social and non-social,) is the ‘cost-benefit’ [xxx] analysis. This framework is based on the assumption that nervous systems evolved to be somewhat optimized to the environment the organism evolved in [xxx]. For example, remating in insects was shown to cause increased lifetime offspring production (benefit), while having a negative effect on female longevity (cost) 20.  A male’s decision to terminate courtship (or switch to another female target) and , or the a female’s decision to reject a copulation attempt , both have the cost of the missed- copulation opportunity for copulation, and the potential benefit of finding a better mate. When multiple females are available, males spent spend 80% of their time engaged in mating behaviors (courtship and copulation), but the this percentage gradually declinesd to 10% over 4 hr, reflecting a lower benefit of remating 32. Males also become more sensitive to sensory cues as a function of time from copulation initiation 33, possibly reflecting a change in the cost/benefit ratio in terminating the current copulation event and potentially remating with another female. Consistent with this idea, males were found to alter their ejaculate investment, measured as mating duration, according to the level of sperm competition 34. We expect that all of these decisions will be biased by external factors such as male:the male-to-female ratio [xx], hence the importance of controlling this factor. On top of the sWhile social context being is important for social decisions, some behaviors involve more than two flies such that they cannot be , and therefore can’t be studied in fly dyads at all. For example, in our preliminary data, we have found many instances of males interacting with a copulating pair, a male singing to a courting male in a male-male-female triplet, and a male switching a female target  (Figs. 1, 2; Table 1). 	Comment by Editor: Why is this is quotes? This seems like a ormal term to me	Comment by Editor: The dirst example was plural, while these are singular – were they only observed once?
Therefore, the importance of studying social decisions in a complex social environment is two-fold: . First, as social decisions, even when involving only two flies, are potentially modulated by the social context, and. sSecond, as many social interactions involve more than two individual flies.
[image: ]
Figure 1: Preliminary data, Deutsch lab - Examples of behaviors who that involve more than two flies. A. A mmale (marked with dotted a dashed male -symbol) is circling around and singing to a copulating pair. B. A male (marked by with a dotted dashed symbol) singing behind a competitor male. C. A male switching from competing over one female to courting a different female (to his right). D. A female extruding her ovipositor while being courted by a male (marked by dotted a dashed symbolcircle) who is being chased and contacted by another male.  	Comment by Editor: Insread I suggest giving your Figures titles that describe your results. In addition, to save space you can arrnge the legend in a text box under the figure and wrap text around it.	Comment by Editor: Do they have restrictions on special characters in the ISF guidelines? If not, I would just use the unicode character: ♂





Table 1 Social behaviors in Drosophila melanogaster. 	Comment by Dudi Deutsch: may need to remove for saving space. Is it essential??	Comment by Editor: No – in fact, I would recommend against including it. Instead, provide a few of these key examples in your text above, and cite key papers and reviews on the topics. In particular, try to cite your papers and any papers from Israeli groups (In case they are involved in reviewing the grant, as tends to happen in the US)
	Flies used for detecting the behavior
	Reported behaviors
	Selected references

	male
	Singing (wing vibrations)
	10,35,36

	female
	Ovipositor extrusion, vaginal plate opening, pausing, singing copulation song
	11,31,37–39

	male,  female
	Chasing, tapping, licking, copulating, circling
shoving (/fending), kicking, flicking, decamping, copulation initiation and termination
	6,9,40–42

	male-male
	chasing, singing, fighting (lunging, fencing, flicking)
	43–45

	female-female
	fighting (shoving, head-butting..)
	43,46

	male-male-female
	Male-male competition over a female
Male switching a female target*
Male interacting with a mating pair*
	47
* not characterized

	female-female-male
	Female interacting with a mating pair
	48

	2 males, 2 females
	Two males competing over a female, one male switching to an alternative female
	Observed in our preliminary data




Table 2. Recent studies that have used machine learning tools for the quantification ofto quantify group interactions in Drosophila melanogaster	Comment by Editor: I think this table does provide useful context, but it can be made much smaller while still being effective to save room. I have suggested some tweaks. I also recommend wrapping the text around it using a text box or similar.

In addition, for in-Table references in the format they are currently provided, non-superscripted reference numbers are preferable.

Also, move this so that it is closer to the first in-text mention of Table 2.
	No. of individuals
	Duration 
	Mixed sex
	Food patch
	Body parts tracked?
	Year
	Reference

	12
	30 min
	No
	    No
	No
	2012
	[16]

	Up to 24
	2–5 min
	No
	    No*
	No
	2015
	[29]

	Up to 100
	Various
	Yes
	    No
	No
	2019
	[49]

	7, 16
	3-5 h
	Yes
	    No
	No
	2020
	[50]

	10
	15 min
	No
	    No
	No
	2021
	[24]

	16
	4 h
	Yes
	    Yes
	Yes
	This proposal


* No food, except for the measuring of aggregation density.

