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Abstract  16 

 17 

Many animals, including humans, navigate their surroundings by visual input, yet we 18 

understand little about how visual information is transformed and integrated by the navigation 19 

system. In Drosophila melanogaster, compass neurons in the donut-shaped ellipsoid body of the 20 

central complex generate a sense of direction by integrating visual input from ring neurons, a part 21 

of the anterior visual pathway (AVP). Here, we densely reconstruct all neurons in the AVP using 22 

FlyWire, an AI-assisted tool for analyzing electron-microscopy data. The AVP comprises four 23 

neuropils, sequentially linked by three major classes of neurons: MeTu neurons, which connect 24 

the medulla in the optic lobe to the small unit of anterior optic tubercle (AOTUsu) in the central 25 

brain; TuBu neurons, which connect the anterior optic tubercle to the bulb neuropil; and ring 26 

neurons, which connect the bulb to the ellipsoid body. Based on neuronal morphologies, 27 

connectivity between different neural classes, and the locations of synapses, we identified non-28 

overlapping channels originating from four types of MeTu neurons, which we further divided into 29 

ten subtypes based on the presynaptic connections in medulla and postsynaptic connections in 30 

AOTUsu. To gain an objective measure of the natural variation within the pathway, we quantified 31 

the differences between anterior visual pathways from both hemispheres and between two 32 

electron-microscopy datasets. Furthermore, we infer potential visual features and the visual area 33 

from which any given ring neuron receives input by combining the connectivity of the entire AVP, 34 

the MeTu neurons’ dendritic fields, and presynaptic connectivity in the optic lobes. These results 35 

provide a strong foundation for understanding how distinct visual features are extracted and 36 

transformed across multiple processing stages to provide critical information for computing the 37 

fly’s sense of direction.  38 

  39 
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Introduction 40 

During navigation, vision provides fast and multimodal information that animals use to 41 

construct a robust internal representation of the surrounding world (e.g., landmarks, optic flow, 42 

intensity gradients, color, celestial bodies, skylight polarization, etc. [1-13]). However, not all these 43 

visual features contribute equally to forming this internal representation, and how important 44 

features are extracted and used by the navigation circuits in the brain remains incompletely 45 

understood. In rodents, for instance, the layout of the surrounding space has a crucial impact on 46 

recalling the location of food, but chromatic information is much less important [14, 15]. Although 47 

the retrosplenial cortex (RSC) appears to mediate the transformation of information from the 48 

visual cortex into an internal representation of the world [16-21], RSC neurons’ responses to 49 

visual stimuli have not been characterized in detail because of the sheer number of neurons 50 

involved and the complex, distributed nature of the network. Insects, on the other hand, have 51 

much smaller brains and rely on landmarks, celestial bodies, color, and skylight polarization to 52 

glean critical information for navigation [1, 2, 11, 22-24]. These features are integrated by 53 

compass neurons, which are analogous to ‘head direction’ cells in rodents [1, 25, 26]. How these 54 

features are extracted has not been studied. 55 

To elucidate how the fly brain processes visual information during navigation, we leveraged 56 

recently available EM data for Drosophila melanogaster [27] to comprehensively investigate 57 

anatomical structure of the neural pathway that conveys and transforms visual information from 58 

the retina to the central complex [28], the brain area where compass neurons reside and which is 59 

conserved across arthropods [6, 28-31].  60 

Here, we present a complete reconstruction of all neurons in the Anterior Visual Pathway 61 

(AVP) of the fly, encompassing three levels of processing from the medulla in the optic lobes 62 

through downstream targets that synapse on compass neurons in the central complex (Fig. 1a-63 

b). We reconstructed neurons using a collaborative platform for analyzing a previously published 64 

EM dataset that contains the entire adult fly brain [27]. Based on their connectivity and innervation 65 

patterns, we categorized the neurons that connect the medulla to the anterior optic tubercule [28, 66 

32-36] (Fig. 1c-g). We also compared the connectivity pattern of the entire AVP across both the 67 

left and right hemispheres as well as between different EM datasets [28, 37, 38] when possible 68 

(Fig. S1h-m). Finally, we traced the upstream inputs of the ring neurons, which provide visual 69 

information to the compass neurons [2, 39-43], all the way to the medulla. This enabled us to 70 

predict connectivity-based “receptive fields” of these neurons and provided insight into potential 71 

visual features or modalities detected by these neurons. Our analysis represents an important 72 
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step toward building a mechanistic model of how visual information is processed and transformed 73 

across multiple stages to guide navigational decisions. 74 

 75 
Results 76 

     Information from the fly’s retina is processed in the medulla, the largest neuropil in the fly 77 

visual system, whose neuron types have been described extensively in numerous light [32, 33, 78 

44-50] and electron microscopy (EM) studies [28, 51-53]. This processed information is conveyed 79 

to the central complex (where the sense of direction is computed) via a pathway called the 80 

“anterior visual pathway” (AVP), a conserved architecture across insects (Fig. 1a) [34, 54, 55]. 81 

Most neurons that leave the medulla in the AVP directly innervate a single anatomical 82 

structure called the “small unit” of the anterior optic tubercle (AOTUsu; Fig. 1a-b) [28, 32-36]. 83 

Since these neurons project from medulla to tubercle, they are named MeTu neurons [32]. 84 

Although prior anatomical studies of various MeTu neuron types have generally agreed at the 85 

macroscale (Fig. S1d) [34, 35, 56], the insufficient resolution of light microscopy resulted in 86 

considerable inconsistencies in grouping MeTu types and predicting their connectivity towards 87 

the central complex. Hence, we sought to provide a comprehensive view of this pathway in 88 

synapse-level detail. 89 

The information conveyed by MeTu neurons is further processed by the neurons that connect 90 

the tubercle (AOTUsu) to the bulb (BU), called TuBu neurons [2, 34, 36] (Fig. 1a-d, S1e). There 91 

are 10 classes of TuBu neurons (Fig. 1c), each synapsing onto the dendrites of a distinct class of 92 

‘ring’ (or ER) neurons (Fig. 1a-b, S1f), which are aptly named for their ring-like morphology (Fig. 93 

1a) [28, 31, 41]. Ring neurons send their major processes to a donut-shaped structure called the 94 

ellipsoid body [28, 29], where they together form a complex recurrent neural network (Fig. 1b, 95 

S1g) [1, 57-60]. Finally, this visual information––along with other sensory modalities [61, 62]––is 96 

compiled by ‘compass’ neurons (also called EPG neurons [1, 28, 29]), the fly analog of the 97 

mammalian head direction cells [63].  98 

Recently, the connectivity from TuBu to Ring to Compass neurons was studied at synaptic 99 

resolution [28], creating a dataset we refer to here as hemibrain data. However, it contains only 100 

one hemisphere and lacks upstream medulla neuropils and photoreceptor terminals. 101 

Consequently, it was impossible to confirm the results were general across hemispheres and 102 

animals, to provide information about MeTu neuron types, their inputs, and, as a consequence, 103 

to predict how visual information may be transformed on the way to the central complex. Therefore, 104 

we sought to reconstruct the entire AVP in both hemispheres (Fig. S1g-m), which will provide a 105 

solid foundation to reveal its general functions. 106 
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 107 
Reconstructing the AVP 108 

We densely proofread all neurons in AOTUsu using the FlyWire interface [64] (Fig. S1a-c) 109 

and the automatic synapse detection algorithm [65]. This allowed us to reconstruct the entire 110 

anterior visual pathway (AVP, Fig. 1b) from both hemispheres of the full adult female brain EM 111 

dataset (FAFB), including all MeTu neurons (453 on the left hemisphere, 441 on the right; Fig. 112 

1a-b), TuBu neurons (75 on the left, 75 on the right), and ring neurons (116 on the left, 116 on 113 

the right). We further reconstructed all medulla-intrinsic Mi1 neurons in the medulla (782 on the 114 

left and 792 on the right; [44]) from both hemispheres (Fig. 1h) to map the exact locations of all 115 

reconstructed neurons relative to the retinotopic columns in the medulla.  116 

To assess our proofreading quality [64], we selected 113 (of 441) MeTu neurons from the 117 

right hemisphere and performed multiple rounds of proofreading (Fig. S1b). We found that 118 

additional volume reconstructed in each round dramatically decreased after the first round (Fig. 119 

S1bii). Furthermore, all MeTu neurons (894 neurons – both hemispheres and including neurons 120 

with a single round of proofreading) shared stereotypical arborization patterns in the medulla. 121 

Therefore, we were confident that our reconstruction quality of the 894 MeTu neurons was 122 

sufficiently accurate for categorization and morphological and connectivity analyses.  123 

We focused our analyses on the detailed connectivity of MeTu neurons (Fig. 1-5, S1-S5) since 124 

the logic of their connections between optic lobes and the central brain was missing in previous 125 

studies [28]. We also included results from both hemispheres in most analyses, but, where 126 

indicated, some detailed analyses were restricted to the right hemisphere because the left 127 

hemisphere had an incomplete lamina and (minor) EM image alignment issues [27, 64, 66].  128 

 129 

Variance across hemispheres and brains 130 

Our FAFB reconstruction of AVPs from both hemispheres [27, 66], together with hemibrain 131 

data [28], allowed us to make a first estimate of the variance within and across animals (Fig.S1h-132 

m). Although the number of neurons of each type along the AVP was generally similar across 133 

hemispheres in the FAFB and hemibrain, they were more similar between hemispheres of the 134 

same brain than across brains (Fig. S1h-m) with notable exceptions for a few ring neuron types 135 

(Fig. S1h-m).  136 

 137 

MeTu connectivity defines four subregions in the AOTUsu and four major MeTu classes 138 
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The AOTUsu is mainly innervated by only four neuron types: the axons of MeTu neurons, the 139 

dendrites of downstream TuBu neurons (Fig. 1c), as well as synaptic terminals of AOTU046 and 140 

tubercle-to-tubercle (TuTu) neurons [28]. Drawing on the axonal arborization pattern of MeTu and 141 

the dendritic arborization pattern of TuBu, we divided the AOTUsu into four major subregions: 142 

posterior lateral (AOTUsu_PL), posterior central (AOTUsu_PC), anterior (AOTUsu_A), and 143 

medial (AOTUsu_M; Fig. 1c). These anatomical divisions led us to categorize them into four major 144 

classes (MeTu 1-4, Fig. 1c-e). Downstream TuBu neurons were categorized into 10 types, 145 

consistent with previous works (Fig. 1c; TuBu1–TuBu10; numbering follows the nomenclature of 146 

Hulse et al. [28]). 147 

The posterior lateral AOTUsu (AOTUsu_PL) comprises the outermost lateral volume of the 148 

AOTUsu, facing the posterior side (Fig. 1c, Fig. S2e-f). All MeTu axons and TuBu dendrites found 149 

in this area arborize solely there and do not extend processes to other regions of the AOTUsu. 150 

We therefore designated all MeTu neurons arborizing in AOTUsu_PL as MeTu1 (Fig. 1c and e). 151 

