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SUMMARY 9 

Vision is critical for the regulation of mating behaviors in many species. Here, we discovered that the 10 

Drosophila ortholog of human GABAA-receptor-associated protein (GABARAP) is required to fine-tune 11 

male courtship by modulating the activity of visual feedback neurons, lamina tangential cells (Lat). 12 

GABARAP is a ubiquitin-like protein that regulates cell-surface levels of GABAA receptors. Knocking 13 

down GABARAP or GABAA receptors in Lat neurons or hyperactivating them induces male courtship 14 

toward other males. Inhibiting Lat neurons, on the other hand, delays copulation by impairing the ability 15 

of males to follow females. Remarkably, the human ortholog of Drosophila GABARAP restores function 16 

in Lat neurons. Using in vivo two-photon imaging and optogenetics, we show that Lat neurons are 17 

functionally connected to neural circuits that mediate visually-guided courtship pursuits in males. Our 18 

work reveals a novel physiological role for GABARAP in fine-tuning the activity of a visual circuit that 19 

tracks a mating partner during courtship. 20 

 21 

 22 
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Introduction 25 

In many species, vision is used in a variety of fundamental behaviors such as navigation, reproduction, 26 

aggression, and prey hunting. Vision is especially critical in regulating social behaviors as visual cues 27 

can determine whether to approach or avoid a conspecific during social interactions. For example, the 28 

male peacock spider (Maratus volans) uses species-specific visual displays to communicate its 29 

reproductive capacity to females and attract their attention (Girard et al., 2011). Zebrafish (Danio rerio) 30 

evaluate visual features and biological motion to decide whether to interact with conspecifics. (Nunes et 31 

al., 2020). Paper wasps (Polistes fuscatus) rely on visual features to discriminate their nest mates 32 

(Sheehan and Tibbetts, 2011). Although the role of vision in regulating social behaviors has been well 33 

established in behavioral ecology, the molecular and neural mechanisms that evaluate and process 34 

complex visual information during social behaviors remain poorly understood in any species.  35 

The fly, Drosophila melanogaster, uses vision to regulate a variety of its behaviors, including 36 

locomotion (Tammero and Dickinson, 2002; Triphan et al., 2010), navigation (Dewar et al., 2015; 37 

Srinivasan et al., 1999), courtship (Cook, 1979, 1980; Krstic et al., 2009; Markow, 1987), and learning 38 

(Neuser et al., 2008; Ofstad et al., 2011). As in vertebrates, the fly visual system is organized in 39 

anatomically segregated neuropils devoted to visual information processing: lamina, medulla, lobula, and 40 

lobula plate (Behnia and Desplan, 2015; Davis et al., 2020; Fischbach and Dittrich, 1989; Sanes and 41 

Zipursky, 2010). From the early visual processing areas, the lamina and the medulla, distinct classes of 42 

visual output neurons carry motion and color vision information to different central brain regions via a 43 

diverse population of visual projection neurons (Wu et al., 2016; Yamaguchi et al., 2008). Distinct classes 44 

of visual projection neurons regulate various behavioral responses in flies. For example, the lobula 45 

columnar (LC) neurons project from the lobula and/or lobulate plate to the central brain and respond to 46 

specific visual features and motions (Aptekar et al., 2015; Keleş and Frye, 2017; Klapoetke et al., 2022; 47 

Morimoto et al., 2020; Ribeiro et al., 2018; Städele et al., 2020; Wu et al., 2016). In addition to visual 48 

projection neurons, in the fly optic lobe, multiple classes of visual feedback neurons carry signals from 49 

the central brain or other regions of the optic lobes to the medulla and the lamina (Tuthill et al., 2013; 50 

Tuthill et al., 2014). The functions of most visual feedback neurons are poorly understood.  51 

Vision also plays a critical role in Drosophila melanogaster courtship (Connolly et al., 1969; Cook, 52 

1979, 1980; Markow, 1987; Markow and Manning, 1980; Ribeiro et al., 2018). During courtship behavior, 53 

male flies display a complex repertoire of actions to stimulate female flies to copulate with them. These 54 

include orienting toward a target female, chasing the female, tapping the female abdomen, ipsilaterally 55 

extending wings and producing a courtship song, licking female genitalia, and bending the abdomen to 56 

copulate (Bastock and Manning, 1955; Dickson, 2008; Greenspan and Ferveur, 2000; Hall, 1994; 57 

Yamamoto and Koganezawa, 2013). While male flies rely on chemosensation to assess the species, sex, 58 

and receptivity of suitable females and to initiate courtship (Clowney et al., 2015; Dweck et al., 2015; Fan 59 
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et al., 2013; Kallman et al., 2015; Kurtovic et al., 2007; Thistle et al., 2012), they use vision for locating 60 

and tracking the female’s movements. Male flies with impaired vision take longer to chase and 61 

successfully copulate with females (Connolly et al., 1969; Cook, 1979, 1980; Krstic et al., 2009; Markow, 62 

1987; Markow and Manning, 1980; Ribeiro et al., 2018). The delay in copulation in visually impaired flies 63 

is caused mainly by the male's inability to track the female’s movements during courtship (Cook, 1979, 64 

1980; Ning et al., 2022; Ribeiro et al., 2018). Recently, a class of visual projection neurons, lobula 65 

columnar cell type 10a (LC10a), has been shown to respond to small moving objects and regulate male 66 

tracking behavior during courtship. Inhibiting the activity of LC10a neurons in males impairs their ability 67 

to orient toward or maintain proximity to females (Hindmarsh Sten et al., 2021; Ribeiro et al., 2018).  68 

Although vision is critical for the mating success of Drosophila males, visual cues alone are 69 

insufficient to trigger the full repertoire of courtship actions (Agrawal et al., 2014; Kohatsu et al., 2011; 70 

Pan et al., 2012). For example, the activity of LC10a visual projection neurons is enhanced when males 71 

are sexually aroused, and LC10a can initiate robust courtship only in sexually aroused males (Hindmarsh 72 

Sten et al., 2021; Ribeiro et al., 2018). In the fly brain, sexual arousal is regulated mainly by a class of 73 

male-specific neurons that express the sex-determination factor fruitless (fruM) (Manoli et al., 2005; 74 

Stockinger et al., 2005). A small population of fruitless positive neurons in the posterior fly brain (Fru-P1) 75 

can generate a persistent arousal state and stimulate male courtship when activated (Jung et al., 2020; 76 

Kimura et al., 2008; Kohatsu et al., 2011; Von Philipsborn et al., 2011). How sexual arousal regulates 77 

LC10a activity or, in general, visual processing during courtship is poorly understood. 78 

Here, we identified a GABAA-receptor-associated protein (GABARAP) as a regulator of male 79 

courtship behavior in Drosophila. GABARAP (also known as Atg8a) belongs to a family of ubiquitin-like 80 

proteins that regulate multiple intracellular processes, including autophagy (Martens and Fracchiolla, 81 

2020; Mizushima, 2020; Shpilka et al., 2011). In the canonical autophagy pathway, GABARAP (Atg8a) 82 

works together with other Atg proteins to form an autophagosome (Mizushima and Komatsu, 2011; 83 

Nakatogawa et al., 2007; Noda et al., 2013; Shpilka et al., 2011). In mammals, Atg8 family proteins are 84 

subdivided into two classes: the GABA type A receptor-associated protein (GABARAP) subfamily and 85 

the microtubule-associated protein one light chain 3 (LC3) subfamily (Jacquet et al., 2021; Jatana et al., 86 

2020; Shpilka et al., 2011). Although these sub-families are initially thought to play redundant roles in 87 

autophagy, recent studies suggest they also have autophagy-independent functions (Schaaf et al., 2016; 88 

Shpilka et al., 2011). For example, mammalian GABARAPs regulate neuronal excitability by modulating 89 

the membrane trafficking and synaptic localization of GABAA receptors (Kanematsu et al., 2007; Leil et 90 

al., 2004; Ye et al., 2021). Previous studies in flies have focused on the autophagy-related functions of 91 

GABARAP (Atg8a) (Bali and Shravage, 2017; Jipa et al., 2021; Ratliff et al., 2015; Simonsen et al., 2008). 92 

However, our study discovered that GABARAP (Atg8a) has autophagy-independent functions in the fly 93 

visual system. We found that neuronal knockdown of GABARAP or GABAA receptors in a small 94 
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population of visual feedback neurons, lamina tangential cells (Lat), elevated male courtship toward other 95 

males. Lat-induced male-male courtship defect is sensory context-dependent and relies on light 96 

conditions. Loss of GABARAP (Atg8a) function in Lat neurons did not impair autophagy; instead, we 97 

demonstrated that GABARAP regulates male courtship by modulating the activity of Lat neurons. We 98 

further showed that Drosophila GABARAP and human GABARAP share remarkable sequence identity, 99 

and Drosophila GABARAP function in Lat neurons can be rescued by its human ortholog. Finally, we 100 

found that Lat neurons regulate male courtship via a neural circuit that controls visually guided courtship 101 

pursuits. Our work revealed a novel physiological role for Drosophila GABARAP in regulating visual 102 

processing during male courtship. The dysfunctions in GABAA receptor signaling have been associated 103 

with many psychiatric disorders that impact social behaviors, including autism spectrum disorder and 104 

bipolar disorder (Fatemi et al., 2002; Fatemi et al., 2009; Wellcome Trust Case Control, 2007). Here, we 105 

showed that GABARAP/GABAA receptor signaling modulates the activity of neural circuits that regulate 106 

social behaviors in flies. We speculate that our study might provide insights into how GABAA receptor 107 

signaling in the brain modulates social behaviors in flies and other animals and may help us understand 108 

the molecular and neural mechanisms underlying social deficits seen in human psychiatric disorders.  109 