1.2 Quantifying social decisions in complex environments
Motion capture technology enables the precise quantification of complex phenotypes from high-resolution videography of freely behaving animals 51. Leveraging deep learning, the investigators’ previous work in developing these methods has recently been demonstrated to be feasible for tracking the motion of individual body parts of socially interacting animals, implemented using the SLEAP software framework 52. SLEAP works by using deep neural networks that take video frames as an inputs and then predicting the locations of body parts, grouping them into animals, and linking them across time to generate a continuous trajectory of poses for each animal. SLEAP has been found to be successful in tracking the poses of two animals for short periods of time (<1 h), with up to 99.9995% identity tracking accuracy (62 incorrect frames out of 11.7 million frames).	Comment by Editor: Are you referring to your work? If so, say this explicity, otherwise eliminate “the investigators previous work in developing these methods” as it is awkward	Comment by Editor: 
Reliable pose tracking allows us to extract features useful for inferring social behaviors. For example, we have found that wing angles/extensions can be used as a proxy for male singing (using a simple classifier we obtained 91% correct classification as to whether frames included part of a singing epoch), an important part of the male courtship ritual. The measurement of wing extension is also important for scoring aggressive behaviors, such as same-sex fights in males and females 43 and rejection behaviors in unreceptive females 53,54. Finally, based on precise estimation of fly pose it is possible to estimate the sensory information (e.g., visual, auditory) that is available to the fly from the point of view of the animal (Fig. 2). Past work has shown that network models that consider the visual information accessible to each individual can be more predictive of behavior in collectives than those that don't  do not incorporate this information 55.	Comment by Editor: Avoid contractions.
Recent studies have adapted machine learning learning-based tools for automatic detection of group behaviors in Drosophila, facilitating our understanding ofoffering new insights into collective behavior 29 and social networks (See Table 2; 14,16,24,29,49,50). For example, it was has been shown that the internal dynamics in same-sex fly groups depends both on the genetic heterogeneity of the group 16 and on previous social experience 24. Both supervised and unsupervised learning methods have been developed for the automatic quantification of mating and fighting in Drosophila 56–58. 

Given the these opportunities for the tracking of individual animals and the detection of specific behaviors, studying we have the opportunity to leverage three complementary approaches to study group dynamics and individual decisions will be done using three approaches, including:: (1) by using predictive models (e.g., 10,59), (2)  by quantifyingthe quantification of network properties 16,60,61,  including Clustering coefficient, Assortativity, Betweenness centrality and Global efficiency, and (3) by usingthe use of a layered social network analysis 62, as was employed inin prior behavioral studies (e.g., 63). For example, different networks could can be extracted for a given dataset based only on mating behaviors, aggressive behaviors, or general activity, after which the interactions among these networks can be, based on mating behaviors alone, aggressive behaviors alone, or on general activity, and the interaction between the networks could be quantified. 	Comment by Editor: This paragraph is confusing – you appear to be describing specific strategies that you plan to use in the present study, but you haven’t yet provided your specific Aims in the main body of the proposal so describing specific plans is a bit awkward. I have suggested some tweaks, but it may ultiamtely be easier to make this paragraph more general, or to move it later in the text when describing your experimental appraoch.	Comment by Editor: This are quite specific/technical but not really explained, I’m not sure they should be here.	Comment by Editor: End with some statement about the applications of these quantitative analyses?