All MeTu1 neurons form synapses with TuBu08 neurons (Fig. 1d, S1e). The dendrites of any 152 

given TuBu08 neuron partially overlap with those of neighboring TuBu08 neurons (Fig. S2e). As 153 

a population, the dendrites of TuBu08 neurons therefore roughly form a one-dimensional line 154 

along the dorsal-ventral axis, with a small positional variation along the medial-lateral axis (Fig. 155 

S2e). The AOTUsu_PL contains only one more cell type, being sparsely innervated by all four 156 

AOTU046 neurons (Fig. S2h), which may provide motor context from superior posterior slope 157 

(SPS) and also potentially mediate bilateral communication between hemispheres (Fig. S1e-f, 158 

S2g, k-l). 159 

The posterior central AOTUsu (AOTUsu_PC) is located directly medial to AOTUsu_PL (Fig. 160 

1c, Fig. S3e-f). We designated all MeTu neurons that innervate AOTUsu_PC as MeTu2. Their 161 

dendrites in medulla were limited to the dorsal rim area (DRA), where input from photoreceptors 162 

that are sensitive to skylight polarization is processed [10, 67]. MeTu2 neurons make synapses 163 

onto TuBu01 and TuBu06 (Fig. 1d, Fig. S1e). The dendrites of individual TuBu01 neurons do not 164 

overlap with neighboring neurons of the same type (Fig. S3e). As a population, TuBu01 and 165 

TuBu06 neurons form a one-dimensional line along the dorsal-ventral axis (Fig. S3e). 166 

AOTUsu_PC contains two more types of neurons TuTuB_a and TuTuB_b, both of which 167 

interconnect the two hemispheres (Fig. S2g, S3g).  168 

The anterior AOTUsu (AOTUsu_A) is located in front of both AOTUsu_PL and AOTUsu_PC 169 

(Fig. 1c, Fig. S4f, h). We designated all MeTu neurons that innervate AOTUsu_A as MeTu3. 170 

MeTu3 neurons synapse onto TuBu07, TuBu09, and TuBu10 neurons. These TuBu neurons are 171 
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located in the medial, central, and lateral portions of the AOTUsu_A, respectively (Fig. S4f, h). Of 172 

these three TuBu types, dendrites of the same type partially overlap each other but do not overlap 173 

with dendrites of other types (Fig. 1c, S4h). Additionally, they do not form clear one-dimensional 174 

lines along the dorsal-ventral axis as do the TuBu neurons in the AOTUsu_PL/PC. Finally, the 175 

entire anterior area is covered by dendritic and axonal processes of TuTuB_a (Fig. S3g), and 176 

innervated by axonal boutons of AOTU046 (Fig. S3h) exclusively in the TuBu09 location (Fig. 177 

S2g). 178 

The medial AOTUsu (AOTUsu_M) is adjacent to both AOTUsu_PC and AOTUsu_A (Fig. 1c, 179 

Fig. S5e-f). We designated all MeTu neurons that innervate AOTUsu_M as MeTu4. Their axonal 180 

boutons tile the entire volume with varying densities and spans (Fig. S5f). MeTu4 neurons 181 

synapse onto TuBu02, TuBu03, TuBu04, and TuBu05 neurons. TuBu02 dendrites are wide along 182 

the anterior-posterior axis and have thin dendritic clumps (Fig. S5e). Dendrites of TuBu03 neurons 183 

form a rough one-dimensional line (Fig. S5e). TuBu04 dendrites are sparse but cover an 184 

exceptionally wide area, with some filling the entire volume. As a population, they are not linearly 185 

arranged (Fig. S5e). Dendrites of TuBu05 branch widely along the anterior-posterior axis but are 186 

narrower along the dorsal-ventral axis, forming a rough one-dimensional line (Fig. S5e). The 187 

AOTUsu_M has a thin two-layer structure: TuBu02 and TuBu05 both cluster along the border 188 

between the AOTUsu_M and the other AOTUsu areas, while TuBu03 and TuBu04 cluster more 189 

medially. Finally, only AOTU046 neurons, but not TuTuB_a/b neurons, innervate AOTUsu_M, 190 

thus potentially conveying motor information from SPS. (Fig. S2h). 191 

 192 

Synaptic connectivity defines ten MeTu subtypes 193 

Four MeTu classes exhibit diverse morphologies and anatomical innervations, suggesting 194 

multiple parallel channels for visual features [33, 35, 41, 56], which we corroborated with genetic 195 

lines. To systematically categorize all possible subtypes of MeTu neurons , we focused our 196 

analysis on the five strongest synaptic partner types; this resulted in 28 types of upstream neurons, 197 

including a few MeTu types (Table 1). Applying a nonlinear dimensionality reduction analysis 198 

(UMAP) revealed four major patterns of presynaptic inputs mostly consistent with the four major 199 

MeTu classes defined in the previous section (Fig. 1f). We further performed categorization 200 

analyses (Fig. 1g) and found 10 subtypes.  201 

 202 

MeTu1 cells form a homogeneous group 203 
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The compass neurons are strongly influenced by vertical stripes and their locations in azimuth 204 

[1, 59, 68], whose information is conveyed via ring neurons, likely ER4d [39-42]. This ring neuron 205 

type is the only partner downstream of TuBu08, which is, in turn, the only neuron type downstream 206 

of MeTu1 neurons (Fig. 2 and S2): Our analysis of the anatomy and connectivity of MeTu1 207 

neurons helps explain the mechanisms that underlie ER4d neurons’ selectivity. 208 

MeTu1 neurons (N=121 left and N=124 right; Fig. 2, S2) form thick dendritic branches in the 209 

medulla layer 7 with small vertical protrusions extending to layer 6 (Fig. 2c-d). Dendrites span 210 

about 30-40 medulla columns (Fig. 2b, r), and each medulla column is innervated by multiple 211 

MeTu1 neurons (Fig. 2s). MeTu1 neurons receive the strongest input from Dm2 neurons covering 212 

the entire visual field (Fig. 2e, m-n; on average, 36 Dm2 neurons make 311 synapses per MeTu1 213 

neuron), followed by Mti_unknown_1 (see Methods and ‘Codex Naming History.xlsx’ for the 214 

reasoning of nomenclature and other names of Mti neurons), MeTu1 (Fig. S2a), Mti_unknown_4, 215 

and Mti_unknown_5 (Fig. 2e, m-n). The density of synapses drops at 20 to 30 µm away from the 216 

medulla centroid of a MeTu1 neuron (Fig. 2l lower panel). The recurrent connection between 217 

MeTu1 neurons in medulla is unique among all MeTu types, but the functional implication is yet 218 

to be explored. The orientation of MeTu1 dendritic span, when fitted with a two-dimensional 219 

Gaussian function, tends to be vertical. We observe that near the anterior and posterior edges, 220 

MeTu neurons’ dendritic spans narrow (Fig. 2p-q), but whether this change has functional 221 

implications remains to be explored.  222 

MeTu1 neurons project axons to the AOTUsu_PL, where they synapse with TuBu08 neurons 223 

(Fig. 1d, m, 2m, S2c), among other connections (Fig. S1e, S2g). The connection from MeTu1 224 

neurons to TuBu08 neurons is retinotopic; the more anteriorly or posteriorly MeTu1 dendrites are 225 

located in the medulla, the more ventrally or dorsally they project in the AOTUsu_PL, respectively 226 

(Fig. 2t). In other words, each TuBu08 neuron receives input from a group of MeTu1 neurons at 227 

a particular azimuth, regardless of their elevation in medulla. Such one-dimensional mapping 228 

serves as a potential anatomical basis for TuBu08 neurons to be selective to vertical bars or the 229 

azimuthal location of visual stimuli but not the elevation (Video 1), an anatomical structure similar 230 

to the classic Hubel & Wiesel model of how simple cells in the mammalian primary visual cortex 231 

receive input from the lateral geniculate nucleus in the thalamus [69].  232 

 233 

The two MeTu2 subtypes both process polarized skylight 234 

Many insects navigate relying on skylight polarization [5, 9, 12, 70, 71]. In Drosophila, ER4m 235 

and ER5 neurons are the prominent ring neurons that process skylight polarization [2, 28]. MeTu2 236 
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neurons (Fig. 3, S3) are notable as the only upstream inputs of these ring neurons (Fig. S1g; via 237 

TuBu01 for ER4m; via TuBu06 for ER5) [28]. They are clustered in the dorsal half of the medulla 238 

with dendrites mainly tiling the dorsal rim area (DRA) (Fig. 3a, r), where neurons process skylight 239 

polarization [2, 13, 48, 49]. 240 

Our clustering analysis identified two MeTu2 subtypes (Fig. 3k) with distinct ramifications in 241 

the medulla and strikingly different connectivity patterns in the AOTUsu_PC (S3c), which we 242 

named MeTu2a (N=33 left and N=36 right; Fig. 3l) and MeTu2b (N=17 left and N=14 right; Fig. 243 

S3c-d). Both subtypes exhibit generally vertical arborizations and similar dendritic spans (Fig. 3n-244 

p), but the interconnectivity between MeTu2b in medulla is much stronger than that within MeTu2a 245 

(Fig. S3a-b). Furthermore, MeTu2b neurons appear to receive more input from MeTu2a than they 246 

provide input to MeTu2a. Finally, although both MeTu2 subtypes mainly stratify within medulla 247 

layer 7 ( Fig. 3b, d), MeTu2a neurons are postsynaptic to local interneurons Dm-DRA1 and 248 

Mti_unknown_1 that are potentially sensitive to light polarization [32], whereas MeTu2b inputs 249 

additionally include Mi15, whose function remains unknown, and a stronger connection from 250 

interhemispheric MeMe-DRA (Fig. 3e, k-l) [32]. Hence, MeTu2b may integrate additional inputs 251 

from the contralateral hemisphere, enabling the processing of a more global skylight polarization 252 

pattern. 253 

MeTu2 innervation of the AOTUsu respects the same topographic rules as described for 254 

MeTu1 (Fig. 3m; MeTu2 neurons with dendrites in the anterior medulla project axons ventrally; 255 

those with posteriorly localized dendrites project dorsally in the AOTUsu_PC). Also, as in the 256 

medulla, MeTu2b are more strongly interconnected in AOTUsu than are MeTu2a neurons (Fig. 257 

S3b). Furthermore,  while MeTu2a and MeTu2b both synapse onto TuBu01 and TuBu06, MeTu2a 258 

are more strongly connected to TuBu01 than MeTu2b, which are strongly presynaptic to TuBu06 259 

but only weakly to TuBu01 (Fig. 3k, S3c). Finally, MeTu2a and MeTu2b are differently connected 260 

to the bilateral neurons TuTuB_a and TuTuB_b (Fig. S1e, S2g, S3g; [28, 72]). Overall, these 261 

connectivity differences in the AOTUsu_PC, combined with their distinct anatomical features in 262 

the medulla, indicate that MeTu2a and MeTu2b likely convey distinct features of skylight 263 

polarization to downstream circuits, including compass neurons, with MeTu2b processing 264 

potentially more complex and global polarization pattern. 265 

 266 

Three subtypes of MeTu3 are functionally segregated 267 

The Drosophila compass neurons can use the two-dimensional organization of the 268 

surrounding world to compute the head direction [68], but the source of this information was 269 
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unclear. Here, we provide evidence that MeTu3 (Fig. 4 and S4) and its downstream neurons 270 

process, in addition to skylight polarization (via ER3w_ab), the two-dimensional organization of 271 

the scene (via ER2_ad/b/c, which was proposed to be functionally similar to ER4d).  272 