Results 110 

GABARAP is required in the male nervous system to suppress courtship toward other males  111 

We identified Atg8a (hereafter named GABARAP) as a regulator of male courtship behavior in a genome-112 

wide transgenic RNA interference (RNAi) screen for genes required in the nervous system for 113 

reproduction (Bussell et al., 2014). RNAi-mediated knockdown of GABARAP in male flies using a pan-114 

neuronal driver, elav-GAL4 (elav>), induced male courtship toward other males (Figures 1A and S1A). 115 

Elav>GABARAP-RNAi males showed robust courtship actions toward target males without showing 116 

signs of motor deficits or general hyperactivity (Video S1). Male-to-female courtship was normal in 117 

elav>GABARAP-RNAi males (Figure 1B). Next, to investigate whether Atg proteins that are suggested 118 

to interact with GABARAP (Atg8a) (Mizushima, 2020; Nakatogawa et al., 2007) are also required to 119 

suppress male-male courtship, we knocked them down in the nervous system. Elav>Atg3 males were 120 

lethal. Most of the elav>Atg-RNAi males tested (except for Atg4a and Atg10) courted target males (Figure 121 

S1B). Our results revealed that the functions of multiple Atg genes, including GABARAP (Atg8a), are 122 

required in the nervous system to regulate male courtship, specifically to suppress male courtship toward 123 

other males.  124 

GABARAP is required in visual feedback neurons to suppress male courtship toward other males  125 

To identify neurons in which GABARAP regulates male courtship, we carried out cell-type specific 126 

knockdown in molecularly defined populations of neurons related to courtship regulation, sensory 127 

perception, and neuromodulation and checked for male courtship defects. This allowed us to pinpoint 128 

GABARAP function to a population of neurons expressing the tryptophan hydroxylase gene (Trh) 129 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 25, 2023. ; https://doi.org/10.1101/2023.01.25.525544doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.25.525544
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

(Coleman and Neckameyer, 2005) (Figures 1C and 1D). Trh>GABARAP-RNAi males courted target 130 

males, displaying the full repertoire of male courtship actions (Figures 1E, S1C, and S1D, Video S2). We 131 

did not find any obvious courtship defects in Trh>GABARAP-RNAi females; they mated with target males 132 

at similar levels to controls (Figure 1F).  133 

Trh gene encodes the rate-limiting enzyme in serotonin biosynthesis (Coleman and Neckameyer, 134 

2005). Trh> labels most of the serotonergic neurons in the fly brain (n=∼90 per hemisphere). These 135 

neurons are classified into different clusters based on the location of their cell bodies (Figures 2A and 136 

2B) (Alekseyenko et al., 2010; Pooryasin and Fiala, 2015; Sitaraman et al., 2012; Vallés and White, 1988). 137 

To identify a smaller subset of serotonergic neurons in which GABARAP is required to suppress male-138 

male courtship, we expressed GABARAP-RNAi in different serotonergic clusters. We found that knocking 139 

down GABARAP in the lateral protocerebrum (LP) cluster was sufficient to induce male courtship toward 140 

other males (Figures 2C-2F). We further narrowed down the subset of neurons within the LP cluster using 141 

the split-GAL4 binary expression system (Luan et al., 2006; Pfeiffer et al., 2010). This intersectional 142 

genetic strategy allowed us to restrict GABARAP function to a small population of serotonergic visual 143 

feedback neurons (lamina tangential cells, Lat, n=~6 per hemisphere) (Nässel, 1988, 1991) (Figures 2G 144 

and S2A-S2C). In all split-GAL4 drivers tested (Lat1>, Lat2>, Lat3>), Lat>GABARAP-RNAi males courted 145 

other males significantly more than genetic controls (Figures 2H and S2D, Video S3). The male-male 146 

courtship defect was not caused by changes in Lat neurogenesis, as we did not observe differences in 147 

the number of Lat neurons (Figure S2G) or gross anatomical changes in Lat wiring between control and 148 

RNAi flies (Figure S2F). Furthermore, Lat>GABARAP-RNAi males did not court target males in the dark 149 

(Figure S2E), indicating that male-male courtship defect is context-dependent and relies on the light 150 

conditions. Our results demonstrated that GABARAP function is required in Lat visual feedback neurons 151 

to suppress male courtship toward other males. Since Lat>GABARAP-RNAi males did not have gross 152 

anatomical abnormalities and the male-male courtship defect was sensory context-dependent, we 153 

hypothesized that GABARAP is required in Lat neurons for visual processing during courtship rather than 154 

regulating the development of male visual circuits.  155 

The human ortholog of Drosophila GABARAP rescues the male-male courtship defect 156 

In flies, GABARAP (Atg8a) functions have been studied mainly in the context of autophagy (Bali and 157 

Shravage, 2017; Jipa et al., 2021; Ratliff et al., 2015; Simonsen et al., 2008). However, mammalian 158 

GABARAPs are known to have autophagy-independent functions (Schaaf et al., 2016). To test whether 159 

GABARAP (Atg8a) function in Lat neurons is required for cellular autophagy, we checked for the 160 

accumulation of an autophagy disruption marker, Ref(2)P (Nezis et al., 2008), in Lat>GABARAP-RNAi 161 

males. Surprisingly, we did not detect an accumulation of Ref(2)P-positive protein aggregates in Lat 162 

neurons in RNAi males or controls (Figure S3A), indicating that GABARAP (Atg8a) in Lat neurons is not 163 

required for autophagy and GABARAP (Atg8a) might have autophagy-independent functions in these 164 
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neurons. Mammalian GABARAPs have been shown to regulate the membrane trafficking and the 165 

synaptic localization of the GABAA receptors (Kanematsu et al., 2007; Leil et al., 2004; Ye et al., 2021). 166 

In fact, before our study, no one has previously reported the strong sequence similarity between the 167 

Drosophila GABARAP (Dro-GABARAP) and the human GABARAP (hu-GABARAP) (Figures 3A and 3B). 168 

Here, we showed that Dro-GABARAP isoforms and the hu-GABARAP share remarkable sequence 169 

identities ranging from 68% to 88% at the amino acid level (Figure 3B). On the other hand, the amino 170 

acid identity between Dro-GABARAP and another human Atg8 protein, human LC3B (hu-LC3B), ranges 171 

from 25% to 29% (Figure 3B). These data indicate that Dro-GABARAP is more closely related to hu-172 

GABARAP than hu-LC3B (Figure 3C). To test whether this strong sequence similarity between Dro-173 

GABARAP and hu-GABARAP also reflects functional homology, we overexpressed hu-GABARAP or hu-174 

LC3B in Lat neurons in Lat>GABARAP-RNAi males. As predicted by our protein sequence analysis, 175 

expression of hu-GABARAP but not hu-LC3B rescued Dro-GABARAP function in Lat neurons and 176 

suppressed male-male courtship (Figure 3D). Together, our results showed that Dro-GABARAP has 177 

autophagy-independent functions in Lat neurons, and hu-GABARAP can rescue this function, suggesting 178 

that Dro-GABARAP is a functional homolog of hu-GABARAP.  179 

Hyperactivation of Lat neurons induces male courtship toward other males 180 

In mammals, GABARAPs regulate neuronal activity by modulating the trafficking of GABAA receptors to 181 

the synaptic membrane (Kanematsu et al., 2007; Leil et al., 2004; Ye et al., 2021). Because we found 182 

that Dro-GABARAP is a functional homolog of hu-GABARAP (Figure 3D), we hypothesize that it might 183 

regulate Lat activity by altering GABAA receptor function (Figure 4A). In Drosophila melanogaster, three 184 

genes encode GABAA receptor subunits: resistance to dieldrin (Rdl), GABA and glycine-like receptor of 185 

Drosophila (Grd), and ligand-gated chloride channel homolog 3 (Lcch3) (Buckingham et al., 1994; 186 

Gisselmann et al., 2004). Rdl is the best-characterized GABAA receptor subunit in flies (Buckingham, 187 

2005; Liu et al., 2007). To investigate whether GABAA receptor function in Lat neurons is required to 188 

regulate male courtship, we knocked down Rdl in Lat neurons. Lat>Rdl-RNAi males courted other males 189 

at similar levels to Lat>GABARAP-RNAi males (Figure 4B), demonstrating that GABAA receptor function 190 

indeed is required in Lat neurons to suppress male-male courtship.  191 

How do GABARAP and Rdl regulate Lat function? We speculated that GABARAP or GABAA 192 

receptor function in Lat neurons is required to maintain Lat activity at a precise level to optimize male 193 

courtship. To test this, we genetically inhibited or activated Lat neurons. Silencing the activity of Lat 194 

neurons by expressing the tetanus toxin light chain (TNT) (Sweeney et al., 1995) (Lat>TNT, Figure 4C) 195 

or the Kir2.1 potassium channel (Baines et al., 2001; Johns et al., 1999) (Lat>Kir2.1, Figure 4D) did not 196 

induce male-male courtship. In contrast, chronic (Figure 4E) or temporal (Figure 4F) activation of Lat 197 

neurons by overexpressing the bacterial voltage-gated sodium channel, NaChBac (Ren et al., 2001), or 198 

transient receptor potential cation channel A1, TrpA1 (Hamada et al., 2008) respectively, triggered male 199 
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courtship toward other males. Similar to Lat>GABARAP-RNAi males, Lat>TrpA1 males also did not court 200 

other males in the dark, once again demonstrating that the male-male courtship defect that originates in 201 