1.3 Central control of social decisions in males and females

Mating behavior in Drosophila melanogaster has been the subject of intense research for over a century 64. Mating behavior in D. melanogaster reliesThese studies have relied on multiple modalities, including visual, olfactory, auditory, and gustatory 6. During courtship, males and females display their qualities while analyzing the value of a potential mate. The male initiates courtship and the female decides whether or not she wishes to mate or not 53. Upon encountering a potential courtship partner, based on visual and chemosensory cues, the male taps the female’s abdomen to assess her desirability 65,66. The male then follows the female, extending a wing and vibrating it to generate the courtship song 35 and licking the female before attempting to copulate 65,67. Virgin females slow down and open their vagital plate in response to  courtship song 31,68, and ultimately allow copulation. The female’s mating behavior is dependent on her sexual maturity 69 and on previous mating events, through both the immediate effect of a mating plug 70 and the a slower effect of a sex-peptide, which is , injected by the male during copulation 71. Mated females respond to male’s courtship song by accelerating in response to song 10, extruding her ovipositor extrusion 38,  and by performing a range of rejection behaviors that include decamping (running, jumping, or flying away), wing flicking, and shoving/fencing 53,54,72.
Aggressive behaviors of flies have been studied mainly in the context of fighting over food resources, and it has been shown that while some aggressive phenotypes are sex-specific, others are not 43,73,74. For example, while hierarchical relationships were seen to form between losing and winning males, hierarchy was not observed in females 43. Aggressive behaviors were also documented in the context of mating such that: males fight with other males when competing over a female 64, while an unreceptive female shows aggressive rejection behaviors toward courting males 53,54. The neural basis of aggressive behavior has been the target of intense intensive research in males 44,75,76 and recently also in females 9,46,77. As in the case of mating behavior, laboratory studies of aggressive behavior have tended to focus on single, isolated pairs of flies. 
Much of the progress in understanding of the neural basis of social behaviors in Drosophila is due to the fact that many of the cells who that participate in the control of social behaviors, from sensory integration to motors control, express the sex determination genes doublesex (dsx) and fruitless (fru) 27,78,79. In particular, the doublesex (dsxdsx-) expressing pC1 neurons regulate multiple aspects of mating and aggressive behaviors in both sexes 9,32,80. pC1 neurons in both sexes have persistent effects on mating and aggression 9,44,80–82, meaning that their activation effects affects fly behavior minutes after stimulation offset (Fig. 3B; traces taken from 9). pC1 subsets are also involved in driving persistent mating and aggressive behaviors in both sexes 9,31,44,46,83, at least in part, by driving an arousal state and by gating the transformation from sensory inputs to mating and aggressive behaviors 9,46,84. pC1 neurons were also shown to regulate the interactions between sex and other behaviors such as sleeping and feeding 85,86, possibly driving different behaviors in a threshold threshold-dependent manner 87.
Using the complete female connectome, pC1 subtypes were in females have been , nameddesignated pC1a-e 9,31. pC1a is neurons receive the strongest inputs from SAG neurons getting a strongest input from the SAG neurons who are activated by the male sex pheromone during copulation 11,71, driving the female to be less receptive to future copulation attempts. 
Activation of female pC1d/e cells drives female aggression towards both males and females 9,46,88,89. The role of pC1b and pC1c neurons is still  remains unknown. 
In males, pC1 neurons include two subsets: : the dsx(+)fru(-) and the male-onlyand dsx(+)fru(+) - a male-only  subset often called referred to as ‘P1’ 78.  Activating different pC1 subtypes drives different phenotypes. In males, activating dsx(+)fru(-)pC1 and dsx(+)fru(+)pC1 (often referred as P1) drive neurons drives aggression and mating behaviors, respectively 83. More At present, the more specific subgrouping of pC1 cells in males has yet to be completed, but it is expected in the near future with the anticipated precise sorting of pC1 cells in males into subgroups is still missing, but expected shortly with the expected release of the first male connectome.	Comment by Editor: Are these present in both males and females? I assume so, but cannot be entirely clear from the way it is written	Comment by Editor: Don’t mention this again – either use the P1 term, or use the dsx+ fru+ term, but don’t alternate.	Comment by Editor: To effectively set up the Research Objectives section, I suggest including a short paragraph summarizing the key knowledge and gaps in the field at present, while emphasizing the specific areas on which you plan to focus on your study.


2. Research Objectives
In this project,  we will aim to quantify how social decisions are made by males and females in a naturalistic environment, based on sensory cues, group dynamics, and recent social experience. 
Utilizing advanced computational tools to monitor and quantify social behavior and together with the genetic tools available in Drosophila melanogaster, this our proposed project has two specific objectives:	Comment by Editor: I think this can be removed – you already provide the specific aims below, so you can just add a sentence before them saying something ot the effect of “we will test these hypotheses with the following specific aims:”
1. Develop a novel framework for studying how complex social decisions are made in naturalistic conditions, and how these decisions are modulated by a critical factor: the level of competition over a sexual partner.
2. Examine how sexually dimorphic central neurons impact social decisions in males and females in a naturalistic environment.
We In completing these objectives, we will test the following concrete hypotheses:
1. An increase in the male-to-female ratio will lead to higher aggression between males, more persistent courtship, reduced target switching by courting males, an increase in theincreased probability of females rejecting a courting male (more ‘choosy’ females), longer copulation duration, and higher female remating rates.
2. Subsets of the sexually- dimorphic ‘pC1’ neurons bias social decisions in both sexes. In males (: courtship persistence, the probability of switching a female target, and the ratio of time spent courting a female versus communicating with a competing male) and. In females (, the acceptance rate - in both virgin and recently mated females,  as well as theas well as responses to response to visual cues such as (the presence of flies in the field of view),  auditory cues such as (changes in speed and turning in response to male song, ) and tactile cues.