Our connectivity analysis identified three distinct MeTu3 subtypes (MeTu3a/b/c; Fig. 4l-m) 273 

with regionalized clusters of dendrites (Fig. 4a), each of which is vertically elongated (Fig. 4n). 274 

MeTu3a (N=20 left and N=19 right, Fig. 4ai-ei) has dendrites that cluster in the dorsal third of the 275 

medulla similar to MeTu2 (suggesting processing of skylight polarization), are confined to layer 7 276 

(Fig. 4bi, di), and specifically lack vertical protrusions across medulla layers (Fig. 4bi, di). Their 277 

dendrites manifest more radial branches than those of MeTu2a/b, which are confined in a more 278 

elliptical area and elongated along the ventral-dorsal direction (Fig. 3p, 4ni). MeTu3b cells (N=53 279 

and N=46 right) have dendrites clustered most densely in the dorsal half of the medulla but also 280 

extend to the ventral two-thirds, with pronounced vertical protrusions that cover layers 5, 6, and 281 

7 (Fig. 4bii, dii). They receive direct inhibitory input from UV-sensitive R7 photoreceptors and 282 

indirect input from blue/green-sensitive R8 [32] via Mi15, suggesting they process chromatic 283 

information (Fig. 4ei-ii, l-m, S4g). MeTu3c cells (N=72 left and N=64 right) have dendrites lower 284 

than those of MeTu3b, covering the equator and some of the ventral part of medulla (Fig. 4biii, eiii). 285 

Dendritic processes innervate the same layers 5, 6, and 7 as MeTu3b, and receive the same 286 

inhibitory input from R7 and indirect input from R8 via Mi15 (Fig. 4eiii), suggesting similar potential 287 

chromatic coding as MeTu3b.  288 

MeTu3 innervation of the AOTUsu_A respects the same topographic rules as described for 289 

MeTu1 and MeTu2 (anterior-posterior axis in medulla to ventral-dorsal axis in AOTUsu_A; Fig. 290 

4h). Axons of MeTu3a/b/c are not well segregated in the AOTUsu_A, despite the downstream 291 

TuBu neurons (TuBu07, TuBu09, and TuBu10; Fig. S4c) having well-segregated dendrites (Fig. 292 

1c, Fig. S4h) [28]. Consequently, some MeTu3 neurons are specifically connected to only one of 293 

the three TuBu types––TuBu07––while others are connected to both TuBu07 and TuBu09, or to 294 

both TuBu09 and TuBu10 (Fig. 4l, Fig. S4c). All three MeTu3 subtypes are strongly and 295 

reciprocally connected to TuTuB_a neurons (Fig. S1e, S2g). TuTuB_a neurons receive most of 296 

their input from MeTu3 neurons. Likewise, MeTu3 neurons receive most of their input from 297 

TuTuB_a. Since the neurotransmitter is predicted likely to be inhibitory [65], MeTu3 neurons may 298 

exhibit strong bilateral inhibitory interactions across the entire visual field. 299 

MeTu3a and MeTu3b neurons are mainly connected to TuBu7, upstream of ER3w_ab. This 300 

convergence of MeTu3a and MeTu3b suggests that ER2w_ab may encode a combination of 301 

skylight polarization and chromatic information of the sky. On the other hand, MeTu3c neurons 302 
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are mostly presynaptic to both TuBu09 and TuBu10 (Fig. 4l, S4c). Intriguingly, TuBu09 neurons 303 

receive input from MeTu3c neurons with dendrites located more dorsally in the medulla, whereas 304 

TuBu10 neurons receive input from MeTu3c neurons with dendrites located more ventrally in the 305 

medulla (Fig. 4hii, red dots). Thus, the neurons downstream of MeTu3c can encode the elevation 306 

of visual stimuli. This allows encoding the elevation of the sun or a 2-D organization of visual 307 

objects in a surrounding scene, a unique capability among all MeTu neurons. 308 

 309 

Four MeTu4 subtypes convey widefield visual inputs 310 

Compass neurons receive diverse input from ring neurons, some of which exhibit responses 311 

to the contralateral visual field and self-generated motion signals [40]. Considering that these ring 312 

neurons, whose dendrites are in the inferior BU, are downstream of MeTu4 neurons (Fig. 5 and 313 

S5) that originate in the ipsilateral optic lobe, their response pattern was mysterious. Our analyses 314 

show that MeTu4 neurons receive inputs from distinct parts of the visual world (dorsal, frontal, 315 

ventral), with virtually no input from a columnar medulla cell type (with the only weakly detectable 316 

columnar input from Dm2; Fig. 5e, k-l), but mostly from Mti neurons that arborize within many 317 

medulla columns, called and from others that convey potential motor information from SPS to 318 

medulla (Fig. 4e). These unique properties of MeTu4 may explain the mysterious properties of 319 

ring neurons in the inferior BU. 320 

Based on the connectivity in medulla and AOTUsu_M, we categorized MeTu4 into four 321 

subgroups, named MeTu4a/b/c/d (Fig. 5a). The dendrites of MeTu4a cells (N=69 left and N=60 322 

right) cluster densely in the dorsal half of the medulla but also extend ventrally (Fig. 5ai, mi) with 323 

unique arborization in two medulla layers (M6 and M7; Fig. 5b, d). Despite their dorsal location, 324 

they form no synaptic connections with polarized light-sensitive photoreceptors or DRA neurons. 325 

MeTu4b neurons (N=8 left and N=12 right) are remarkable for their unique dendritic arrangement: 326 

they span a rather small area in the equator, mostly in the posterior-medial part of the medulla 327 

that represents the frontal central visual field (because of the cross-over connections from lamina 328 

to medulla along the anterior-posterior axis; Fig. 5aii, mii). This unique anatomical feature suggests 329 

that MeTu4b neurons are specialized for detecting a currently unknown visual feature that is 330 

meaningful only in front of the fly. MeTu4c neurons (N=41 left and N=48 right) span the entire 331 

dorsal half of the Medulla (Fig. 5aiii, miii), whereas MeTu4d neurons (N=19 left and N=18 right) 332 

cluster exclusively in the ventral half of the medulla (Fig. 5aiv, miv), ideally positioned to detect 333 

features in the ventral visual field. Both MeTu4c and MeTu4d receive nearly identical input from 334 
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a wide variety of interneurons, including those conveying information from other brain areas, e.g., 335 

the SPS (Fig. 5eiii-iv, k-l).  336 

Like all other MeTu types, axonal projections of all MeTu4 neurons maintain anterior-posterior 337 

retinotopy in the AOTUsu_M along the ventral-dorsal axis (Fig. 5j), in contrast to a previous report 338 

[35]. MeTu4a/b/c also have presynaptic connections in lobula (Fig. 5ai-iii, S5h), but these 339 

connections do not contribute to the AVP and were thus excluded from further analyses. In the 340 

AOTUsu_M, all MeTu4a neurons are presynaptic to TuBu03; some are also presynaptic to 341 

TuBu04. MeTu4b neurons are presynaptic to TuBu02 neurons. Both MeTu4c and MeTu4d 342 

subtypes are primarily presynaptic to TuBu05 (Fig. S5k), but MeTu4d additionally makes 343 

presynaptic connections with TuBu02. MeTu4b and MeTu4c receive the main interhemispheric 344 

connections within AOTUsu_M (Fig. S1e, S2g-h). MeTu4b receives strong input from AOTU046 345 

but does not provide reciprocal input into AOTU046. In contrast, MeTu4c is strongly and 346 

reciprocally connected to AOTU046. Finally, MeTu4d receives no input from AOTU046, and 347 

provides only weak input to AOTU046. Additionally, MeTu4d receives weak input from TuTuB_a. 348 

 349 

Linking visual features to information channels along the AVP 350 

A common pattern across all AVP channels is the convergence of MeTu neurons onto a 351 

significantly smaller number of TuBu neurons (Fig. S1l, S2c, S3c, S4c, S5c, S6b). In this 352 

transformation, each TuBu neuron integrates information from a large area of the visual field, 353 

which is a prerequisite for extracting simple spatial features. TuBu neurons also receive strong 354 

input about contralateral visual field from TuTu neurons (Fig. S2g-i, S2g-i). The next step in 355 

processing––from TuBu to ring neurons––exhibits a re-expansion in the number of neuronal types 356 

(from 10 TuBu types to potentially 18 ring neuron types in hemibrain, or 14 ring neuron types in 357 

FAFB). The ratio of connections from TuBu to ring neurons (Fig.S1m, S2d, S3d, S4d, S5d) varies 358 

between 0.33 and, for some neurons, 4. Thus, the transformation from TuBu to ring may extract 359 

several more visual features, which might be more complex than simply summing features that 360 

TuBu neurons encode.  361 

With the full synaptic connectome of the AVP from the optic lobe to the central complex, we 362 

inferred the visual features that are potentially encoded by any given ring neuron class. This, in 363 

turn, represents information compass neurons integrate to develop the fly’s sense of direction.  364 

 365 

Reconstructing putative receptive fields for all ring neuron classes 366 
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To link visual features to channels along the AVP, we reconstructed the putative receptive 367 

fields for all ring neuron classes and categorized their visual inputs based on the visual information 368 

they process. 369 

We traced the synaptic connections of individual ring neurons of each type backwards along 370 

the pathway to the level of MeTu neuron dendrites in the medulla (Fig. 6, Video 1-3). To quantify 371 

the putative visual area to which each neuron likely responds, we defined every medulla column 372 

based on Mi1 neurons (Fig. 1h) and transformed this map into putative eye maps of Drosophila 373 

melanogaster [73, 74]. Then, for each ring neuron, we back-traced the upstream connections in 374 

two ways: One followed TuBu to MeTu connections (putative excitatory direct pathway; Fig. 6a, 375 

S6c) and the other followed TuBu to TuTu to ipsi- and contralateral MeTu connections (putative 376 

inhibitory indirect pathway; Fig. 6b, S3g-i). We used the dendritic arborization in the medulla for 377 

each pathway to estimate the area of excitation (direct pathway) or inhibition (indirect pathway). 378 

We combined them into a single putative receptive field (Fig. 6c), which we further analyzed to 379 

obtain the outline of the excitatory field. We then combined outlines of the same type of ring 380 

neurons to illustrate the visual area that the population of ring neurons covers (Fig. 6e). Finally, 381 

we determined the degree of overlap of the excitatory field (Fig. 6e). Figure 6e is a compilation of 382 

all ring neuron types in the AVP. 383 

Back-tracing the synaptic pathway starting from ring neuron ER4d revealed that its upstream 384 

MeTu1 neurons are aligned vertically in the medulla (Video 1). They cover about 40˚ azimuth and 385 

the entire vertical span (Fig.6e). This vertical arrangement of MeTu1 neurons was consistent 386 

across ER4d neurons and covered the entire visual field as a population, like an array of vertical 387 

bars (Fig.6e, Fig 7). It suggests that ER4d neurons are selective to vertically elongated visual 388 

stimuli or to the location of visual stimuli along the horizontal plane, regardless of the elevation. 389 