Lat neurons is context-dependent and is only induced under light conditions (Figure 4F, Video S4). We 202 

also tested Lat>TNT and Lat>TrpA1 males in Drosophila activity monitors (DAM) typically used to 203 

measure circadian rhythms or sleep to investigate whether Lat neurons regulate these light-dependent 204 

behaviors. Manipulating Lat activity did not alter the daily phasic locomotor activity or sleep amount of 205 

male flies (Figures S4A-S4D). Finally, we activated other visual feedback neurons, Lawf1 and Lawf2, to 206 

test whether any visual perturbation can induce male-male courtship. Activation of Lawf1 or Lawf2 did 207 

not induce male-male courtship (Figures S4E-S4G), proving that courtship defect seen in Lat>TrpA1 208 

males is not caused by a general problem in males’ vision, and Lat neurons have a specific function in 209 

regulating male courtship.  210 

Our data demonstrated that normal Lat activity is required to suppress male courtship toward 211 

other males under light conditions; when Lat neurons are hyperactivated, male flies abnormally court 212 

other males. Based on our results, we hypothesized that GABARAP knockdown in Lat neurons 213 

hyperactivates these neurons triggering male courtship toward other males. If this is true, silencing the 214 

activity of Lat neurons in Lat>GABARAP-RNAi males should suppress male courtship toward other males. 215 

To test this, we co-expressed GABARAP-RNAi and Kir2.1 in Lat neurons and quantified male-male 216 

courtship. Lat>GABARAP-RNAi males courted other males but not when their activity was inhibited with 217 

Kir2.1 (Figure 4G). Together, our results suggest that Dro-GABARAP suppresses male-male courtship 218 

by preventing the hyperactivation of Lat neurons, potentially by altering GABAA receptor signaling. 219 

Lat neurons are required for the vigorous following of females during courtship 220 

We have shown that hyperactivation of Lat neurons triggers male courtship toward other males. However, 221 

this is an unusual behavior for the male flies because Drosophila males do not court other males in normal 222 

conditions. What is the normal function of Lat neurons in the male brain? Do Lat neurons regulate male 223 

courtship toward females? Since Lat neurons are visual feedback neurons, we speculated that they might 224 

modulate male visual processing during courtship. Visual input is critical for the ability of males to direct 225 

their locomotion and courtship actions toward females. Recently, a group of visual projection neurons, 226 

LC10, were shown to regulate the ability of males to track females during courtship (Hindmarsh Sten et 227 

al., 2021; Ribeiro et al., 2018). To investigate whether Lat neurons contribute to female tracking, we 228 

silenced their activity during male-female courtship (Figure 5A). Blocking synaptic release in either Lat or 229 

LC10 neurons significantly decreased male copulation success (Figure 5B). To further identify which 230 

courtship steps Lat neurons are required for, we tracked male and female behaviors at high resolution 231 

during courtship using a deep-learning-based framework for multi-animal pose tracking, SLEAP (Figure 232 

5A and Video S5) (Pereira et al., 2019; Pereira et al., 2022). To train the SLEAP neural network, we 233 

labeled specific body parts (eyes, head, thorax, wing tips, and abdominal tip) of freely interacting pairs of 234 
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male and female flies. After several training rounds, we confirmed that the SLEAP neural network 235 

effectively tracked male and female actions during courtship. Using the tracking data, we automatically 236 

classified specific male behaviors such as orientation, wing extension, and following (Figures 5C and 5D). 237 

The duration and the sequence of each male courtship action were then visualized using ethograms in 238 

Lat>TNT, LC10>TNT, and control flies allowing us to determine the specific courtship defects as a 239 

consequence of Lat or LC10 neural inhibition (Figure 5D). In control flies, the distributions of the male’s 240 

head angle and the distance between the male and female flies were biased toward small values. As 241 

previously shown by Ribeiro et al., 2018, inhibiting LC10 neurons increased the head angle and the 242 

distance between male and female flies during courtship (Figures 5E-5G). The ability of Lat>TNT males 243 

to orient toward females was not impaired; however, their distance from the female fly was slightly 244 

elevated during courtship (Figures 5E-5G). We further calculated the wing extension and the following 245 

index for Lat>TNT, LC10>TNT, and control flies. LC10>TNT males showed a decrease in both metrics 246 

toward females (Figures 5H and 5I), while Lat>TNT males were only impaired in following behavior 247 

(Figure 5I). Our data suggest that the activity of Lat neurons, similar to LC10 neurons, is required for the 248 

ability of males to track females during courtship. When these neurons are inhibited, males cannot 249 

vigorously follow females, and their copulation success is reduced.  250 

Lat neurons impact male behavior via neural circuits that drive visually-guided courtship pursuits  251 

Our genetic manipulations revealed that GABARAP function in Lat neurons is required to optimize their 252 

activity and stimulate or suppress male courtship. To further understand how these neurons regulate 253 

male behavior, we investigated their anatomical organization and functional connections in detail. Lat 254 

neurons are present in the brains of both sexes (Kolodziejczyk, 2011; Kolodziejczyk and Nässel, 2011b). 255 

Lat cell bodies are located between the optic lobe and the central brain (Figures 6A and 6B). These 256 

neurons are proposed to provide feedback from the central brain to the distal surfaces of the lamina 257 

(Kolodziejczyk and Nässel, 2011b). Consistent with previous studies, we found that Lat axon terminals 258 

labeled by Lat>Syt-GFP (Zhang et al., 2002) are located in the lamina (Figure 6C), and Lat dendritic 259 

arbors labeled by Lat>DenMark (Nicolai et al., 2010) are located in the posterolateral protocerebrum 260 

(Figure 6D). To complement our light microscopy analysis and to further investigate Lat pre- and post-261 

synaptic sites and their connectivity, we used FlyWire, an open-source connectomic resource for the 262 

female Drosophila brain (Dorkenwald et al., 2022). We identified and proofread 12 putative Lat neurons 263 

within the electron microscopic (EM) brain volume (Zheng et al., 2018) and reconstructed them using a 264 

standard fly brain template (Figure 6E, Table S1, and Video S6). Our EM tracing results identified three 265 

types of Lat neurons: Lat-Type1 neurons innervate both dorsal and ventral segments of the lamina 266 

(Figures 6F and S5A). In contrast, Lat-Type2 and Lat-Type3 neurons arborize in the dorsal or ventral 267 

lamina, respectively (Figures 6F, S5B, and S5C). We also used the EM data to determine the number of 268 

synaptic connections between putative Lat neuron subtypes via an automated synapse detection 269 
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algorithm (Buhmann et al., 2021). Using the connectivity data, we built a neural connectivity matrix and 270 

showed that there is little or no connectivity between 12 putative Lat neurons, with one exception; Lat3 271 

neurons are presynaptic to Lat6 neurons (8 synapses) (Figure 6G). We next investigated the 272 

neurotransmitters used by Lat neurons using specific antibodies for dopaminergic, 273 

octopaminergic/tyraminergic, serotonergic, and GABAergic neurons. We found that Lat neurons with cell 274 

bodies in the dorsal protocerebrum co-expressed markers for serotonin and octopamine/tyramine, 275 

whereas Lat neurons with cell bodies in the ventral protocerebrum co-expressed markers for dopamine 276 

and octopamine/tyramine (Figures S6A-S6C). We did not detect markers for cholinergic or GABAergic 277 

neurons in any of the Lat neurons identified (Figures S6D and S6E). Together these results demonstrate 278 

that Lat neurons are modulatory visual feedback neurons that receive input from the posterolateral 279 

protocerebrum in the central brain and relay information to the distal regions of the lamina. They can be 280 

classified into different subtypes based on their axonal arborizations in the lamina and the 281 

neurotransmitters they express.  282 

Next, to identify the neural circuit mechanisms by which Lat neurons regulate male behavior, we 283 

investigated their functional connectivity to neurons that are previously shown to mediate visually-guided 284 

male courtship, LC10 (Hindmarsh Sten et al., 2021; Ribeiro et al., 2018), and Fru-P1 neurons (Kimura et 285 

al., 2008; Kohatsu et al., 2011; Von Philipsborn et al., 2011). LC10 neurons have four distinct subtypes, 286 

LC10a-d, classified by their arborization patterns in the lobula (Wu et al., 2016). LC10a activity is 287 

particularly critical for visually-guided male courtship pursuits (Hindmarsh Sten et al., 2021; Ribeiro et al., 288 

2018). To examine the functional connections between Lat and LC10a neurons, we used in vivo 289 

optogenetic stimulation coupled with two-photon calcium imaging (Figure 7A). We first stimulated Lat 290 

neurons while imaging the activity of LC10a neurons using a genetically encoded calcium indicator 291 

GCaMP6s (Chen et al., 2013). Lat activation caused a robust increase in GCaMP6s fluorescence in 292 

LC10a neurons (Figures 7B-7D) but not in other visual projection neurons tested (Figures S7A-S7D). 293 

Next, we optogenetically stimulated LC10a-d neurons while recording the activity of Lat neurons. 294 