The first hypothesis draws from theories of sexual selection and previous studies ofn flies, while the second is based on previous experiments on male-female and male-male dyads. We will combine hypothesis-driven and exploratory approaches: hHypothesis-driven approaches for makingthat will ensure rapid progress with ; exploratory approaches analyses that will yieldfor obtaining a comprehensive description of social decisions in naturalistic social environments and potentially and for unexpected findings and novelthat will generate new hypotheses. Our eExperiments will inform and constrain models, and theory will be used to interpret data and refine hypotheses. Overall,	Comment by Editor: This is a very general sentence and I’m not sure what it adds – consider expanding on it or removing it.
 tThis research effort will expand our understanding of how social decisions are made in more natural scenarios.

Aim 1. Determine how sensory cues, social context, and recent social experience contribute to social decisions in naturalistic social environments
We In this Aim we will quantify how social decisions in males and females depend on the immediate sensory environment, group dynamics, and the recent experience of the deciding fly. We will do perform our studies it in sex-mixed environments, manipulating the male-female ratio. Social decisions include both categorical and continuous ones. Examples for of categorical decisions are include the male’s choice to initiate or terminate courtship or , or his choices to switch between song types, and as well as the female's acceptance or rejection of a courtship attempt. Examples of continuous decisions  (or responses) are include male the males song amplitude and the females female change-in-speed in response to male song. Some of these decisions were have already been modeled successfully before in male-female dyads, including the choice of song type and amplitude by a singing male. We will extend it these analyses to a more complexto the case of a complex social environment, and testing how the existence of other flies and recent social interactions impact these decisions. Other decisions were have not been rigorously described to date, including the decision of a male to switch from courting a specific female to courting another female who crossed the his field of view (as we often seeoften observed in our preliminary data), or the male’s decision to terminate a competition with another male on over a single female in the presence of alternative female targets.
We For this Aim will use two experimental settings. In one we use will use videography and sound recordings of, 8 flies and for 60 minutes/session; in the other we will record 16 flies for 4 hours , on a food patch, using high high-speed videography. We will develop a pipeline for the automated automatic quantification of social behaviors (Table 1). We Specifically, we will quantify how male and female decisions depend on the degree of competition (varying the male-to-female ratio). The four 4-hr hour experiment will also allow enable the quantification of remating, and of history-dependent choices in both sexes over longer timescales. TheA successful completion of Aim 1 will be yield an automated pipeline for collecting, analyzing, and creating a quantitative description ofquantitatively describing social decisions in a naturalistic environment as a function of (1) ongoing sensory (visual, auditory , and tactile) inputs in egocentric coordinates (projected on the fly retinas, aristas, and body), (2) sensory-grounded social interaction network features, and (3) previous experience (e.g., recent mating, fighting or rejection).


Aim 2. Reveal the role of sexually dimorphic central neurons in controlling social decisions in naturalistic social environments in males and females
We In this Aim, we will determine the role of known central, sexually-dimorphic neurons (‘pC1’) in the male and female brains in biasing social decisions in naturalistic social environments. We will characterize how the models developed in Aim 1 are modified by the neural activation of pC1 subgroups in both sexes. Specifically, we aim to reveal how tonic activation (optogenetic activation in ‘open-loop’ experiments) and phasic activation (optogenetic activation in ‘closed- loop’ experiments dependent- depending on specific behavioral measures) impact the social decision described in aim 1.
Different subsets of pC1 neurons were shown to drive mating and aggressive behaviors in males and females. In particular, the fru(+)P1 and fru(-)P1 subsets of the male pC1 neurons were shown to promote persistent mating and aggression, respectively. We hypothesize that tonic activation of fru(+)P1 nurons will increase courtship persistence and reduce target switching, while  and that tonic activation of the fru(-)pC1 subset will enhance male-male aggression, including male-male competition over target females. It is less clear if fru(-)pC1 activation will also effect affect copulation duration and or how it will affect courtship behavior in recently mated males.	Comment by Editor: This is reduntant since it is detailed above. Reduce to something like “Given that fru+ and fru- P1 pC1 subsets have been shown to promtoe mating and aggression, we hypothesize…”

In addition, make sure you use the same terminology for these neurons here and above since they currently differ.
In females, pC1a cells are associated with female receptivity, while pC1d/e drive both female-female and female-male aggression. We hypothesize that tonic activation of pC1a cells will increase acceptance rates in virgin females, while it . It is less clear how pC1a activation will affect the remating rate. It is also unclear how the tonic activation of pC1d/e cells will affect the behavior of virgin and recently mated females in a mixed-sex environment.	Comment by Editor: For the ones where it is unclear – perhaps emphasize that you will explore this as a novel and interesting research direction?
Last, as a part of In Aim 1 we also intend to measure the effect of local (in time and space)spatiotemporal group dynamics  on male and female decisions. In Aim 2 we will quantify how the activation of specific the abovementioned pC1 subsets interacts with the effects of group dynamics and recent social encounters, namely - what is thefocusing on the context-dependent role of pC1 neurons.	Comment by Editor: It may make more sense to integrate these into the individual AIms	Comment by Editor: Between the Specific Aims section and the Experimental Design section, you are missing a grant section normally titled “Significance and Innovation”. 