Such a pathway would be best suited for detecting visual landmarks suitable as a reference for 390 

setting a heading. 391 

In contrast, back-tracing starting from single ER2_ad and ER2_b ring neurons revealed that 392 

they receive information from MeTu3c neurons with dendrites located in the dorsal medulla (Fig. 393 

6e, Video 2), whereas individual ER2_c neurons receive inputs exclusively from MeTu3c neurons 394 

with dendrites in the central medulla (Video 3). Similar to the channel converging into ER4d 395 

neurons, the MeTu3c populations upstream of ER2_ad, ER2_b, and ER2_c neurons tile the entire 396 

Mi1 map, amounting to approximately 300-330° of visual space [75]. In other words, the ER2 397 

population tiles the visual field two-dimensionally, providing more organizational details of the 398 

scene than ER4d neurons (Fig. 6e). 399 

 400 
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Inputs to MeTu provide further information about the processed cues 401 

To distinguish between the potential visual features processed by ER4d and ER2 neurons, 402 

we used the previously reconstructed photoreceptor inputs upstream of a small number of MeTu1 403 

and MeTu3c neurons [32]. As described before, the main upstream input of MeTu1, the distal 404 

medulla cell Dm2, receives preferentially inputs from UV-sensitive pale photoreceptors (81%) [32], 405 

suggesting that ER4d neurons process UV stimuli. On the other hand, the main upstream input 406 

of MeTu3c, the medulla intrinsic cell type Mi15, receives input from green-sensitive yellow R8 407 

photoreceptors (67%) [32], suggesting that ER2 neurons process longer wavelength stimuli. 408 

Unlike the ER4d and ER2 populations, ER4m and ER5 neurons receive strong input from 409 

polarization-sensitive channels involving the DRA-specific MeTu2a and MeTu2b neurons, 410 

respectively. As described before, MeTu2b exhibits more complex connectivity than MeTu2a and 411 

therefore may encode complex features of polarized light, either by combining it with other 412 

features or/and by integrating across both hemispheres. Hence, ER5 may process more complex 413 

features of polarized skylight, whereas ER4m appears to process skylight polarization alone as a 414 

navigational cue, consistent with a previous report [2]. This difference is intriguing because ER5 415 

is involved in circadian rhythms [76, 77] (but see [78]).  416 

ER3w receives input from MeTu3a and MeTu3b neurons, potentially combining skylight 417 

polarization information (both from MeTu3a and MeTu3b, Fig.4A and B) and localized visual 418 

feature information from some of the dorsal visual field (Fig. 6e). On the other hand, most other 419 

ER3 subtypes with dendrites in inferior BU are downstream of MeTu4 subtypes that do not receive 420 

columnar input in the medulla. Therefore, the features that putative receptive fields encode are 421 

unclear. 422 

Overall, we predict that ring neurons downstream of MeTu1-3 neurons encode diverse 423 

information including polarized light (ER4m, ER5, and ER3w), vertical stimuli or azimuthal location 424 

of visual features (ER4d), and the 2-D organization of visual scenes, including azimuth and 425 

elevation (ER2), a system suitable for processing both the elevation of celestial body (e.g., the 426 

Sun) [79] and surrounding 2D environment [68].  427 

 428 
 429 
Discussion 430 

Here we report, for the first time, the synapse-level reconstruction of the entire anterior visual 431 

pathway from peripheral visual system (medulla) to central complex neurons that compute an 432 

abstract internal representation of the world (compass neurons). Across three levels of processing, 433 

we observed convergent and divergent connections, and, by back-tracing from ring neurons to 434 
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MeTu neurons, we inferred the diverse visual features the compass neurons may use to compute 435 

the head direction (Fig. 7). 436 

Our analysis of the reconstructed synaptic pathways reveals a subdivision of the fly’s visual 437 

field roughly into three regions: A narrow band in the dorsal-most visual field (DRA) [2, 13, 48, 438 

49], the remaining upper visual field (both of which are facing the sky), and the rest of the visual 439 

field, which includes the equator and below the equator. Interestingly, the DRA and upper visual 440 

fields are occupied by the large majority of MeTu neuron types with overlapping receptive fields 441 

(MeTu1, MeTu2a/b, MeTu3a/b, MeTu4a/b); in contrast, the lower and frontal visual fields are 442 

subserved by lower numbers of cells and subtypes (innervated by MeTu1, MeTu3c and 443 

MeTu4c/d). This distribution suggests that, during navigation, even a behavioral generalist like 444 

Drosophila melanogaster prioritizes celestial cues, including the skylight polarization pattern, over 445 

cues in the lower visual field. 446 

EM connectomic information can be used to predict neural functions [3, 28, 58, 80-85]. Our 447 

predictions of ring neuron receptive fields suggest the visual features encoded by ring neurons 448 

are coarse in spatial resolution, which may indicate that detailed features or minute variance in 449 

the scene are not important to compute the head direction. These results are consistent with 450 

previous reports of the several classes of ring neurons that have been physiologically 451 

characterized [39-42] and enlarge our knowledge about the visual responses of various ring 452 

neuron classes. For example, ER4d and ER2ad/b/c neurons were thought to have similar 453 

response patterns to visual input, but our results strongly suggest ER4d neurons are tuned to 454 

vertically elongated areas, whereas ER2ad/b/c are sensitive to smaller circular areas two-455 

dimensionally tiling the visual field, while synaptic inputs suggest chromatic sensitivity to differfrom 456 

ER4d.  457 

Our comprehensive AVP connectome lays the groundwork for understanding integration 458 

across sensory modalities that can now be tested through standard behavioral or physiological 459 

assays. For example, although we focused our receptive field prediction on visual cues, receptive 460 

fields may also be influenced by other sensory or motor modalities. ER3 neurons in the inferior 461 

bulb, for example, were previously reported to be sensitive to self-generated motor signals [40]. 462 

Consulting the connectome (Fig. 5 and 7), we find that only MeTu4 neurons upstream of ER3 463 

neurons receive inputs from projection neurons in the superior posterior slope (SPS), which is 464 

densely innervated by descending neurons that may send motor commands to the ventral nerve 465 

cord. Therefore, it is plausible that the connections from SPS provide an efference copy of motor 466 

commands to MeTu4 in medulla, which is conveyed to ER3 ring neurons.  467 
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Our analyses also revealed general organizational principles of how visual features are 468 

processed. Nine out of the 10 parallel information channels formed by MeTu neurons appear to 469 

maintain only azimuth information while discarding information about elevation, a strategy that 470 

seems particularly efficient for choosing a heading. It is further corroborated by the fact that at 471 

least three of these channels are polarization sensitive, which would provide robust directional 472 

information and is an evolutionarily conserved strategy across many insect species [71]. Only the 473 

MeTu3c channel encodes both azimuth and elevation – a property that seems ideal for perceiving 474 

the 2D organization of the surrounding environment or tracking the celestial body’s position across 475 

the day. 476 

Intriguingly, two channels exhibited completely unexpected specializations. First, MeTu4b 477 

sample exclusively the frontal part of the visual field, including the zone of binocular overlap; this 478 

would be ideal for fixation behavior during navigation. Second, MeTu4d cover only the ventral half 479 

of the visual field. We speculate that this might serve to processes optic flow [86] or orienting 480 

towards shiny surfaces (e.g., water) that produce horizontally polarized reflections [71, 87], which 481 

flies detect and use to adjust their body orientation [88, 89]. 482 

Considering the fundamental importance of navigation, it is not surprising that the anatomical 483 

structure of the AVP is largely conserved across such diverse insect species as flies, bees, wasps, 484 

and beetles [90-92]. It is likely that deep similarities exist in the basic logic of visual feature 485 

extraction [6, 22, 25, 54, 55, 72, 93, 94], but despite many studies of the AVP across species, our 486 

knowledge about the AVP neurons has been fragmented by the lack of a complete circuit diagram 487 

to frame systematic investigations. Our AVP connectome now provides this framework. Thus, we 488 

anticipate our results will be invaluable when designing and prioritizing physiological experiments 489 

to interrogate the AVP, not just for flies but also for other insects. 490 

Finally, we have known for some time that visual features are processed hierarchically [28]; 491 

from dung beetles [4] to mammals [15], animals exhibit specific cue preferences during navigation. 492 

Thus, our work of the full AVP reconstruction is essential to mechanistically understand the circuit 493 

implementation, as well as the shared functional principles, that underlie the integration and 494 

transformation of this information into a heading signal. Moreover, with the ability to dissect 495 

detailed circuit dynamics of neural populations using rich genetic tools in flies, this connectome 496 

paves the way to probe and understand the computational mechanisms of visually guided 497 

navigation. 498 

  499 
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Methods 500 

 501 

Flywire 502 

Overview 503 

Our study analyzed the Full Adult Fly Brain (FAFB), an adult female Drosophila melanogaster 504 

brain imaged at the synaptic level with serial section transmission electron microscopy [27]. We 505 

used the Flywire interface, which auto-segmented FAFB EM data to construct 3-dimensional 506 

segmentations of individual neurons [64]. To reconstruct desired neurons, we first identified 507 

relevant axons, dendrites, and branches. Possible errors by the auto-segmentation were mainly 508 

unfinished branches caused by missing EM slices or incorrect connections caused by shifted EM 509 

slices. Additionally, some neurons had darker cytosols in the EM data, possibly due to neuronal 510 

damage during the dissection process [95], and were therefore not as well-constructed by the 511 

auto-segmentation. We manually corrected each of these errors. 512 

 513 

Dense EM Reconstruction 514 

To find all MeTu, TuBu, TuTu, and AOTU046 neurons in the anterior visual pathway (AVP), 515 

we densely reconstructed the anterior optic tubercle (AOTU) small unit by scanning through every 516 

layer of EM in the neuropil volumes and proofreading all neurons composing them (disregarding 517 

twigs). Ring neurons were identified be means of TuBu downstream connectivity [65]. After each 518 

of these neurons was proofread, we classified them and compiled lists of their coordinates for 519 

further analysis.  520 

 521 

Computational Tools 522 

Region Boundaries 523 

 Regions were distinguished in our study in order to limit synapsesto specified neuropils. 524 

These regions included ME_L, ME_R, LO_L, LO_R, AOTU_L, AOTU_R, BU_L, BU_R, and EB. 525 

Using SciPy’s spatial module, we created Delaunay tessellations using a set of Flywire 526 

coordinates in order to determine whether synapses were contained within the given regions. The 527 

sets of points were not a comprehensive boundary box of individual neuropils, but rather formed 528 

polyhedra that contained the regions of interest of the relevant neurons. The coordinates were 529 

selected with the help of Flywire’s annotation lines to ensure that all neurons’ synapses were 530 

incorporated. In the case of the medullas, in which the Delaunay tessellation incorporated some 531 

lobula synapses as well, the ipsilateral lobula region was subtracted. 532 

 533 

.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 November 30, 2023. ; https://doi.org/10.1101/2023.11.29.569241doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.29.569241
http://creativecommons.org/licenses/by-nc-nd/4.0/