Optogenetic activation of LC10a-d neurons elicited calcium responses in Lat neurons, but these 295 

responses were not significantly different from controls (Figures S7E-S7H). Our results demonstrated 296 

that Lat neurons provide functional input to LC10a neurons, but LC10a-d neurons do not provide 297 

functional input to Lat neurons. How does the Lat>LC10a pathway regulate male courtship? LC10a 298 

activity is strongly enhanced when males are in a courtship state or when male-specific Fru-P1 neurons 299 

are activated (Hindmarsh Sten et al., 2021; Ribeiro et al., 2018). We hypothesized that the Lat>LC10a 300 

pathway might regulate male courtship via their interactions with Fru-P1 neurons. Indeed, optogenetic 301 

stimulation of LC10a neurons was sufficient to induce calcium responses in Fru-P1 neurons, 302 

demonstrating that the Lat-LC10a pathway is functionally connected to Fru-P1 neurons (Figures 7E-7H).  303 

Our functional imaging experiments suggest that Lat neurons regulate male courtship behavior, 304 

specifically the ability of males to track females via their interactions with the LC10a-Fru-P1 neurons. If 305 
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this is true, activation of LC10a-d neurons should also trigger male-male courtship, and Lat-induced male-306 

male courtship should rely upon LC10a activation. As our model predicted, activation of LC10a-d neurons 307 

induced male-male courtship (Figure 7I), and silencing of the activity of LC10a neurons during Lat 308 

thermogenetic activation suppressed male-male courtship (Figure 7J). Taken together, our results clearly 309 

demonstrated that Lat neurons regulate male courtship via the LC10a-Fru-P1 pathway.  310 

Discussion 311 

Drosophila melanogaster males use multi-modal sensory information to identify and mate with suitable 312 

females. Although neural circuits that process olfactory, gustatory, and auditory cues during courtship 313 

have been extensively studied (Baker et al., 2022; Clowney et al., 2015; Deutsch et al., 2019; Dickson, 314 

2008; Kallman et al., 2015; Kohl et al., 2013; Kurtovic et al., 2007; Thistle et al., 2012; Von Philipsborn et 315 

al., 2011), neural circuits that process visual information are just beginning to be characterized. In this 316 

study, we revealed that a Drosophila ortholog of human GABAA-receptor-associated protein (GABARAP) 317 

is required in a small population of visual feedback neurons, Lat, to optimize male courtship behavior. 318 

Knocking down GABARAP or GABAA receptors in Lat neurons induces male-male courtship while 319 

inhibiting their activity impairs male-female courtship. Lat neurons are functionally connected to LC10a 320 

visual projection neurons which output to Fru-P1 neurons to modulate male courtship. We propose a 321 

model in which GABARAP/GABAA receptor signaling maintains Lat neuron activity in a precise regime: 322 

Activation above this regime hyperactivates the LC10a-Fru-P1 circuit, reducing male fly’s ability to 323 

discriminate males from females and leading to male-male courtship. Inhibiting Lat activity, on the other 324 

hand, below this regime impairs male-female courtship as if the visual system is now not sensitive enough 325 

to track the female fly. 326 

GABARAP regulates Lat activity via GABAA receptor signaling 327 

Previous studies have focused mainly on studying the functions of Drosophila GABARAP (Atg8a) in the 328 

cellular degradation pathway autophagy (Bali and Shravage, 2017; Jipa et al., 2021; Ratliff et al., 2015; 329 

Simonsen et al., 2008). However, these studies have not realized that GABARAP (Atg8a) shares up to 330 

88% sequence identity with the mammalian GABARAPs, which regulate the surface expression and 331 

membrane trafficking of GABAA receptors (Leil et al., 2004; Ye et al., 2021). In addition to GABARAP 332 

(Atg8a), other Atg proteins are also shown to play essential roles in regulating neuronal physiology and 333 

behavior (Hui et al., 2019; Lieberman et al., 2020; Nikoletopoulou and Tavernarakis, 2018; Schaaf et al., 334 

2016; Yang et al., 2022). For example, in the mouse striatum, conditional knockouts of Atg7 in two 335 

different types of GABAergic neurons; (dSPN and iSPN) lead to defects in motor learning by either 336 

impairing the dendritic arborization or the resting membrane potential of these neurons (Lieberman et al., 337 

2020). In the forebrain GABAergic neurons, Atg7 knockouts disrupt social behaviors. The behavioral 338 

impairments seen in Atg7 mutants are due to the reduction of surface GABAA receptor levels and the 339 

hyperactivation of GABAergic neurons (Hui et al., 2019). These studies suggest that Atg proteins in the 340 
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nervous system have autophagy-independent functions, and they regulate neuronal physiology and 341 

animal behavior by modulating GABAA receptor signaling.  342 

Our study found that Dro-GABARAP and GABAA receptor functions are required in a group of 343 

visual feedback neurons, Lat, to suppress male courtship toward other males. Strikingly, the function of 344 

Dro-GABARAP in Lat neurons can be rescued by the expression of its human ortholog (Figure 3). Our 345 

findings support the idea that similar to the mammalian systems, Dro-GABARAP in flies might regulate 346 

neural activity by modulating GABAA receptor localization at the synaptic terminals. The results of our 347 

neuronal activation experiments further support this model (Figures 4E and 4F). It is still possible that 348 

Dro-GABARAP function in Lat neurons is also required for maintaining the structural integrity of these 349 

neurons. Although we have not found evidence for autophagy disruption in Lat neurons upon Dro-350 

GABARAP knockdown (Figure S3A), it might regulate other cellular pathways in Lat neurons that we 351 

have not characterized. Future experiments should investigate the consequences of Dro-GABARAP loss 352 

of function in Lat neurons by transcriptomic and proteomic analysis and determine which molecular 353 

pathways are disrupted. Another piece of evidence supporting our model that Dro-GABARAP regulates 354 

Lat neural activity rather than its structural organization is based on our anatomical characterization of 355 

Lat neurons. We did not observe any gross abnormalities in the dendritic or synaptic arborization patterns 356 

of Lat neurons upon RNAi-mediated knockdown of Dro-GABARAP (Figures S2F and S2G). In addition, 357 

Dro-GABARAP knockdown-induced male-male courtship was reversible and dependent on the 358 

environment (Figure S2E), suggesting Dro-GABARAP likely modulates the activity of Lat neurons rather 359 

than their wiring or cellular homeostasis. 360 

Lat neurons are visual feedback neurons that connect the central brain to the lamina  361 

Lat neurons (also referred to as LBO5HT) were first described as serotonin-immunoreactive cells that 362 

send processes to the distal lamina in Drosophila and other insects (Kolodziejczyk and Nässel, 2011a, 363 

b; Nassel, 1988; Nässel et al., 1987; Pyza and Meinertzhagen, 1996). Since their first characterization in 364 

the 1980s, the functions of Lat neurons in visual processing and behavior have remained poorly 365 

understood. Recent studies aiming to characterize the roles of lamina-associated neurons in response 366 

to a diverse set of motion stimuli found no behavioral defects in flies where Lat neurons were activated 367 

or inhibited (Tuthill et al., 2013). Our study is the first to unveil a potential role for Lat neurons in regulating 368 

visual processing, specifically during Drosophila male courtship behavior.  369 

In blowflies, Calliphora erythrocephala, Lat neurons do not possess canonical presynaptic sites 370 

in the lamina (Nässel and Elekes, 1984). In Drosophila melanogaster, axon terminals of Lat neurons do 371 

not express presynaptic markers such as Bruchpilot or synapsin (Kolodziejczyk, 2011). These earlier 372 

observations and our current EM analysis led to the idea that Lat neurons might release neurotransmitters 373 

in the lamina in a paracrine fashion. In our study, we found that Lat neurons express multiple 374 

neurotransmitters in addition to serotonin; dorsal Lat neurons are both serotonergic and octopaminergic, 375 
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and ventral Lat neurons are both dopaminergic and octopaminergic (Figures S6A-S6C). Co-expression 376 

of different neurotransmitters in the Drosophila brain has been previously reported (Deng et al., 2019). 377 

We have not characterized when or how each neurotransmitter is released from Lat neurons or their 378 

particular functions. However, based on their anatomical organization and the neurotransmitter pairs they 379 

express, we speculate that dorsal and ventral Lat neurons might have distinct roles in regulating fly visual 380 

processing during courtship or other visually-guided behaviors.  381 

Here we focused on the functions of Lat neurons in male flies. But Lat neurons exist in both sexes. 382 

The function of Lat neurons in females is currently unknown, and we did not observe any apparent defects 383 

in Trh>GABARAP-RNAi females in our experiments (Figure 1F). In male flies, we showed that Lat 384 

neurons are required for visually-guided tracking behavior during courtship. However, we do not know 385 

which sensory signals Lat neurons respond to. In fact, based on their anatomical organization, we 386 

propose that Lat neurons might not directly respond to visual features or motion for two reasons: 1. Most 387 

of the Lat dendrites are not located in the optic lobe but in the central brain. 2. Lat neurons are not 388 

connected to photoreceptors or other visually-responsive neurons in the lamina (Nässel and Elekes, 389 

1984; Rivera-Alba et al., 2011). We speculate that Lat neurons respond to internally-generated signals 390 

and relay them from the central brain back to the lamina to adjust early visual processing during courtship. 391 

Lat neurons regulate male courtship by altering the activity of LC10a visual projection neurons 392 

Our data demonstrate that Lat neurons regulate male courtship through their functional connections with 393 

the LC10a-Fru-P1 circuit (Figure 7). The functional connections between Lat and LC10a neurons are not 394 

direct since our EM analysis did not identify any synaptic connections between Lat and LC10a neurons 395 

in the female connectome. However, we could not assess the synaptic connectivity between Lat and 396 