This section should be relatively short (1 page or less) emphasizing the significance and novelty or your study/why it is important, and the potential short/long-term benefits of successfully completing the proposed research. I have seen some grants that merge this subsection with the Research Aims section, first listing the objectives and then detailing the significance/innovation, but I don’t think that is necessary.

3. Experimental Ddesign and Mmethods
3.1 Rationale and general design
We will develop a computational pipeline for quantifying social decision decision-making in a socially complex and enriched environment, and will quantify how social decisions are modulated by social context (Aim 1) and neural modulations (Aim 2). As detailed below, our first technical challenges will be to keep track of each one of multiple individual flies for the extended duration of the experiment (up to four 4 hours) and to train classifiers for automated detection of multiple social behaviors (Table 2). Then, we will use existing frameworks for predicting these behaviors (onset and offset, when relevant) based on the egocentric projection of sensory information (Fig. 2), group dynamics, and recent social encounters. In Aim 2 we will use measure the impact of the open- and closed- loop optogenetic activation of pC1 subsets and measure their effect of on social decisions, based on the “baseline” description of the wild-type behaviors achieved in Aim 1. By the end of Aim 1, we will have a full pipeline for data collection and analysis of social decisions in a complex environment and a quantitative description of how a critical, ethologically relevant factor (male:female ratio) modulates social decisions. By the end of Aim 2, we will have a deeper understanding on the role of decision decision-making neurons in flies, in controlling social decisions in complex social environments.

3.2 Experimental procedures
Aim 1: Determine how sensory cues, social context, and recent social experience contribute to social decisions in naturalistic social environments

Behavioral setups
We For this Aim, we will use two behavioral setups: Setup 1: Six identical setups with a top camera and 9 pressure microphones for the recording of male song, similar to that used previouslythe one that was used in 9,90  Setup 2: A novel setup with food substrate and a high high-resolution camera for recording multiple flies for an extended period.
The advantage of Setup 1 is the ability to record male songs. However, its utility will be restricted to fewer flies and a shorter experimental  - it is limited to less flies and shorter duration for three reasons: (1) assigning songs to a specific male becomes harder with moreas the number of male flies rises, (2) the inhomogeneous background makes it harder to track fly identity, therefore resulting in more identity flips, and (3) there is no food-substrate in this setup (as there is a microphone array under the flies, such that flies will become), and therefore over long experiments, flies become increasingly hungry and thirsty over longer experiments. The recording durations for Setup 1 and Setup 2 will be 1 hr and 4 hr, respectively.  We will record 1-hr experiments in Setup 1 and 4-hr experiments in Setup 2.	Comment by Editor: Is this a standard term in the field? If not, I might suggest something like “misidentifications”
Setup 2 relies on the use of a “Setup 2” has a food substrate, mimicking the  to mimic a natural habitat, and based on previous observations that the presence of food enhances social interactions 74. A curved dome minimizes side walking 24,56,91, and coating the dome with Sigmacoate minimizes walking on the ceiling 10,92. 
Under laboratory conditions, flies were have been shown to aggregate on food at densities of ~1-2 flies/cm2 29. With At a density of 1 fly/cm2  and for an experiment with 16 flies, we need will require a circular arena ~4.5 cm in diameter. a diameter of ~4.5 cm for a circular arena. We previously observed that a resolution of 30 pixels/mm is the minimum sufficient for leg tracking 52. To also allow for the fine tracking of subtler events such as vaginal plate opening and ovipositor extrusion, tapping,  and licking, as well as to reduce the probability of identity flips, we will acquire videos at 100 pixels/mm. We therefore choose plan to use a camera with a resolution of 5120 x 5120 pixels. We will use a far-IR sensor and filter to avoid data loss during optogenetic activation (Aim 2) and since, with the I an IR sensor is being less sensitive to reflections of ambient room light. Given all these requirements, we will use the Ximea camera model CB262RG-GP-X8G3 and a Gpixel GMAX0505RF Red Fox CMOS sensor with a quantum efficiency (QExFF) of 30% at 850 nm.
We will use real-time, hardware-accelerated video compression (~100×) of the high high-resolution and high frame frame-rate videos. With At 8- bits per pixel and 100 fps, this should yield  this would result in ~350GB of compressed data for a each 4-hr  hour experiment.