AOTUsu subdivision in comparison with previous studies 534 

The connectome of the AVP, which revealed four major MeTu types, clarifies discrepancies 535 

in previous literature. MeTu_im in Omoto & Keles et al. [34] appears to be MeTu4 because 536 

DALcl2d TuBu neurons project from AOTU_im to BUi. In addition, based on spatial organization, 537 

MeTu_lc, lp, and la/il in Omoto & Keles et al. may correspond to MeTu1, 2, and 3, respectively, 538 

though the AOTUsu map is slightly different from our study. A critical discrepancy we could not 539 

resolve was TuBu_a in Omoto & Keles et al. They described that TuBu_a projects from AOTU_il 540 

to the Bua which we did not observe in the FAFB dataset. In Hulse, Haberkern, Franconville and 541 

Turner-Evans et al. [28], the TuBu neuron type innervating BUa is TuBu01, which are located in 542 

AOTUsu_PC, downstream of MeTu2. However, Omoto & Keles et al. claims these TuBu neurons 543 

project from the AOTUsu_A to the BUa. We believe this discrepancy is due to the lower resolution 544 

of light microscopy, and TuBu_a should be re-classified. 545 

Timaeus et al. [35] divided the AOTUsu into five subdomains, separating AOTUsu_a into 546 

lateral and anterior central parts. They state that R7 may be upstream of MeTu_la, MeTu_ca, and 547 

MeTu_cp (MeTu3 and MeTu2, respectively), which agrees with what we found. However, they 548 

only found TuBu neurons projecting from the AOTUsu_la/lp/ca/cp to the BU_s and the 549 

AOTUsu_m to the BUi, meaning they did not discover TuBu01. Finally, they claimed that MeTu_m 550 

(MeTu4) dendrites also project to medulla layers 2 and 8, which was inconsistent with what we 551 

found in the FAFB dataset. 552 

Tai et al. [56], unlike the other two papers, found four subdomains of the AOTUsu (L-AOTU1-553 

4), which are connected linearly from the edge of the AOTUlu to the lateral-most edge of the 554 

AOTUsu. The respective MeTu neurons in these regions were called MT1-4 (not corresponding to 555 

our study’s MeTu1-4). This study only showed an anterior view of the AOTU, and as such, it is 556 

possible that they did not find the AOTUsu_PC, which is obscured by the AOTUsu_A from the 557 

anterior side. In this case, the corresponding regions are AOTUsu_M (L-AOTU1), AOTUsu_A (L-558 

AOTU2-3), and AOTUsc_PL (L-AOTU4). The corresponding MeTu neurons are thus MeTu4a/b/c/d 559 

(MT1), MeTu3c (MT2), MeTu3a/b (MT3), and MeTu1 (MT4). 560 

 561 

Synaptic Connectivity Matrices 562 

Synaptic connectivity between neurons was found using automatic synapse detection [65]. 563 

For all our connectivity analysis we used a cleft score of >= 50 and excluded autapses and 564 

synapses to the background segmentation. Two types of connectivity matrices were generated 565 

throughout the study: individual neuron weight matrices (purple) and neural type weight matrices 566 

(green). For the individual neuron weight matrices, the number of synapses between each neuron 567 
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was first calculated. To determine the relative weight within the given region, this quantity was 568 

divided by the postsynaptic neuron’s total number of synapses in the region. Neurons with fewer 569 

than 3 total regional connections were removed. Additionally, a few outliers found to connect to 570 

specific neurons than others were removed: Among MeTu interconnectivity, there were 1 571 

MeTu1_R, 1 MeTu2a_R, 2 MeTu4a_L, and 5 MeTu4a_R outliers, and among Ring 572 

interconnectivity, there was 1 ER3d_b_L outlier. 573 

The ordering of the neurons within the connectivity matrices was based on the location of 574 

TuBu neurons within the AOTU: TuBu neurons with dorsal dendrites were first (which corresponds 575 

to the front of the fly’s visual field), and TuBu neurons with ventral dendrites were last. Most TuBu 576 

types form a dorsal-ventral line within the AOTU, which made this ordering possible. Both MeTu 577 

and ring neurons were ordered in groups based on which of these TuBu neurons they were most 578 

connected to (MeTu neurons presynaptically in the AOTU and ring neurons postsynaptically in 579 

the bulb). Within the groups they were ordered by how many synapses they shared to that TuBu 580 

neurons. 581 

Neural type weight matrices show the connections of whole classes of neurons. First, the total 582 

number of synapses between all presynaptic and postsynaptic neurons of the respective given 583 

types was calculated. Then, these quantities were divided by the total number of synapses of all 584 

postsynaptic neurons of the given type within the region. This gave a measure of the total synaptic 585 

weight between the two types. 586 

 587 

3-Dimensional Rendering 588 

3D renderings were either generated in Blender with neuron meshes retrieved using the 589 

Python CloudVolume package or in R with the rgl and fafbseg package.  590 

 591 

Medulla columns and layers  592 

We identified all Mi1 neurons, a unicolumnar celltype, in both hemispheres as a proxy for 593 

individual medulla columns as Mi1 neurons are present in each medulla column and span the 594 

entire distal-proximal axis of the medulla from M1 to M10. For each Mi1 neuron we performed a 595 

PCA on all pre- and postsynaptic sides of the neuron (Fig. 1h). PC1 corresponds to the distal-596 

proximal axis of the column. The upper and lower boundary of each column is defined as the 0.03 597 

and 0.97 percentile of synapses on the distal-proximal axis.  598 

Medulla layers are based on the average synapse distribution of Mi1, Mi4, L1, L2, L3, L5, Dm8 599 

and T4 neurons along the distal-proximal axis in three exemplar columns. Layer M1: [-3.9% — 600 

5.5%]; layer M2: [5.5% — 17.1%]; layer M3: [17.1% — 30.8%]; layer M4: [30.8% — 34.0%]; layer 601 
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M5: [34.0% — 43.2%]; layer M6: [43.2% — 50.1%]; layer M7: [50.1% — 63.1%]; layer M8: [63.1% 602 

— 75.4%]; layer M9: [75.4% —92.4%]; layer M10: [92.4% — 102.2%].      603 

 604 

MeTu Analysis 605 

MeTu Classification 606 

We describe MeTu types (labeled with numbers: MeTu1 - MeTu4) and MeTu subtypes 607 

(labeled with lowercase letters: exp. MeTu2a). MeTu1/2/3 were previously called MC61 [96]  and 608 

MeTu4 was called MC64 [28]. MeTu2 was also called MeTu-DRA [32]. The location of axons and 609 

dendrites of MeTu (Fig. 1c), TuBu (Fig. 1c), TuTu (Fig. S3g), and AOTU046 (Fig. S2h) neurons 610 

maintain specific patterns of localizations within the AOTUsu [28], through which we determined 611 

four distinct regions (Posterior Lateral, Posterior Central, Anterior, and Medial). The axonal 612 

boutons of each MeTu neuron terminates within one of these four areas, so we classified MeTu1, 613 

MeTu2, MeTu3, and MeTu4 as types. Between the left and right hemispheres respectively, there 614 

are 121 and 124 MeTu1, 50 and 50 MeTu2, 145 and 129 MeTu3, and 137 and 138 MeTu4. There 615 

is one neuron on the right side whose axonal tract terminated before projecting to the medulla. It 616 

was labeled MeTu_incomplete_R and was excluded from further analysis. 617 

Analysis of morphology, up- and downstream connectivity as well as spatial distribution in the 618 

medulla revealed distinct MeTu subpopulations within the MeTu2, MeTu3 and MeTu4 types which 619 

led us to define MeTu subtypes. 620 

MeTu1 forms a homogenous neuron population in terms of morphology, and up- and 621 

downstream connectivity without any distinctive features which would allow any further 622 

subtyping(Fig. 2s). MeTu2 is upstream of two TuBu types, TuBu01 and TuBu06. MeTu2a is 623 

connected to both, TuBu01 and TuBu06, with a preference for TuBu01 whether MeTu2b is 624 

connected to TuBu06 with very few synapses onto TuBu01 (Fig. 3w). 625 

We found three MeTu3 subtypes: MeTu3a/b/c. MeTu3a has flat dendrites and lacks 626 

presynaptic connections to Mi15, while MeTu2b/c has vertical dendritic protrusions and connects 627 

to Mi15. (MeTu3a was specifically classified as MeTu3 that has ≤13 synapses with Mi15 neurons.) 628 

Note that MeTu2a/b cell bodies are located closer to the medulla equator, whereas MeTu3a cell 629 

bodies are found above the center of the branching (data not shown). Within the AOTUsu, all 630 

MeTu3a project to TuBu07. MeTu3b is strongly connected to TuBu07, and MeTu3c is most 631 

strongly connected to TuBu09 and TuBu10. To further analyze this distinction, we compared their 632 

postsynaptic weights with Mi15, Mti_unknown_1, Mti_DRA2, and MeMeDRA. MeTu cells 633 

sensitive to skylight polarization have so far been physiologically characterized in Drosophila [2], 634 
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and a careful comparison between their light microscopic data and our connectomic 635 

reconstruction identifies these cells as MeTu 2b and MeTu3a. 636 

MeTu4 is generally morphologically distinct from other MeTu types because neurons contain 637 

boutons within the lobula. However, light microscopy suggested there is a subtype that does not 638 

have these boutons (Fig. 4k+5). We as well found a MeTu4 population without lobula boutons 639 

and few loblua synapses (15 pre- and postsynapse), which we named MeTu4d. MeTu4d 640 

additionally only arborizes within the ventral half of the medulla. 641 

We further grouped MeTu4 neurons with lobula boutons in distinctive subtypes based on 642 

morphology, spatial distribution in the medulla, and downstream TuBu connectivity. MeTu4a has 643 

two layers of dendrites in the medulla, more densely arborizes in the dorsal half of the medulla, 644 

and are presynaptic to TuBu03 and TuBu04. MeTu4b has single-layered dendrites, only occupies 645 

the posterior-center of the medulla in both hemispheres, and are presynaptic to TuBu02. MeTu4c 646 

also has single-layered dendrites, arborizes across the entire medulla, and are presynaptic to 647 

TuBu05.  648 

We sought to provide light microscopic evidence in the form of cell type-specific driver lines, 649 

corroborating the existence of genetically defined subclasses of visual projection neurons 650 

described in this study [46, 47, 97-99]. 651 

UMAP in Fig. 1fi is based on connectivity to up- and downstream partners as features. We 652 

selected a total of 84 neurons and identified all their presynaptic partners. We selected these 653 

neurons to ensure that at least five neurons upstream of each TuBu type were included and that 654 

the selected specimens covered the medulla space evenly. We identified all upstream partners 655 

with 4 or more synapses. Downstream neurons include 13 types (all TuBu types, TuTuA, TuTuB 656 

and AOTU046), and Upstream neurons include 28 types (all top five connected neuron types of 657 

all MeTu subtypes; Table 1). UMAP in Fig. 1fii is only based on the 28 upstream types. All 658 

connectivity types are also shown in Fig. 1g. 659 

 660 

Proofreading Rounds 661 

For a subset of MeTu neurons we increased proofreading quality by increasing the rounds of 662 

detailed proofreading [64]. We used the right optic lobe because the left optic lobe has a partially 663 

detached lamina and parts of the posterior side of the medulla are distorted. [27]. We chose 113 664 

of the 441 right MeTu neurons to undergo multiple rounds of proofreading. Originally, 101 neurons 665 

were chosen randomly with the same relative ratios of MeTu1-4s as in the population: 28 MeTu1, 666 