LC10a neurons in the male brain because a male connectome does not exist yet. Still, based on the 397 

anatomical organization of these neurons (Figure 7A), we think the functional connectivity between Lat 398 

and LC10a neurons must be multisynaptic. Furthermore, our study demonstrated that optogenetic 399 

stimulation of LC10a neurons is sufficient to activate Fru-P1 neurons. Previous studies have shown that 400 

Fru-P1 neurons regulate LC10a responses during tracking based on the male’s sexual arousal state 401 

(Hindmarsh Sten et al., 2021). Our optogenetic activation experiments showed that LC10a neurons 402 

provide excitatory input to Fru-P1 neurons, but these neurons also do not share direct synaptic 403 

connections (Hindmarsh Sten et al., 2021; Ribeiro et al., 2018). We currently do not know how Lat 404 

neurons interact with LC10a and Fru-P1 neurons. We speculate that LC10a and Lat neurons might 405 

generate feed-forward excitation in the visual system to enhance male visual perception. Activation of 406 

Lat neurons by currently unknown factors stimulates LC10a neurons which then will activate Fru-P1; 407 

activation of Fru-P1 will further boost LC10a activity and allow the male fly to rigorously track the moving 408 

female target. Future studies should record the activity of these neurons simultaneously when a male fly 409 

is engaged in courtship pursuits to reveal the dynamic interactions between them.  410 
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A conserved mechanism for regulating visual processing during mating behaviors 411 

The data presented here provide strong evidence that GABARAP/GABAA receptor signaling in the visual 412 

feedback neurons Lat contributes to the mating success of Drosophila males by modulating their visual 413 

perception. Based on the structural and functional similarities between the insect and vertebrate visual 414 

systems, we speculate that GABARAP and GABAA receptors might have conserved functions in 415 

modulating the activity of visual circuits and social behaviors in vertebrates as well as in insects. In fact, 416 

efferent fibers entering the retina, retinopetal fibers, have been found in many vertebrate species (Ball et 417 

al., 1989; Brooke et al., 1965; Cajal, 1892; Halpern et al., 1976; Schütte, 1995; Uchiyama, 1989). Similar 418 

to Lat neurons in flies, in rodents, some of the retinopetal fibers are serotonergic and originate from the 419 

dorsal raphe nucleus (DRN) of the brainstem (Repérant et al., 2000; Villar et al., 1987). Stimulation of 420 

DRN efferents enhances visual responses in the retina (Lörincz et al., 2008), but the behavioral 421 

consequences of this visual enhancement remain poorly understood. A recent study showed that retinal 422 

output is modulated by arousal in mice (Schröder et al., 2020). Whether the arousal state modulates the 423 

visual gain through the activation of retinopetal fibers is unclear. Given that Lat neurons are visual 424 

feedback neurons that project to the posterior lamina right below the fly retina, we speculate that Lat 425 

neurons in flies and retinopetal fibers in vertebrates regulate early visual processing by providing 426 

feedback signals to the retina when animals are in different arousal states.  427 
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Figure 1. GABARAP is required to suppress male courtship toward other males 755 
(A) Courtship quantification of elav>GABARAP-RNAi males and controls toward a male target (One-way 756 
ANOVA with Tukey’s test, p<0.05, mean ± SEM, n=18-24 flies).  757 
(B) Courtship quantification of elav>GABARAP-RNAi males and controls toward a female target (One-758 
way ANOVA with Tukey’s test, ns, mean ± SEM, n=13-15 flies). 759 
(C) Percentage of males courting a male target in various GAL4s crossed to GABARAP-RNAi3. Positive 760 
GAL4s are colored in green (Fisher’s exact test, ****, p<0.0001; n=17-56 flies).  761 
(D) Trh1>CD8-GFP brain stained with anti-GFP (green) and anti-serotonin (magenta) (scale bar=50μm). 762 
(E) Courtship quantification of Trh1>GABARAP-RNAi and control males toward male targets (One-way 763 
ANOVA with Tukey’s test, p<0.05, mean ± SEM, n=18-19 flies). 764 
(F) Female receptivity quantification of Trh1>GABARAP-RNAi and control females as percent copulated 765 
in 20min (Fisher’s exact test, ns, n=34-80 flies).  766 
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Figure 2. GABARAP knockdown in Lat neurons induces male courtship toward other males 767 
(A-B) Serotonergic neurons in the anterior (A) and posterior (B) male brain (scale bars=50 μm). Illustration 768 
of serotonergic neurons in the central brain adapted from Pooryasin and Fiala, 2015.  769 
(C) Percentage of male-male courtship observed in various serotonergic GAL4s crossed to GABARAP-770 
RNAi2. Positive GAL4s are colored in blue (Fisher’s exact test, ****, p<0.0001; n=23-58). 771 
(D) List of GAL4 strains tested and serotonergic neurons they label. 772 
(E) 76F03>CD8-GFP male brains stained with anti-GFP (green) and anti-serotonin (magenta) (scale bars, 773 
left=50μm, right=10μm). White arrowheads indicate co-labeling.  774 
(F) Courtship quantification of 76F03>GABARAP-RNAi and control males toward a male target (One-775 
way ANOVA with Tukey’s test, p<0.001, mean ± SEM, n=16-18 flies).  776 
(G) Lat1>CD8-GFP male brains stained with anti-GFP (green) and anti-serotonin (magenta) (scale bars, 777 
left=50μm, right=10μm). White arrowheads indicate co-labeling.  778 
(H) Courtship quantification of Lat1>GABARAP-RNAi and control males toward a male target (One-way 779 
ANOVA with Tukey’s test, p<0.01, mean ± SEM, n=12-18 flies).   780 
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Figure 3. Human GABARAP can rescue Drosophila GABARAP function in Lat neurons 781 
(A) Sequence alignment of Drosophila melanogaster GABARAP isoforms (GABARAP-PA/PB/PC) and 782 
their human orthologs, LC3B, GABARAP. Amino acid sequences were obtained from UniProtKB 783 
(www.uniprot.org) and aligned using T-Coffee multiple sequence alignment. Identical residues are 784 
highlighted in gray.  785 
(B) Table showing the percentage identity scores between Drosophila GABARAP isoforms and the 786 
human orthologs, LC3B and GABARAP. 787 
(C) Phylogenetic tree of Drosophila GABARAP and human orthologs, LC3B and GABARAP. The tree 788 
was constructed using the neighbor-joining method (MacVector).  789 
(D) Courtship quantification of males expressing Lat3>GABARAP-RNAi2 with and without human 790 
orthologs, Hu-LC3B or Hu-GABARAP toward a male target (One-way ANOVA with Tukey’s test, mean ± 791 
SEM, p<0.0001, n=24-44 flies).792 
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Figure 4. Hyperactivation of Lat neurons induces male courtship toward other males 793 
(A) Model for GABAA receptor membrane trafficking by GABARAP. Adapted from Kanematsu et al., 2007.  794 
(B) Courtship quantification of Lat3>Rdl-RNAi and control males toward a male target (One-way ANOVA 795 
with Tukey’s test, ns, mean ± SEM, n=16-18 flies).  796 
(C-D) Courtship quantification of Lat3>TNT (C), Lat3>Kir2.1 (D), and control males toward a male target 797 
(One-way ANOVA with Tukey’s test, ns, mean ± SEM, n=18 flies).  798 
(E) Courtship quantification of Lat3>NaChBac and control males toward a male target (One-way ANOVA 799 
with Tukey’s test, p<0.001, mean ± SEM, n=14-18 flies).  800 
(F) Courtship quantification of Lat3>TrpA1 and control males at 20oC and 30oC and in dark and light 801 
conditions toward a male target (One-way ANOVA with Tukey’s test, p<0.01, mean ± SEM, n=15-18 flies).  802 
(G) Courtship quantification of males expressing Lat3>GABARAP-RNAi2 with or without Kir2.1 toward a 803 
male target (One-way ANOVA with Tukey’s test, p<0.001, mean ± SEM, n=18-21 flies).  804 
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Figure 5. Inhibition of Lat neurons impairs the ability of males to follow females during courtship 805 
(A) Snapshot of male (blue) and female (orange) fly tracking in SLEAP.  806 
(B) Cumulative percentage of males with indicated genotypes copulating in 10min (Kaplan-Meier, p 807 
<0.0001; mean ± SEM), (n=30-31 flies for all the analyses here and below). 808 
(C) Schematic showing head angle (θ), wing angle (a), and the distance between the male and the female.  809 
(D) Male courtship ethograms for indicated genotypes are generated using SLEAP tracking data. 810 
(E-F) Probability density functions of the absolute male head angle q (E) and distance between male and 811 
female flies (F) of indicated genotypes during single-pair courtship.  812 
(G-I) Average head angle IθI (G), wing extension index (H), and following index (I) plotted for males of 813 
indicated genotypes (One-way ANOVA with Tukey’s test, p<0.05, mean ± SEM). 814 
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Figure 6. Lat neurons have different subtypes 815 
(A) Lat1>CD8-GFP male brain stained with anti-GFP (green) and anti-Brp (magenta). Labels indicate 816 
different regions of the optic lobe. The right panel shows magnified Lat neurons (scale bars=50μm).  817 
(B) Lat1>CD8-GFP male brain showing the lamina and neuropil layers of the optic lobe (scale bars=50μm). 818 
(C) Lat1>Syt-GFP male brain stained with anti-GFP (green) showing axonal terminals of Lat neurons in 819 
the lamina (scale bars left=50μm, right=10μm).  820 
(D) Lat1>DenMark male brain stained with anti-DsRed (magenta) showing dendrites of Lat neurons in 821 
the lateral protocerebrum (scale bars left=50μm, right=10μm). 822 
(E) Reconstruction of putative Lat neurons (n=12) in the right hemisphere using the Flywire segmentation 823 
of an electron microscopic (EM) volume of an entire female fly brain (gray) (scale bars left=50μm).  824 
(F) We identified three classes of Lat neurons based on axonal projection patterns in the lamina. 825 
Example EM reconstructions of Lat-Type1, Lat-Type2, and Lat-Type3 neurons are shown.  826 
(G) Heatmap representing the synaptic connectivity matrix across putative Lat neurons.  827 
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Figure 7. Lat neurons are functionally connected to visual circuits that regulate courtship pursuits 828 
(A) Schematic of the in vivo optogenetic stimulation/two-photon imaging setup (top). Lat3>Chrimson 829 
(magenta), LC10a-LexA>GCaMP6s (green) example brain (scale bar= 50 μm, white box=ROI).  830 
(B) Individual (left) and averaged (right) normalized responses of LC10a neurons upon optogenetic 831 
stimulation of Lat neurons (mean ± SEM; n=9 flies, 1s pulsed (20Hz) LED stimulation).  832 
(C) Individual (left) and averaged (right) normalized responses of LC10a neurons in control flies upon 833 
optogenetic stimulation (mean ± SEM; n=12 flies, 1s pulsed (20Hz) LED stimulation).  834 
(D) Averaged normalized peak responses of LC10a neurons in indicated genotypes upon optogenetic 835 
stimulation of Lat neurons (Unpaired t-test with Welch's correction; p<0.01; mean ± SEM, n=9-12 flies). 836 
(E) Schematic of the in vivo optogenetic stimulation/two-photon imaging setup (top). LC10a-837 
LexA>CsChrimson (magenta), P1>GCaMP7s (green) example brain (scale bar=50 μm, white box=ROI)  838 
(F) Individual (left) and averaged (right) normalized responses of P1 neurons upon optogenetic 839 
stimulation of LC10a neurons (mean ± SEM; n=9 flies, 1s pulsed (20Hz) LED stimulation). 840 
(G) Individual (left) and averaged (right) normalized responses of P1 neurons in control flies upon 841 
optogenetic stimulation (mean ± SEM; n=5 flies, 1s pulsed (20Hz) LED stimulation).  842 
(H) Averaged normalized peak responses of P1 neurons in indicated genotypes upon optogenetic 843 
stimulation of LC10a neurons (Unpaired t-test with Welch's correction; p<0.01; mean ± SEM, n=5-9 flies). 844 
(I) Courtship quantification of LC10>TrpA1 and control males toward a male target at 20oC (n=18 flies) 845 
and 30oC (n=16-22 flies) (One-way ANOVA with Tukey’s test, p<0.001, mean ± SEM).  846 
(J) Courtship quantification in indicated genotypes at 20oC (n=17-20 flies) and 30oC (n=18-24 flies). 847 
Silencing LC10a neurons during thermogenetic activation of Lat neurons represses courtship toward a 848 
male target. (One-way ANOVA with Tukey’s test, p<0.0001, mean ± SEM).   849 
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Supplementary figures and legends 