Collecting behavioral data
Flies will be isolated individually to minimize social experience prior to the experiment. Four day -day-old males and females will be inserted into the behavioral arena 1-2 hours after the incubator lights switch on to optimize for peak in fly activity.

In Aim 1, we will collect the following datasets:
“Setup 1”: 1-hr experiments; 60 experiments/condition; 3 conditions: 1M:3F, 2M:2F, 3M:1F.
The 1M:3F condition will allow the quantification of ‘target switching’ and the exploration of , as well as exploring the idea that females also have an active role in attracting courting males. The 2M:2M and 3M:1F conditions will enable allow a comparison of male and female social decisions in less/more competitive environments.
“Setup 2”: 4-hr experiments; 40 experiments/condition; 4 conditions (always 16 flies): 14M:2F, 12M:4F, 8M:8F, 4M:12F.	Comment by Editor: Did you want to explain the chose ratios as you do for Setup 1?
Therefore, iIn total, we will collect 640 hrs of experimental data in both setups. 	Comment by Editor: This feels out of place here.
Preliminary data (Fig. 1) shows a few examples for of social behaviors who involve involving multiple male and female flies.

Tracking, proofreading, and feature extraction
Our preliminary data, collected in S“setup 1”, suggests that by using SLEAP 92, we are able to estimate the pose of multiple individuals for an extended period, and to project the audio-visual scene from the point of view of each individual fly (Fig. 2). 
Currently, the expected rate of identity flips in isolated male-female pairs is 4.9 flips/hour 92 . Our preliminary data suggests that in a group of 8 flies (4 males, 4 females) identity flips are stillremain rare. Despite this good performance, in the more challenging setting involving larger groups of flies (16) recorded over long sessions (4 h), we expect to encounter exponentially more frequent errors, as the potential for identity swaps increases combinatorially with the number of interacting animals and session duration. To address this, we suggest three technological improvements: (1) using a higher spatial resolution (100 pixels per mm, instead of 30 pixels/mm that we are using now), such that each fly is more separable even at close interactions, (2) improvinge the robustness of SLEAP in identifying identity flips, (3) building a tool for enhanced detection of predicted identity switches. (2) and (3) will be achieved via an active collaboration with the Pereira lab ( - see letter of support).
In short, we will improve the robustness of SLEAP in identifying errors by leveraging state-of-the-art techniques for appearance and trajectory modeling employed for multi-object tracking in the field of computer vision, and build a graphical user interface (GUI) with the capability to jump to predicted instances of identity switches and mark, in the relevant frames, the specific flies for which identity flip is most probable. To do this, we will leverage a sizable existing dataset of 11.7 million frames 92 that has identity switches manually proofread to train a deep neural network classifier to predict whether a switch has occurred. With this tool, we expect the time it takes to manually proofread a movie to scale with the number of interacting individuals. 
Processing will be done on a new GPU cluster at the Haifa University, that we are currently already using. We will make pose tracks available in NeurodataWithoutBorders (NWB) format through the DANDI repository. Trained models and labeled data will be made available on OSF with publications. All analysis code will be made publicly available through GitHub throughout development.
Based on the pose tracking and song segmentation (in the case of Setup 1) we will extract behavioral features such as male-female distance, female absolute velocity, female angle with respect to male centroid, pulse/sine song. In total, we will extract 22 features for each frame (see 9,59).

 
Behavioral analysis - pipeline
In order to link sensory and social experience to social decisions, we need to extract 4 pieces of information:
(1) Frame-by-frame sensory experience from the point of view of each fly (Fig. 2). Extracting the angle and size of a female on the eyes of a male fly is derived from her angular position on his eyes, their relative body direction and the fly’s field of view (see Figs. 1, 2). Inferring song production will be done achieved either based on using the microphone recording (e.g. 10,93) with the camera being used for assigning song to a specific male) in Setup 1, or from the video alone (by detecting wing angle) in Ssetup 2. Inferring song onset/offset and song type from the video alone is possible, though less accurate compared to inferring it from audio recordings. 	Comment by Editor: Are you doing anything to gauge the relative accuracy of this (using data from Aim 1, etc.?)
(2) Local group dynamics: A few measures based on network theory were have been used in the past to quantify group dynamics, based on network theory including. These include measures like Clustering coefficient, Assortativity, Betweenness centrality, and Global efficiency, and others 61,94. Previous studies have demonstrated that these group dynamics in Drosophila are non-random, and depend both on fly genotype and previous experience 16,24. However, how these group dynamics influence moment- by-moment social decisions of individual flies has not been quantified to date. 
(3) Detection of dDiscrete behavioral events, including (such as courtship initiation or song bout initiation, courtship initiation, target switching, male-male aggression epoch initiation/termination, male copulation attempts, female rejection or acceptance of a copulation attempt, and female vaginal plate opening). These events are used both as social decisions (e.g., a decision to reject a copulation attempt) and as predictor variables (e.g., rejections of copulation attempts may affect future decisions of the rejected male). 
(4) Continuous variables such as female speed and her angle with respect to a courting male. These are relevant for measuring continuous responses (such as female slowing or turning in response to male song) and are used for detecting discrete behaviors (3) and sensory experience (1).