12 MeTu2, 30 MeTu3, and 31 MeTu4. When we later discovered subcategories of the neurons, 667 

we wanted at least 5 of each subtype. In the end, we proofread the following 113 neurons: 29 668 
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MeTu1, 7 MeTu2a, 5 MeTu2b, 6 MeTu3a, 13 MeTu3b, 16 MeTu3c, 13 MeTu4a, 5 MeTu4b, 14 669 

MeTu4c, and 5 MeTu4d. 670 

Each of these neurons underwent three rounds of proofreading, and volumetric comparisons 671 

were performed to determine the differences in accuracy between the three rounds. The first 672 

round was the cursory proofreading that was done to all 441 MeTu neurons. The next two rounds 673 

were split between the two proofreaders (DG and EK). Each proofreader densely proofread half 674 

of the 113 for the second round, and then switched and worked on the other half for the third 675 

round.  676 

 677 

Upstream Connections 678 

We used automatic synapse detection to find presynaptic partners of the proofread MeTu 679 

neurons. As stated in the proofreading section, we picked them based on the ratio of the entire 680 

population, with a minimum of 5 neurons per type. Additionally, as with the proofreading rounds, 681 

we only looked at neurons on the right side. Because several neurons contain a darker cytosol 682 

and are not segmented well in Flywire, we left out any of those neurons in favor of normal neurons. 683 

Thus, we analyzed the following 84 neurons: 18 MeTu1, 5 MeTu2a, 5 MeTu2b, 6 MeTu3a, 9 684 

MeTu3b, 11 MeTu3c, 10 MeTu4a, 5 MeTu4b, 10 MeTu4c, and 5 MeTu4d. 685 

For each neuron, we identified each presynaptic partner with ≥4 synaptic connections. Many 686 

partners had been classified in previous studies, but we found new medulla tangential intrinsic 687 

(Mti) neurons. We also found additional neurons that linked multiple locations. We labeled them 688 

based on the regions they arborized in, beginning with their dendrites (MeSps, MeLo, SpsSpsMe). 689 

If the cells had not been previously characterized, we labeled them “_unknown_#” 690 

(Mti_unknown_1, Mti_unknown_2, etc.) based on morphological groups. The lower numbers had 691 

more connections to the MeTu population. We provide a spreadsheet of these neurons with 692 

corresponding connectomic names recently proposed by the FlyWire team and available in Codex 693 

[53]. 694 

 695 
Synapse Density 696 

MeTu and TuBu synapse density maps in the AOTU were created from three angles: from the 697 

dorsal side looking towards the ventral side, from the anterior side looking towards the posterior 698 

side, and from the lateral side looking towards the medial side (Fig. S2f, S3f, S4h, S5f). Each of 699 

these views were rotated 30° along the anterior-posterior axis. Each map was created by finding 700 

all of the connections within small volumes, each 40nm by 40nm by the length of the AOTU along 701 

the viewpoint axis. When the number of connections were computed, they were subjected to a 702 
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Gaussian blur with a sigma value of 10. Color maps were then created based on the relative 703 

values, with higher values having higher opacity. Demonstrative synapse maps were created as 704 

well (Fig. 1c). These were subjected to a Gaussian blur with a sigma value of 4, and did not vary 705 

in opacity based on synapse density. 706 

 707 

Neurotransmitter Predictions 708 

We use the neurotransmitter prediction described in a recent study [100]. We calculate the 709 

average neurotransmitter probability across all presynapses of an individual neuron (Fig. S2i, 710 

S3hi-ii, S6ci-x).  711 

 712 

AVP Analysis 713 

AVP Classification 714 

The recent connectomic analysis [28] of the hemibrain [37, 38] provided full classifications of 715 

TuTu, TuBu, and ring neurons which we adopted in this study. This study gave detailed 716 

classifications to 17 bulbar Ring neurons and 5 LAL ring neurons. Of the 17 bulbar neurons, there 717 

are 11 distinct morphologies, and we classified the FAFB neurons as follows: ER2_abd, ER2_c, 718 

ER3a_ad, ER3d_acd, ER3d_b, ER3m, ER3p_ab, ER3w. ER4d, ER4m, ER5. The study also 719 

described patterns of interconnectivity between Ring neurons, and using synaptic analysis we 720 

distinguished ER2ad and ER2b, and ER3d_a, ER3d_c, and ER3d_d. There are multiple 721 

morphologies of ER2c neurons (which is consistent with hemibrain), but we did not further 722 

subcategorize these neurons. However, some connectivity patterns are not consistent between 723 

the hemibrain and FAFB, so we did not subclassify all neurons to the same level of detail. In the 724 

instances of ER2_a and ER2_d; ER3a_a and ER3a_d; ER3p_a and ER3p_b; and ER3w_a and 725 

ER3w_b, we maintained their names as ER2_ad, ER3a_ad, ER3d_acd, ER3p_ab, and ER3w_ab.  726 

In the hemibrain, TuBu neurons were classified based on their downstream ring neuron 727 

partners. After classifying all the corresponding ring neurons, we similarly grouped the TuBu 728 

neurons as TuBu01-10. There are three ambiguous TuBu neurons. One TuBu in the right 729 

hemisphere is upstream of an ER2c neuron but is located in line with other TuBu09 as opposed 730 

to TuBu10, which are generally upstream of ER2c. We labelled this neuron as TuBu09 because 731 

of its AOTU location. Another TuBu nbeuron in the right hemisphere has the dendritic morphology 732 

of a TuBu04 and is downstream of MeTu4a, but is upstream of ER3p_ab. We classified it as 733 

TuBu04 as opposed to TuBu05. One neuron in the left hemisphere has a normal microglomerulus 734 

partnered with an ER3a_ad and two ER3m neurons like TuBu02 neurons. However, this neuron 735 

.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 November 30, 2023. ; https://doi.org/10.1101/2023.11.29.569241doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.29.569241
http://creativecommons.org/licenses/by-nc-nd/4.0/


projects to the SPS, as opposed to the AOTU. Because there is no other neuron in this dataset 736 

or hemibrain with this projection pattern, we determined that it may have been a developmental 737 

error and labelled it TuBu_misc_L, only including it in connectivity tables between TuBu and Ring 738 

neurons. 739 

We identified TuTub_a and TuTub_b based on morphology. There is one of each type per 740 

hemisphere. There are four AOTU046 neurons, with dendrites in one SPS and axons in both 741 

AOTU and both bulbs. We used these eight neurons for bihemispheric type connections. The 742 

quantity of each of these neuron types is consistent with hemibrain [28]. 743 

 744 

Bihemispheric Connections 745 

Connectivity diagrams of bihemispheric neurons are based on type connectivity matrices from the 746 

right hemisphere (Fig. S2g). Each arrow represents the weight of the postsynaptic neuron type’s 747 

connection to the presynaptic neuron type. Only weights ≥0.05 were represented as arrows. 748 

Arrow thickness was determined linearly based on the weight. 749 

Bihemispheric neuron diagrams in Fig. S2h, S3gi-ii are made using neurons on from the right 750 

hemisphere. Pie charts within the figures show the relative amount of presynaptic (red) and 751 

postsynaptic connections (cyan) of the neuron. Within the AOTU, these only include connections 752 

between the bihemispheric neurons and MeTu and TuBu neurons, as those are the only neurons 753 

in the AOTU in which the subregion is known. Within the bulb, the connections shown are between 754 

AOTU046 and TuBu and ring neurons. Within the SPS, the connections are between AOTU046 755 

and all SPS neurons. The relative size of the pie charts refers to the quantities of bihemispheric 756 

synapses in each subregion. In the case of AOTU046, these were calculated by averaging the 757 

two neurons on the right side. Lines are drawn to subregions that have ≥100 synapses. 758 

 759 

Mapping medulla columns to ommatidia coordinates 760 

For each medulla column we manual assigned the neighboring columns along the vertical, 761 

horizontal, p and q axis (Fig. 1h sixth panel). The column maps were mirrored along the dorsal 762 

ventral axis to reflect the inversion from retina to medulla along antero-posterior (A-P) retinotopic 763 

axis through the first optic chiasm (OCH1). We assume an interommatidial angle of 5.5°. The 764 

resulting retinal maps are centered on 0° elevation. Negative azimuth values correspond to the 765 

left eye and positive values to right eye. We assume a zone of binocular overlap of eight columns 766 

total (four columns of the left eye extend into the right hemisphere on the anterior side and four 767 

columns of the right eye extend into the left hemisphere on the anterior side).  768 

 769 
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Ring neuron visual area  770 

For each “visual column” of a given ring neuron we calculate the putative excitatory value as the 771 

sum of all weighted branches connecting the ring neuron via TuBu and MeTu neurons to the 772 

“visual column” (Fig. 6a middle panel). Each branch is the product of synaptic weights of TuBu 773 

neuron to ring neuron connection, MeTu neuron to TuBu neuron connection and MeTu neuron 774 

medulla column occupancy. MeTu neuron medulla column occupancy is calculated as the fraction 775 

of presynaptic sides closed to the column. Putative inhibitory values are the sum all weighted 776 

branches connecting the ring neuron via TuBu, TuTuB and MeTu neurons to the “visual column” 777 

multiple by -20 (Fig. 6b middle panel). “Visual column” values for figure panels showing the 778 

combined putative excitatory and inhibitory visual areas were calculated as the sum of the 779 

inhibitory value and excitatory value (Fig. 6c and e). 780 

 781 

Hemibrain Comparison 782 

The hemibrain dataset contains the entire central complex of the D. melanogaster brain, but 783 

only extends to include the AOTU pf the left hemisphere. Therefore, it contains two sets of ring 784 

neurons, one set of TuBu neurons, and only the boutons of one set of MeTu neurons. The MeTu 785 

neurons were named MC64 or MC61. 786 

We used the Python module neuprint to look at the MC61 and MC64 that are presynaptic to 787 

the previously defined TuBu neurons. We first distinguished MeTu1-4 based on their respective 788 

TuBu types. All MC64 are MeTu4, but a small population of MeTu4 ais MC61 instead. We plotted 789 

the number of synapses within the lobula among MC61 and MC64 to determine that this 790 

distinction was due to differences in the number of lobula connections (data not shown). We 791 

distinguished MeTu4 the same way as FAFB, where fewer than 15 synapses in the lobula signified 792 

MeTu4d. We classified all other MeTu subtypes using their downstream TuBu partners. The only 793 

classification we were unable to make was that of MeTu3a and MeTu3b, as they were separated 794 

using upstream connections in the medulla, which the dataset did not include. We labeled these 795 

neurons as MeTu3ab, and adjust the FAFB one in comparison plots. After classification, there are 796 