 
Figure S1. GABARAP knockdown in serotonergic neurons induces male-male courtship, related 850 
to Figure 1 851 
(A) Schematic showing the GABARAP (Atg8a) gene locus in the Drosophila genome and the location of 852 
various RNAi hairpins targeting different regions of the GABARAP gene.  853 
(B) Percentage of males courting a male target in various GABARAP-RNAi lines crossed to elav-GAL4. 854 
Positive RNAi lines are colored in orange (Fisher’s exact test, ***p<0.001, ****p<0.0001; n=83-153).  855 
(C) Courtship quantification of Trh2>GABARAP-RNAi and control males toward male targets (One-way 856 
ANOVA with Tukey’s test, p<0.01, mean ± SEM, n=17-31 flies). 857 
(D) Courtship quantification of Trh3>GABARAP-RNAi and control males toward male targets (One-way 858 
ANOVA with Tukey’s test, p<0.05, mean ± SEM, n=18-23 flies). The same control data for RNAi lines in 859 
Figure 1E are used in (C) and (D) because these courtship assays were performed on the same days in 860 
parallel but plotted separately.   861 
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Figure S2. GABARAP knockdown in Lat neurons induces male-male courtship only in light 862 
conditions, and it does not impact the number of Lat neurons in the brain, related to Figure 2  863 
(A) Lat1>CD8-GFP male VNC stained with anti-GFP (green) and anti-Brp (magenta) (scale bars=10μm). 864 
(B) Lat2>CD8-GFP male brain and VNC stained with anti-GFP (green) and anti-Brp (magenta) (scale 865 
bars; brain=50μm, VNC=10μm). 866 
(C) Lat3>CD8-GFP male brain and VNC stained with anti-GFP (green) and anti-Brp (magenta) (scale 867 
bars; brain=50μm, VNC=10μm). 868 
(D) Courtship quantification of Lat2>GABARAP-RNAi2, Lat3>GABARAP-RNAi2, and control males toward 869 
a male target (One-way ANOVA with Tukey’s test, p<0.0001, mean ± SEM, n=18-23 flies). 870 
(E) Courtship quantification of Lat3>GABARAP-RNAi2, and control males toward a male target in the light 871 
and dark conditions (Wilcoxon matched-pairs signed rank test, p<0.0001, n= 17-18 flies). 872 
(F) Lat3>CD8-GFP brains with and without GABARAP-RNAi expression are stained with anti-GFP 873 
(green) to determine potential anatomical defects in Lat neurons (scale bars=50μm). 874 
(G) Quantification of the number of Lat cell bodies in Lat3>CD8-GFP flies with and without GABARAP-875 
RNAi expression (Unpaired t-test with Welch's correction; ns, mean ± SEM, n=10-11 flies).  876 
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Figure S3. GABARAP knockdown in Lat neurons does not cause Ref2P accumulation, related to 877 
Figure 3.  878 
(A) Lat3>CD8-GFP male brains are stained with anti-GFP (green) and anti-Ref2P antibodies (magenta). 879 
The left column shows the labeling of a Lat cell body (green) and Ref2P protein expression (magenta) in 880 
control flies and flies expressing different GABARAP-RNAi hairpins. The right column shows the same 881 
image on the left without GFP staining; the location of the Lat cell body is highlighted and indicated by a 882 
white arrow (scale bars=10μm, single plane image).   883 
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Figure S4. Inhibition of Lat neurons does not affect locomotor activity or sleep, and activation of 884 
other visual feedback neurons does not induce male-male courtship, related to Figure 4 885 
(A) Circadian activity profiles of Lat3>TNT and control males plotted over 72 hours (left) or averaged per 886 
day (right) (One-way ANOVA with Tukey’s test, ns, mean ± SEM, n=16-31 flies).  887 
(B) Sleep profiles of Lat3>TNT and control males plotted over 72 hours (left) or averaged per day (right) 888 
(One-way ANOVA with Tukey’s test, p<0.05, mean ± SEM, n=16-31 flies).  889 
(C) Circadian activity profiles of Lat3>TrpA1 and control males plotted over 72 hours (left) or averaged 890 
per day (right) (One-way ANOVA with Tukey’s test, ns, mean ± SEM, n=16-30 flies).  891 
(D) Sleep profiles of Lat3>TrpA1 and control males plotted over 72 hours (left) or averaged per day (right) 892 
(One-way ANOVA with Tukey’s test, p<0.05, mean ± SEM, n=16-30 flies).  893 
(E-F) Lawf1>CD8-GFP and Lawf2>CD8-GFP male brains stained with anti-GFP (green) and anti-Brp 894 
(magenta) (scale bars=50μm). 895 
(G) Courtship quantification of Lawf1>TrpA1, Lawf2>TrpA1 and control males toward male targets (One-896 
way ANOVA, ns, mean ± SEM, n=18 flies).  897 
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Figure S5. EM reconstruction of putative Lat neuron subtypes, related to Figure 6 898 
(A) Reconstruction of putative Lat-Type1 neurons (blue, n=4) plotted against a standard FAFB14 brain 899 
mesh (gray). Lat-Type1 neurons have synaptic sites in both the dorsal and the ventral lamina.  900 
(B) Reconstruction of putative Lat-Type2 neurons (green, n=5) plotted against a standard FAFB14 brain 901 
mesh (gray). Lat-Type2 neurons have synaptic sites only in the dorsal lamina.  902 
(C) Reconstruction of putative Lat-Type3 neurons (magenta, n=3) plotted against a standard FAFB14 903 
brain mesh (gray). Lat-Type3 neurons have synaptic sites only in the ventral lamina.  904 
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Figure S6. Lat neurons express multiple neurotransmitters, related to Figure 6(A-E) Lat3>CD8-GFP 905 
male brains are stained with anti-GFP (green) and various neurotransmitter antibodies (magenta) (scale 906 
bars=10μm): (A) anti-serotonin, (B) anti-TDC2, (C) anti-TH, (D) anti-ChAT, (E), and anti-GABA. White 907 
arrowheads indicate cell bodies of Lat neurons. The number of Lat neurons labeled by each 908 
neurotransmitter is shown in the images in the left column.  909 
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Figure S7. Optogenetic stimulation of Lat neurons does not activate LC4 or LC11 visual projection 910 
neurons, nor stimulation of LC10a neurons activates Lat neurons, related to Figure 7 911 
(A) Lat3>Chrimson (magenta), LC4-LexA>GCaMP6s (green) example brain (scale bar= 50μm).  912 
(B) Individual (left) and averaged (right) normalized responses of LC4 neurons upon optogenetic 913 
stimulation of Lat neurons (mean ± SEM; n=10 flies). 914 
(C) Lat3>Chrimson (magenta), LC11-LexA>GCaMP6s (green) example brain (scale bar= 50μm).  915 
(D) Individual (left) and averaged (right) normalized responses of LC11 neurons upon optogenetic 916 
stimulation of Lat neurons (mean ± SEM; n=10 flies).  917 
(E) LC10>Chrimson (magenta), Lat-LexA>GCaMP6s (green) example brain (scale bar= 50 μm).  918 
(F) Peak normalized responses of Lat neurons upon optogenetic stimulation of LC10 neurons (Unpaired 919 
t-test with Welch's correction; ns; mean ± SEM, n=8-10 flies). 920 
(G-H) Individual (left) and averaged (right) normalized responses of Lat neurons in LC10>Chrimson and 921 
control flies upon optogenetic stimulation (mean ± SEM; n=8-10 flies).   922 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 25, 2023. ; https://doi.org/10.1101/2023.01.25.525544doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.25.525544
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