We aim to reveal how sensory cues (1), local group dynamics (2),  and previous social events (3) trigger social decisions, both discrete (3) and continuous (4).

We will use supervised techniques to automatically extract specific behaviors (Table 1) using the 22 collected behavioral features (some examples  are shown in Fig. 2). Some behaviors are detected directly from the features associated with a single fly (e.g., singing and ovipositor extrusion 71,95), some involve two flies (e.g., chasing, tapping or shoving 9,81) and others involve more than 2 flies (e.g., partner switching and aggressive interactions between males who are competing over a female). Some of these behaviors were have already been detected automatically by us and others 9 using available techniques for supervised classification 56,96,97. Looking atIn our preliminary data (Fig. 1), we have already observed some behaviors that were not reported by the timeas of when our preliminary data was collected, including both males and females interacting with a copulating pair (female aggressiveness towards a copulating pair was recently reported by 48).

	Comment by Editor: I don’t think there is a need to bold this, Instead, just incorporate it into the next paragraph. You can bold key phrases for items 1 and 2 if desired
While we aim to quantify and predict all the known social decisions (Table 1),  we will focus on two:
(1) Male courtship initiation and termination (end of courting or target switch)
(2) Female responses to copulation attempts (accept/reject)

Once (1)-(4) are extracted from the raw data, we will use an existing framework for predicting discrete events predictor variables (see e.g., 10,59). We will also apply statistical tools for testingto test if accounting for past events contributes to the power of GLM or HMM-GLM models to predict male and female decisions. For example, we will test how visual cues from a courted female and a passing target in the background trigger a male to switch to a different female target, and how such a switching decision is modulated by the flyie’s recent history (e.g., previous rejections or fights, and in Aim 2 - also by stimulating pC1 subgroups - see below).

[image: ]
Figure 2 Tracking of individual flies in “Setup 1”, and projecting to an egocentric view. A. Pose tracking multiple files using SLEAP. B. Egocentric visualization of central fly with visible regions of field-of-view (FOV) shaded blue. Visual experience is extracted from this scheme. C. Example features. e.g., m1f2Angle - the angle between the heading of male1 and his direction to female2. D. Examples for of discrete male and female decisions. 	Comment by Editor: As with Figure 1, room can be savedd by moving this to a text box and wrapping the text.





Aim 2 - Reveal the role of sexually dimorphic central neurons in controlling social decisions in naturalistic social environments in males and females
Here In this Aim, we will test how the activation of pC1 subsets persistently modulates social decisions in both sexes in a complex environment. These analyses will focus on questions such as: . 
We will quantify how pC1 activation modulates social decisions in complex.
 For example, when two males court a single female, will the activation of specific pC1 subsets drive more male-male aggression or more male-female courtship? Will pC1 activation modulate group dynamics or the probability of target switching? Is the aggressiveness of females towards a mating pair 48 modulated by the activity of pC1 cells? 

Specifically, we will test two pC1 subpopulations in males [dsx(+)fru(-)pC1 and dsx(+)fru(+)pC1 83] and two in females (.
In males: dsx(+)fru(-)pC1 and dsx(+)fru(+)pC1 83.
In females: pC1a and pC1d+e 9,89)..

Currently,y there is no line that labels only pC1a cells in females. We are now in the process of testing candidate genetic lines, based on the detection of pC1a cells in FlyWire. If this approach is not successful, we will use the pC1-SS1 37 which labels pC1a, pC1c,  and pC1e neurons. Tonic photoactivation of this line in mated females was has been shown to restore their receptivity 37, likely through the activation of pC1a cells.

We For these experiments, will use two activation protocols (Fig. 3):
(1) Open- loop: periodic activation (2 minutes ON, 6 minutes OFF repeatedly for the duration of the experiment). We will compare behavior during the ON and OFF periods, and measure the dynamics over the OFF period.
(2) Closed- loop: photoactivation during specific behaviors, based on our hypotheses and on behavioral observations from Aim 1. For example, as males dsx(+)fru(-)pC1 and dsx(+)fru(+)pC1 cells drive aggression and mating in males, we expect that the activation of each group will bias male-male aggression versus male-female courtship in the case ofn two males competing over a female. This hypothesis will be tested by activating each one of these subsets specifically during male-male-female interactions. For a given behavior, we will activate in 50% of the instances, using the other half as  a control. 
[image: ]	Comment by Editor: I think SLEAP needs to be upper case in the figure.
Figure 3 Experimental setup. A. In closed-loop experiments,  photoactivation (red circles) is locked to specific behaviors. Accordingly, it is focused on relevant spots. B. In open-loop experiments light is turned ON/OFF periodically, covering the whole arena. Examples of persistent female shoving/chasing following pC1d+e activation are taken from Deutsch et al., 2020 9.