127 MeTu1, 39 MeTu2a, 14 MeTu2b, 64 MeTu3ab, 86 MeTu3c, 68 MeTu4a, 13 MeTu4b, 41 797 

MeTu4c, and 17 MeTu4d. 798 

After obtaining all AVP neurons in Flywire and neuprint, we compared the relative numbers of 799 

neurons among four hemispheres with Ring and bihemispheric neurons, and three hemispheres 800 

with TuBu and MeTu neurons. We noticed discrepancies among TuBu and ring neuron counts, 801 

so we compared the ratios of ring to TuBu counts in the three hemispheres (Fig. S1n-s). 802 

  803 
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Key Resources Table 

Reagent type 
(species) or 
resource 

Designation Source or reference Identifiers Additional information 

Software, 
algorithm 

Python 3 http://www.python.org RRID:SCR_008394   

Software, 
algorithm 

pymaid https://github.com/schlegelp/P
yMaid 

  python library 

Software, 
algorithm 

FAFBseg https://github.com/flyconnecto
me/fafbseg-py 

  python library 

Software, 
algorithm 

R https://www.r-project.org/     

Software, 
algorithm 

R Studio https://www.rstudio.com/     

Software, 
algorithm 

Natverse https://natverse.org DOI: 
10.7554/eLife.53350 

collection of R packages 
for neuroanatomical 
analysis 

Software, 
algorithm 

Tidyverse https://www.tidyverse.org/   R package 

Software, 
algorithm 

alphashape
3d 

https://CRAN.R-
project.org/package=alphash
ape3d 

  R package 

other FAFB Zheng et al. 2018;  
https://v2.virtualflybrain.org/ 

  EM data set 

other FlyWire Dorkenwald et al. 2020;  
https://flywire.ai/ 

   EM auto-segmentation 

 804 

  805 
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Video 1 | Back-tracing from an ER4d neuron to MeTu1 neurons. From this reconstruction, we 1084 

infer that ER4d neurons respond to vertically elongated visual fields. 1085 

1086 

1087 

Video 2 | Back-tracing from an ER2b neuron to MeTu3c neurons. From this reconstruction, 1088 

we infer that ER2b neurons respond to smaller dorsal visual fields. 1089 

1090 

1091 

Video 3 | Back-tracing from an ER2c neuron to MeTu3c neurons. From this reconstruction, 1092 

we infer that ER2c neurons respond to smaller visual fields around the equator. 1093 

1094 

1095 

Data set 1 | Gallery of MeTu neurons. This file contains all MeTu neurons and provides a 1096 

summary of each of them.  1097 

 1098 

1099 

1100 

1101 

Data set 2 | Gallery of inferred receptive field of ring neurons. This file contains inferred 

1102 

receptive fields of all ring neurons in the AVP. A few examples are also shown in Fig. 6e. 

1103 

1104 
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Table 1 | Connectivity of selected MeTu4 neurons. Each row represents a MeTu neuron. The 

type is shown on the right side of the table. Each column represents a neuron type making 

synapses with MeTu neurons. Numbers represent the total number of synapses. Red boxes 

represent connections from MeTu neurons and blue boxes represent connections to MeTu 