MATERIALS AND METHODS 923 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 924 

Flies 925 

All flies (Drosophila melanogaster) were maintained on conventional cornmeal-agar-molasses medium 926 

at ~25°C, ~65% relative humidity, and under a 12-hour light/dark cycle (lights on at 9 AM) throughout 927 

development and adulthood unless otherwise stated. Flies expressing TrpA1 were reared under a 12-928 

hour light/dark cycle at 18°C and tested at 30°C. Lat split-Gal4s tested in all courtship assays carried a 929 

wild copy of the white gene on the X chromosome. Fly stocks are detailed in the Key Resources Table. 930 

The complete genotypes used in each figure are listed in Table S2. 931 

METHOD DETAILS 932 

Male-male courtship assay 933 

All male-male courtship assays were performed at 25°C and 60% relative humidity from 3 PM to 7 PM 934 

unless otherwise stated. Experimental flies were collected as virgins, group-housed, and aged for 5-7 935 

days. 5–7-day old virgin w1118 males were used as targets for experimental flies. Courtship assays were 936 

performed in acrylic chambers (10mm diameter x 5mm height) with a removable strip separating the 937 

chamber into two halves. Experimental and target males were placed in each half of the chamber and 938 

allowed to acclimate for 5min. The assay was initiated by removing the strip and allowing the flies to 939 

interact. Courtship behavior was recorded using a FLIR Blackfly-S camera (BFS-U3-31S4M-C or BFS-940 

U3-13Y3M, Monochrome) at 30fps for 10-15min under white LED illumination. Flies used in TrpA1 941 

neuronal activation experiments were aged at 18°C, and the courtship assays were performed at 30°C. 942 

To test male courtship behavior in the dark, flies were illuminated by an IR light in a light-tight enclosure, 943 

and the fly behavior was recorded using a FLIR Blackfly-S camera (BFS-U3-31S4M-C or BFS-U3-944 

13Y3M, Monochrome) equipped with an IR filter (Edmund Optics, IR Pass Filter, R-72).  945 

Male-female courtship assay 946 

To test male-female courtship behavior, we used 5–7-day old virgin male flies and 3–5-day old virgin 947 

female flies. Both males and females were reared in single-sex groups. The male-female courtship 948 

chamber (30mm diameter and 3mm height) was designed based on a previous report (Simon and 949 

Dickinson, 2010). The freely interacting male and female flies were illuminated by an IR light (Back-lit 950 

Backlights, BL1212, Advanced Illumination). To avoid heating, the arena was equipped with a liquid 951 

cooling system (Exos-2 Liquid Cooling System, EX2-750BK, Koolance). Courtship behavior was 952 

recorded at 30fps using a FLIR Blackfly-S camera (BFS-U3-31S4M-C, Monochrome) equipped with an 953 

IR filter (Edmund Optics, IR Pass Filter, R-72). The recordings lasted for 60 minutes or until successful 954 

copulation.   955 
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Circadian activity and sleep measurements 956 

We used 5–6-day old virgin male flies to quantify circadian activity and sleep. Flies were individually 957 

loaded into plastic tubes containing fly food. Activity data were collected in 1-min bins using the 958 

Drosophila Activity Monitors (DAM2, Trikinetics, Waltham, MA) for four days under a 12-hour light/dark 959 

cycle. DAM monitors contain a single IR beam positioned in the middle of the plastic tubes. When the fly 960 

walks back and forth, the IR beam gets interrupted, leaving a record. Total beam breaks were captured 961 

and summed per minute. Flies were allowed to acclimate to the DAM monitors for 24 hours, and the data 962 

from that day were not used for analysis. Neuronal silencing experiments were performed at 25°C, 963 

whereas thermogenetic activation experiments were performed at 30°C.  964 

Immunohistochemistry 965 

Immunohistochemistry for the fly brain and ventral nerve chord was performed with minor modifications 966 

(Yapici et al., 2016). Briefly, flies were gently dipped into 70% ethanol for less than 30s to remove cuticular 967 

hydrocarbons on the fly body. For whole-mount staining, brains and ventral nerve cords were dissected 968 

in phosphate-buffered saline (PBS, calcium- and magnesium-free; Lonza BioWhittaker, #17-517Q) and 969 

incubated in 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature on an orbital shaker. 970 

Tissues were washed with PBS at room temperature (4 times, 15 min each). Samples were blocked in 971 

5% normal goat serum (NGS, Jackson Labs, 005-000-121) in PBS containing 0.2% Triton X-100 (PBT) 972 

for 1 hour and then incubated with primary antibodies diluted in NGS+PBT for 48 hours at 4oC. After 973 

incubation, samples were washed 5-6 times over 1 hour in 0.2% PBT at room temperature and incubated 974 

with secondary antibodies diluted in NGS+PBT for an additional 24 hours at 4oC. On the fourth day, 975 

samples were washed 4-6 times over 1 hour in PBS at room temperature and mounted with SlowFade™ 976 

Diamond Antifade Mountant (Thermo Fisher, S36972) on glass slides (VWR, #16004-368). The samples 977 

were covered by a glass coverslip on top and sealed using clear nail polish. For primary antibodies, we 978 

used mouse anti-Bruchpilot (1:20), mouse anti-GFP (1:100), rabbit anti-GFP (1:3000), chicken anti-GFP 979 

(1:5000), rabbit anti-DsRed (1:1000), rabbit anti-serotonin (1:2000), rabbit anti-Tdc2 (1:200), mouse anti-980 

TH (1:1000), mouse anti-ChAT (1:1000), rabbit anti-GABA (1:25), rabbit anti-Ref2P (1:500). Secondary 981 

antibodies used were goat anti-mouse Alexa 488 (1:1000), goat anti-rabbit Alexa 488 (1:1000), goat anti-982 

chicken Alexa 488 (1:1000), goat anti-rabbit Alexa 546 (1:1000), and goat anti-mouse Alexa 546 (1:1000). 983 

Z-stacks of high-resolution (1024x1024 pixels) image frames were collected at 1-2 μm intervals using an 984 

upright confocal microscope (Zeiss LSM880). Abbreviations used for serotonergic neural populations are 985 

based on a previous publication (Pooryasin and Fiala, 2015): ALP, anterior lateral protocerebrum; AMP, 986 

anterior medial protocerebrum; ADMP, anterior dorsomedial protocerebrum; LP, lateral protocerebrum; 987 

SEL, lateral subesophageal ganglion; SEM, medial subesophageal ganglion. PLP, posterior lateral 988 

protocerebrum; PMPD, posterior medial protocerebrum, dorsal; PMPM, Posterior medial protocerebrum, 989 

medial; PMPV, Posterior medial protocerebrum, ventral. 990 
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Fly preparation for optogenetics 991 

5–7-day old virgin males were used in all optogenetics/functional imaging experiments. Virgin males were 992 

collected after eclosion and aged for five days on a conventional cornmeal-agar-molasses medium at 993 

25°C. Flies were transferred to a vial containing a mixture of fly food and 400μM all-trans-retinal (ATR, 994 

Sigma # R2500). Flies were kept in the dark at 25°C for an additional 1-2 days before getting tested in 995 

the optogenetics/functional imaging experiments.  996 

Fly preparation for two-photon imaging 997 

Flies were anesthetized on ice and tethered to a custom fly holder designed based on a previous 998 

publication (Seelig et al., 2010). We fixed the fly’s head to the holder using a UV-curable adhesive (Bondic 999 

UV resin, #SK8024). Flies were allowed to recover from cold anesthesia in a dark incubator set to 25°C 1000 

for one to two hours. Once the fly’s head was fixed, the tethering plate was filled with physiological saline 1001 

(108mM NaCl, 5mM KCl, 8.2mM MgCl2·6H2O, 2mM CaCl2·2H2O, 4mM NaHCO3, 1mM NaH2PO4, 5mM 1002 

Trehalose·2H2O, 10mM Sucrose, 5mM HEPES, pH 7.5). The cuticle behind the head between the eyes 1003 

was dissected to gain optical access to the fly brain. The head cuticle was cut with a 16-gauge needle, 1004 

and the air sacks, fat bodies, and trachea around the imaging window were removed using forceps. 1005 

During all functional imaging experiments, flies stood or walked on an air-suspended, spherical treadmill 1006 