The rRed- shifted channelrRhodopsin csChrimson will be expressed in the relevant cells in males or in females (but never in both). Flies will be ATR-fed to allow the csChrimson expression. A 720 nm deep red light will be used for activation. A previous study suggests that while flies have a saddle response to a flash of deep red light (720 nm) in the dark, having light at in the background (as we do in our experimental setup), eliminates this behavioral response. As in Aaim 1, 850 nm light will be used as light for the camera sensors, with a narrow 850 nm band-pass filter at the camera entrance, ensuring that the 720 nm light will not be detected by the camera. Closed loop experiments will be done using Sleap SLEAP as demonstrated before 92. There, we estimated that the system exhibits a 70-ms latency from the time when the frame is captured to when an output signal can be generated based on predicted poses, and only about 3 ms are taken up by SLEAP model inference. We expect to cut this delay to around half with more optimized hardware and software. A DLP projector, with a shifted red light and a band pass filter, will be calibrated to the arena and project 720 nm light spots in at the relevant times and locations. 	Comment by Editor: Define the acronym

3. Potential problems and alternative strategies	Comment by Dudi Deutsch: consider doing for each aim separately
3.1 Identity tracking. As explained in Aim 1, we plan to use a very -high -resolution camera (100 pixels/mm) to minimize identity during SLEAP SLEAP-based pose e-estimation, and will develop tools for minimizingto reduce the manual labor involved in manual proofreading, aimed to ensure  with the aim of ensuring zero identity flips after proofreading. 	Comment by Editor: Missing word?
While our tracking of preliminary movies indicatess that this approach is likely to prove successful, an alternative approach is suggested: as a last option, we can tag the flies (using an approach similar to 50), but using dots on the back on of the fly that can (could be detected by the IR camera) with 24 options (i.e., 1 or 0 dots in 4 separated areas along the fly back) for identifying 16 flies. A similar approach was has been used by us and others before, for keeping tracking the identity of the male in male-female dyads 10,98.
3.2 Complexity. Due to the large space of possible behaviors, it is possible that we will need a larger dataset in order to have enough statistical power. In this case we will collect more data, possibly potentially focusing only on less more restricted conditions (e.g., less smaller M:F ratios, focusing on less fewer pC1 subgroups). We may also need to modulate the fly number or density. We have collected preliminary datasets in both setups and are now analyzing it these data in order to make a better estimation. The opposite is also possible - if data analysesis will turn out to be faster than expected, we will consider testing more manipulations in Aim 2 - including the addition of optogenetic inactivation experiments. 	Comment by Dudi Deutsch: think more..

Expected Significance and broader iBroader Impact	Comment by Dudi Deutsch: Ryan - please take a close look and suggest how to modify such that there will be a strong and clear ending.	Comment by Editor: I see now that you have primarily moved “Significance and Innovation” to the end of the grand. I’ve never seen it positioned in that way, but it may be an effective option so I will defer to you on its positioning. I would give it a number so that it is a distinct section.	Comment by Editor: I would also suggest emphasizing which aspects of your study are innovative again in this section
Social decisions are critical to our daily lives, and are are closely tied to the pathogenesis of various neuropsychiatricassociated with varied psychiatric and neurological disorders. This work is expected to push advance our understanding of the neural basis underlying social decisions to in naturalistic scenarios. Reductionistic experiments with pairs or triplets of flies have contributed significantly to our understanding of social decisions in flies, particularly in the context of mating and aggression. Here we aim to use modern recording and analysis methods to extend our understanding to more naturalistic scenarios. We expect this work to reveal new hypotheses of regarding how flies make social decisions in naturalistic environments and how these decisions are controlled by the activation of specific cell types. This work will pave the road for future studies - by us and others that are focused on specific observations, the testing of additional  - focusing on specific observation, testing more experimental conditions, and, most  most importantly - manipulating other cell types. These efforts will, in order to reveal how the nervous system ultimately makes social decisions in nervous systems make social decisions in the environments contexts in which they were evolved in.	Comment by Dudi Deutsch: same words as in the abstract - Ryan - can we reword it?	Comment by Editor: At the end of the grant you also need a section on Available Resources: A very short section discussing the resources/collaborators/lab members that you have available, demonstrating that you are equipped with the instrumentation and expertise to complete the proposed work.
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