(Aragon et al., 2022). Fly behavior was captured at 30 fps under IR illumination using two cameras (FLIR 1007 

Blackfly-S, BFS-U3-13Y3C, and BFS-U3-16S2M) and the SpinView software (FLIR).  1008 

Two-photon calcium imaging coupled with optogenetic stimulation 1009 

All functional imaging experiments were performed using a resonant scanning two-photon microscope 1010 

(Bergamo II, Thorlabs) equipped with a 16X Plan Fluor Objective (Nikon, N16XLWD-PF). We used a Ti: 1011 

Sapphire laser (Coherent Chameleon Vision II) centered at 920 nm as the two-photon excitation source. 1012 

The laser was directed through a resonant scanning galvanometer for fast-scanning volumetric imaging, 1013 

and a piezo-electric Z-focus controlled the objective. Volumetric imaging was achieved by scanning 1014 

through 8 z-planes separated by 5μm at a volumetric scanning rate of ∼4.6Hz and 256x256-pixel 1015 

resolution. Laser power was measured using a power meter (PM100D with S175C, Thorlabs). Laser 1016 

power after the objective ranged between ~12-25mW based on the expression level of GCaMP. 1017 

Optogenetic stimulation was achieved using a 617nm LED that has been integrated into the light path of 1018 

the two-photon microscope, and the LED light was delivered to the fly brain through the objective. LED 1019 

light intensity (0.25-0.28mW) was measured by an optical power meter (PM100D with S405C, Thorlabs) 1020 

placed under the objective. A long-pass filter (FELH0600, Thorlabs) was used to reduce the background 1021 

elevation caused by 617nm-LED stimulation used for optogenetic stimulation. All optogenetic activation 1022 

experiments started with 30s scanning without stimulation to capture baseline GCaMP fluorescence. 1023 

Next, LED light stimulation was delivered to the fly brain for 1s (20Hz, 25ms ON, 25ms OFF). The 1024 

stimulation was repeated five times at 30s intervals. At the end of each imaging experiment, we assessed 1025 
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the flies’ health condition by mechanical stimulation of the leg using forceps. The data collected from flies 1026 

that did not respond to the mechanical stimulus were excluded from the final data analysis because we 1027 

considered those flies unhealthy. Flies that showed substantial movement in the Z-direction were also 1028 

discarded on rare occasions because of the severe motion artifacts in the imaging data. 1029 

QUANTIFICATION AND STATISTICAL ANALYSIS  1030 

EM reconstructions 1031 

We used the Flywire open-source platform to identify and classify the putative Lat neurons (Dorkenwald 1032 

et al., 2022). We first identified putative Lat neurons based on light microscopy data, projection patterns, 1033 

and cell body locations. Next, identified Lat neuron candidates were proofread using the tools provided 1034 

by the Flywire platform, mainly focusing on removing incorrect annotations and focusing on the backbone 1035 

of a particular neuron. We only identified Lat neurons in the left hemisphere of the whole female brain 1036 

EM volume (Zheng et al., 2018) since the lamina on the right hemisphere was significantly damaged. To 1037 

further analyze and plot the Lat neurons in a standard brain mesh, we used the natverse package in R-1038 

studio, a toolbox for combining and analyzing neuroanatomical data (Bates et al., 2020). Natverse 1039 

consists of multiple R-packages that allow the analysis of light microscopy and EM datasets across 1040 

various model organisms, including Drosophila melanogaster. We mainly used the R “fafbseg” package 1041 

to access and analyze the Flywire datasets. Details of the “fafbseg” package can be found at 1042 

https://natverse.org/fafbseg/. First, we downloaded neuron meshes for each putative Lat neuron from 1043 

Flywire into the R environment and visualized them in 3D using the FAFB14 standard brain mesh. Next, 1044 

we used Flywire to automatically detect synaptic sites across putative Lat neurons (n=12) and filtered out 1045 

synapses with a cleft score threshold of 50 to remove false positives using the flywire_adjacency_matrix 1046 

function. Finally, the connectivity matrix was generated using the synaptic connectivity data, and 1047 

heatmaps were generated in R using the “pheatmap” package for visualization. 1048 

Male-male courtship analysis  1049 

Male-male courtship videos were scored manually. We quantified the total duration in which the test male 1050 

displayed any courtship behaviors (orientation, tapping, chasing, licking, singing, or abdominal bending) 1051 

toward the target male. The courtship index (CI) was calculated using the following formula: CI= (Time 1052 

courting/10min) x100.  1053 

Male-female courtship analysis 1054 

Male-female courtship videos were quantified using the multi-animal pose tracking software SLEAP 1055 

(v1.1.5) (Pereira et al., 2019; Pereira et al., 2022). To train the SLEAP neural network, we used the multi-1056 

animal bottom-up training model. 14 nodes were selected to track specific body parts (eyes, head, thorax, 1057 

wing tips, and abdominal tip) of freely interacting pairs of virgin male and female flies. After the training, 1058 

the network tracking accuracy was assessed and corrected until each body part was tracked accurately 1059 
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in the training dataset. The final training data set contained 683 labeled frames across 35 male-female 1060 

courtship videos. The trained model was used to track all male-female fly courtship videos. All tracked 1061 

videos were proofread manually, and corrections were made if the model swapped the identity of the 1062 

male and female flies on rare occasions. Using the tracking data, we used a custom-written code in 1063 

Python to quantify and plot male courtship steps toward the female fly. The following parameters were 1064 

used to determine each courtship step as previously described with minor changes (Ribeiro et al., 2018).  1065 

i. Distance: The absolute distance between the male and female fly during courtship was calculated 1066 

using the XY positions of the male and female thorax. The probability density function of the male-1067 

female distance was plotted per genotype with the following criteria: female speed >5mm/s  1068 

ii. Heading angle: The male heading angle was defined as the angle between the midline of the male 1069 

body and the line connecting the male and female thoraxes. The probability density function of the 1070 

male heading angle (q) was plotted per genotype with the following criteria: female speed >5mm/s 1071 

iii. Following: Criteria used to define the male following: Distance between the male and female fly: 2-1072 

5mm, male heading angle (q): <30°, walking speed of males: >1mm/s, walking speed of females: 1073 

>5mm/s. All parameters should persist longer than 0.3s. 1074 

iv. Stationary Orientation: Criteria used to define the male orientating: male heading angle (q): IqI<60°, 1075 

male walking speed: <1mm/s. All parameters should persist longer than 1s. 1076 

v. Wing extension: The wing angle (a) is defined as the angle of wings formed by the middle line of 1077 

the male and the line connecting the wing tips to the thorax. Criteria used to define the male wing 1078 

extension: Male wing angle (a): >30° for more than 0.5s. 1079 

Using the courtship steps described above, male courtship ethograms were generated. We used a 1080 

hierarchical structure (orienting >following >wing extension >copulation) to plot ethograms because male 1081 

flies occasionally showed simultaneous courtship actions (e.g., following and wing extension) during 1082 

courtship. Each behavior index (wing extension, following) was calculated by dividing the total number of 1083 

frames labeled by that courtship step by the total number of frames until copulation or the entire video 1084 

length (18,000 frames at most). 1085 

Analysis of circadian activity and sleep 1086 

Circadian activity and sleep data were analyzed using the Sleep and Circadian Analysis MATLAB 1087 

Program (SCAMP) (Donelson et al., 2012). To plot daily activity and sleep data, the number of beam 1088 

breaks and sleep time were binned every 30 min and plotted across time over 72 hours. A sleep bout 1089 

was defined as inactivity lasting at least five minutes, based on standards in the field (Qian et al., 2017; 1090 

Shaw et al., 2000). We compared the average activity and sleep duration per day across different 1091 

genotypes. 1092 
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Calcium Imaging Data Analysis 1093 

Volumetric imaging stacks were first mean-projected in the z-axis and then registered using a custom-1094 

written MATLAB code. ROI selection, average fluorescence computation, ΔF/F0 calculation, and plotting 1095 

were completed using custom scripts written in MATLAB or Python. To obtain ΔF, the background signal 1096 

and the baseline fluorescence (F0=average of frames 5s before stimulus onset (t=-1s to -6s)) were 1097 

subtracted from the raw GCaMP fluorescence time series. The difference (ΔF) was then divided by F0 to 1098 

obtain ΔF/F0 (ΔF/ F0 = (F(t) - F0)/F0). The data were aligned to the optogenetic stimulation (t=0 is when 1099 

the 617nm LED is turned on). ΔF/F0 values were plotted against time. For statistical analysis, we analyzed 1100 

the peak ∆F/F0 within 5s (t=0s to 5s) after each optogenetic stimulus. Each fly received 5X optogenetic 1101 

stimulation, and the peak responses were averaged per fly for statical comparisons. The sample size 1102 

reported in imaging experiments represents the number of flies tested. For all imaging experiments, a 1103 

region of interest (ROI) was manually selected as indicated below: 1104 

Functional connectivity experiment ROI 
Lat>>LC10a LC10a axon bundles close to the AOTu. 
Lat>>LC4 LC4 axon terminals in PVLP 
Lat>>LC11 LC11 axon terminals in the PVLP 
LC10>>Lat Lat dendritic arbors 
LC10a>>Fru-P1 Lateral protocerebrum complex 

Statistical Analysis 1105 

All statistical analyses were performed using Prism V9.3.1 (GraphPad). Details of statistical methods are 1106 

reported in the Figure legends. In all figures, plots labeled with different letters are significantly different 1107 

from each other.  1108 
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