neurons. 
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Fig. 1 | Identification and classification of MeTu neurons within the Anterior Visual Pathway. 
a, Diagram of the Drosophila melanogaster central brain, emphasizing the Anterior Visual 
Pathway (AVP). Important regions are darker gray, including medulla, AOTU, mulb, and EB (the 
former three have counterparts in both hemispheres). The three crucial neurons of the AVP are 
MeTu (from the Medulla to the AOTU_SU, purple), TuBu (from the AOTU_SU to the bulb, yellow), 
and Ring/ER (from the bulb to the EB, cyan). b, All MeTu (n=451 on the left, n=441 on the right), 
TuBu (n=75 on the left, n=75 on the right), and visual Ring (n=116 on the left, n=116 on the right) 
neurons. c, Top: synapse plots of TuBu (left) and MeTu (right) neurons in the posterior lateral 
(red), posterior central (blue), anterior (green), and medial (yellow) region of the AOTU_SU. 
Bottom: all TuBu (left) and MeTu (right) in the AOTU_SU_R. di-ii, Synaptic weight matrix of MeTu 
type to TuBu type connectivity in the right (di) and left (dii) hemisphere. diii-iv, Synaptic weight 
matrix of MeTu subtype to TuBu type connectivity in the right (diii) and left (div) hemisphere. ei-iv, 
All neurons of types MeTu1 (ei), MeTu2 (eii), MeTu3 (eiii), and MeTu4 (eiv). fi-ii, UMAPs of all MeTu 
neurons with identified upstream partners based on the synaptic weight of the top 5 medulla input 
neuron types and AOTU output neuron types (fi) or just synaptic weight of the top 5 medulla input 
neuron types (see Methods for details)(fii). Groupings are generally consistent with MeTu1-4 
groups in the main text with a notable exception that MeTu3a neurons are closer to MeTu2 
neurons (because of the similar polarization input) than other MeTu3 neurons. g, Synaptic weight 
matrix of all MeTu neurons with identified upstream partners (columns) and their AOTU output 
partners (top rows in red) and top5 medulla input neuron types (bottom rows in dark cyan). 
Dendrogram branches and column labels are color-coded according to MeTu. h, Process of 
defining medulla columns and layers from all Mi1 neurons, a uni-columnar cell type, shown for 
the right optic lobe. From left to right: Render of all Mi1neurons of the right optic lobe, a single Mi1 
neuron with pre- (red) and postsynaptic (cyan) sides, distal-proximal axis of a column is given by 
PC1 of a PCA on all synaptic sides of the corresponding Mi1 neuron, defining layer markers based 
on the upper and lower bound of the distal-proximal axis, m6 layer marker of all columns, manual 
assignment of neighboring columns along the horizontal (black), vertical (red), p (blue) and q 
(green) axis, and the resulting hex grid. 
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Fig. 2 | MeTu1 cells form a homogeneous group. a, Single MeTu1 neuron with presynapses 
in red and postsynapses in cyan, with a closeup of the AOTU portion in the top-left corner. Scale 
bar: 10 μm. b, Top view in the medulla of MeTu1 neuron in (a) , with the medulla columns it spans 
as gray circles. c, Side view of same neuron as in (a & b) , with the medulla layers labeled on the 
left. d, Left: Synapse distribution of presynapses (left) and postsynapses (right) of the MeTu1 
neuron in (a - c) with reference to the medulla layers (as count / 100 nm). Right: Synapse 
distribution of all MeTu1 with reference to the medulla layers (relative frequency). e, Percentage 
of medulla input (%) of top 5 synaptic input types and unidentified types for all analyzed 
MeTu1neurons (see methods). Red point: population average. f, All MeTu1 neurons of the right 
optic lobe, with presynapses (red) and postsynapses (cyan). g, Confocal image of a MeTu1 
specific split-gal4 driver (SS0038). h-i, MCFO images of MeTu1 neurons, from the anterior side 
(h) and the side of the medulla (i). j, MeTu1 shown in (a) in black, along with all upstream Dm2 
partners in the medulla. k,  MeTu1 shown in (a) in gray, along with a single Dm2 partner in blue, 
viewed from the side of the medulla with layers labeled on the left. Presynapses from the Dm2 
are in red. l, Top-left: synapse density of a single MeTu1 neuron. Top-right: Illustration of equal 
area annuli with an area of 314.15µm2. Bottom: Synapse density for each annulus. Red point: 
population average. m, percentage of output (red) and input (cyan) of all MeTu1 neurons whose 
synaptic connectivity was analyzed to their top TuBu and upstream partners respectively. n, 
Diagram of the top 5 inputs of MeTu1 in the medulla, with line thickness denoting synaptic weight. 
o, Illustration of the elliptical measurement of a MeTu1 neuron’s dendritic span, with its ellipse 
angle (α), semi-major axis (a), and semi-minor axis (b) (see methods for details).. p, Top:  Right 
optic lobe MeTu1 populations ellipse ratios (semi-major axis to semi-minor axis) as a function of 
the ellipse angles. Bottom: Right optic lobe MeTu1 populations relative frequency of ellipse angles. 
q, Ellipses of all MeTu1neurons of the right optic lobe with their semi-major axes as black lines 
and the color of the ellipse as a function of the ellipse angle. r,  Number of columns spanned by 
each MeTu1 neuron of the right optic lobe. s, Number of MeTu1 cells each medulla column 
contains within its bounds. Gray columns have zero cells.  t, Illustration of MeTu neuron 
topography. Top: Three MeTu1 neurons with the same dendritic position along the dorsal-ventral 
axis in the medulla, along with their resulting axon locations in the AOTU. Bottom: A graph of all 
MeTu1 neurons of the right optic lobe with their dorsal-ventral positions in the AOTU plotted 
against their posterior-anterior positions in the medulla. The three neurons from the top figure are 
highlighted in red, blue, and green.  
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Fig. 3 | The two MeTu2 subtypes both process polarized skylight. a, AllMeTu2a (ai) and 
MeTu2b (aii) neurons of the right optic lobe. Presynapses are red and postsynapses are cyan. b, 
Top: Single MeTu2a (bi) or MeTu2b (bii) neuron, with a closeup of the AOTU portion in the top-
left corner. Bottom: Side view of the same neuron, with the medulla layers labeled on the left. c, 
Top view of the same neurons as in (b), with the medulla columns it spans as gray circles. d, Left: 
Synapse distribution of presynapses (red) and postsynapses (cyan) of the neurons in (b) with 
reference to the medulla layers. Right: Synapse distribution of all MeTu2a/b respectively with 
reference to the medulla layers (relative frequency). e, Percentage of medulla input (%) of top 5 
synaptic input types and unidentified types for all analyzed MeTu2a (ei) or MeTu2b (eii) neurons. 
f, Confocal image of a MeTu2a specific split-gal4 driver (SS00336). g, MCFO image of MeTu2a 
neurons (SS00336).. h, Confocal image of a MeTu2a specific split-gal4 driver (SS03744). i, 
MCFO image of MeTu2b neurons (SS03744). j, MeTu2 main presynaptic partners. ji,Left: 
MeTu2a from (bi) in black, with all presynaptic DmDRA1 partners. Right: Same MeTu2a in gray, 
along with a single DmDRA1 partner in blue.  Presynapses from the DmDRA1 are red. jii, Left: 
MeTu2a from (bi) in black, with all presynaptic Mti_unknown_1 partners. Right: Same MeTu2a 
shown in gray, along with a single Mti_unknown_1 partner in blue.. Presynapses from the 
Mti_unknown_1 are red. k, Connectivity dendrogram of all analyzed MeTu2a/b neurons (labeled 
on the bottom). Percentage of output (red) and input (cyan) to their top TuBu and upstream 
partners respectively. l, Diagram of the top inputs of MeTu2a (blue) and MeTu2b (green) in the 
medulla, with line thickness denoting synaptic weight. m, Dorsal-ventral positions in the AOTU of 
all MeTu2a (blue) and MeTu2b (green) neurons in the right hemisphere as a function of their 
posterior-anterior positions in the medulla. n,  Ellipse ratios (semi-major axis to semi-minor axis) 
of allMeTu2a (blue) and MeTu2b (green) of the right hemisphere as a function of the ellipse angles. 
o, Relative frequency of ellipse angles for all MeTu2a (oi) and MeTu2b (oii) neurons in the right 
hemisphere. p, Ellipses of all MeTu2a (pi) and MeTu2b (pii) neurons of the right optic lobe with 
their semi-major axes as black lines and the color of the ellipse as a function of the ellipse angle. 
q, Number of columns spanned by each MeTu2a (q i) and MeTu2b (qii) neuron of the right optic 
lobe. r, Number of MeTu2a (ri) and MeTu2b (rii) neurons each medulla column of the right optic 
lobe contains within its bounds. Gray columns have zero cells. 
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Fig. 4 | Three subtypes of MeTu3 are functionally segregated. ai-iii, Entire population of 
MeTu3a/b/c neurons respectively of the right hemisphere. Presynapses are red and 
postsynapses are cyan. bi-iii, Top: Single MeTu3a/b/c neuron respectively, with a closeup of the 
AOTU portion in the top-left corner. Bottom: Side view of the same, with the medulla layers labeled 
on the left. ci-iii, Top view of the same neurons in (bi-iii), with the medulla columns it spans as gray 
circles. di-iii, Synapse distribution of presynapses (red) and postsynapses (cyan) of the neurons 
in (bi-iii) with reference to the medulla layers . Right: Synapse distribution of all MeTu3a/b/c 
respectively with reference to the medulla layers (relative frequency). ei-iii, Percentage of medulla 
input (%) of top 5 synaptic input types and unidentified types for all analyzed MeTu3a/b/c neurons 
respectively. f, Confocal image of a MeTu3b specific split-gal4 driver (SS00988). g, MCFO image 
of MeTu3b neurons (SS00988). h, Dorsal-ventral positions in the AOTU of all MeTu3a (blue), 
MeTu3b (green), and MeTu3c (red) neurons in the right hemisphere as a function of their 
posterior-anterior positions in the medulla. i, Ellipse ratios (semi-major axis to semi-minor axis) of 
all MeTu3 neurons of the right hemisphere as a function of  the ellipse angles. ji-iii, Relative 
frequency of ellipse angles for all MeTu3a/b/c neurons in the right hemisphere respectively. k, 
Top: MeTu3b from (bii) in black, along with all presynaptic Mi15 partners. Bottom: Side view of 
same MeTu3b in gray, with a single Mi15 partner in blue. Mi15 to MeTu3b synapses in red. l, 
Connectivity dendrogram of all analyzed MeTu3a/b/c neurons (labeled on the bottom). 
Percentage of output (red) and input (cyan) to their top TuBu and upstream partners respectively. 
m, Diagram of the top inputs of MeTu3a (blue), MeTu3b (green), and MeTu3c (red) in the medulla, 
with line thickness denoting synaptic weight. n, Morphometric analysis of MeTu3a (ni), MeTu3b 
(nii), and MeTu3c (niii) neurons. First plot: Fitted ellipses with semi-major axes as black lines and 
the color of the ellipse as a function of the ellipse angle. Second plot: Number of columns spanned 
by each MeTu3 neuron of the right optic lobe. o, Number MeTu3a (top-left), MeTu3b (top-right), 
and MeTu3c (bottom-left) neurons each medulla column in the right optic lobe contains within its 
bounds. Gray columns have zero neurons.  
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Fig. 5 | Four MeTu4 subtypes convey widefield visual inputs. ai-iv, Entire population of 
MeTu4a/b/c/d neurons respectively of the right hemisphere. Presynapses are red and 
postsynapses are cyan. bi-iv, Top: Single MeTu4a/b/c/d neuron respectively, with a closeup of the 
AOTU portion in the top-left corner. Bottom: Side view of the same neuron, with the medulla layers 
labeled on the left. ci-iv, Side view of the same neurons in (bi-iv, with the medulla columns it spans 
as gray circles. di-iv, Top: Synapse distribution of presynapses (red) and postsynapses (cyan) of 
the neurons in (bi-iv) with reference to the medulla columns. Bottom: Synapse distribution of all 
MeTu4a/b/c/d respectively with reference to the medulla layers (relative frequency). ei-iv, 
Percentage of medulla input (%) of top 5 synaptic input types and unidentified types for all 
analyzed MeTu4a/b/c/d neurons.  f, Confocal image of a MeTu4a specific split-gal4 driver 
(SS03719). g, MCFO image of MeTu4a neuron (SS03719). h, Confocal image of a MeTu4d 
specific split-gal4 driver (SS23880). i, MCFO image of MeTu4d neuron (SS23880).. j, Top: dorsal-
ventral positions in the AOTU ofall MeTu4a (blue), MeTu4b (green), MeTu4c (red), and MeTu4d 
(yellow) neurons in the right hemisphere as a function of their posterior-anterior positions in the 
medulla. Bottom: Ellipse ratios (semi-major axis to semi-minor axis) of all MeTu4 neurons of the 
right hemisphere as a function of their  ellipse angles. k, Connectivity dendrogram of all analyzed 
MeTu4a/b/c/d neurons (labeled on the bottom). Percentage of output (red) and input (cyan) to 
their top TuBu and upstream partners respectively. l, Diagram of the top inputs of MeTu4a (blue), 
MeTu4b (green), MeTu4c (red), and MeTu4d (yellow) in the medulla, with line thickness denoting 
synaptic weight. m, Morphometric analysis of MeTu4a (mi), MeTu4b (mii), MeTu4c (miii), and 
MeTu4d (miv) neurons. Top-left: Relative frequency of ellipse angles. Top-right: Number of 
respective MeTu4a/b/c/d neurons each medulla column in the right optic lobe contains within its 
bounds. Gray columns have zero cells. Bottom-left: Fitted ellipses with their semi-major axes as 
black lines and the color of the ellipse as a function of the ellipse angle. Bottom-right: Number of 
columns spanned by each MeTu4 neuron in the right hemisphere. 
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Fig. 6 | Putative visual areas of ER neurons in the right hemisphere. a, Putative excitatory 
direct pathway. Top: all connected TuBu and upstream MeTu neurons for on given exemplary ER 
neuron. Middle: Connectivity graph illustration of the excitatory direct pathway. In red are all 
branches connecting to one given column. Bottom: Resulting putative visual area. b, Putative 
inhibitory indirect pathway. Top: all connected TuBu, upstream TuTu and upstream MeTu neurons 
for on given exemplary ER neuron. Middle: Connectivity graph illustration of the inhibitory indirect 
pathway. In blue are all branches connecting to one given column. Bottom: Resulting putative 
visual area. We did not analyze the AOTU046 pathway because its neurotransmitter was not 
conclusive [65]. b, Summed visual areas from a and b. d, Visual area size as number of covered 
columns for all visual ER neurons of the right hemisphere. Red point: population average. e, For 
all visual ER types (columns) of the right hemisphere we show three exemplary visual areas of 
individual neurons (first three rows), visual area overlap as number of ER neurons present in a 
given “visual column” (fourth row) and contour outline of the visual area of all neurons of a given 
type in the right hemisphere (fifth row).  
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Fig. 7 | Overviews of Parallel Anterior Visual Pathways. Each panel shows an generalized 
neural pathway and receptive field of a MeTu subtype. From the left to top right side, there is a 
diagram of the pathway from the medulla to the EB. Medulla inputs to MeTu are shown on the left 
of the medulla if they come from the retina or medulla, and on the right if they come from the 
central brain. Photoreceptor inputs in the retina are shown as squares. The AVP from the MeTu 
to the TuBu and Ring neurons are shown, as well as if the MeTu has outputs in the lobula or 
synapses with TuTuB neurons in the AOTU. Receptive fields of the relevant Ring neurons are on 
the bottom right. Red indicates excitatory input from MeTu neurons, whereas blue indicates 
putative inhibitory input from TuTuB neurons. Only inhibitory input from TuTuB is shown; 
AOTU046 is not included because the excitatory/inhibitory nature of the neuron is unknown [65]. 
The interaction between AVP channels appears to be minimal. In other words, direct interaction 
between the four major MeTu types is negligible downstream of the medulla. 
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Fig. S1 | Methods of analysis of the AVP and AOTU_SU. a, Diagram of Flywire. Left: multiple 
stacked EM layers. Right: Image of the Flywire interface. b, Quality control through three rounds 
of proofreading among 113 MeTu neurons of the right hemisphere. The total number of edits per 
neuron per round (bi) and the change in volume from before to after each proofreading round (bii). 
Ci-iii, EM data quality of the left and right optic lobe . (ci)  EM slice of the fly brain, note the partially 
detached lamina (arrow) on the left optic lobe. (cii) and (ciii) MeTu1 neurons of the right and left 
optic lobe respectively viewed from the dorsal side , note the uneven image alignment on the 
posterior side (arrow) of the left optic lobe (ciii). di-iii, Comparison of different illustrationsof the 
AOTUsu subregion [35, 41, 56]. ei-ii, Synaptic weight matrix of bihemispheric neuron types and 
MeTu subtypes to themselves and TuBu types on the right (ei) and left (eii) hemisphere. fi-ii, 
Synaptic weight matrix of bihemispheric neuron types and TuBu types to themselves and Ring 
neurons, on the right (fi) and left (fii) hemisphere. g, Synaptic weight matrix of all visual Ring 
neuron subtypes. h-k, Comparing neuron counts between both hemispheres in the FAFB and 
applicable hemispheres in the hemibrain datasets, of MeTu (h), TuBu (i), Ring (j), and 
bihemispheric (k) neurons. Note the difference between FAFB and hemibrain data. For example, 
in FAFB, there are only six ER2_a/d neurons (3/side) while the hemibrain has 15 of these neurons 
(eight on the left, seven on the right) (j). Because there were no verifiable differences among 
these neurons, we categorized them as a single group. Similarly, although the total number of 
ER3a_ad neurons was similar between FAFB and hemibrain data, we were unable to identify 
distinct features to differentiate ER3a_a and ER3a_d in FAFB (j). Thus, we combined them into 
a single group as well. We did the same with ER3p_ab and ER3w_ab, as potential subtypes were 
similarly indistinguishable (j). l-m, Comparing the ratios of MeTu to TuBu (l) and TuBu to Ring (m) 
between both datasets in applicable hemispheres. 
 
 
  

.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 November 30, 2023. ; https://doi.org/10.1101/2023.11.29.569241doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.29.569241
http://creativecommons.org/licenses/by-nc-nd/4.0/


M
eT

u1
_R

Post-Synaptic Neurons

MeTu1_R

P
re

-S
yn

ap
tic

 N
eu

ro
ns

0.00

0.02

0.04

M
eT

u1
_L

Post-Synaptic Neurons

MeTu1_L

P
re

-S
yn

ap
tic

 N
eu

ro
ns

0.00

0.01

0.02

0.03

0.04

M
eT

u1
_R

Post-Synaptic Neurons

MeTu1_R

P
re

-S
yn

ap
tic

 N
eu

ro
ns

0.0

0.1

0.2

0.3

0.4

M
eT

u1
_L

Post-Synaptic Neurons

MeTu1_L

P
re

-S
yn

ap
tic

 N
eu

ro
ns

0.0

0.1

0.2

0.3

0.4

Tu
B

u0
8_

R

Post-Synaptic Neurons

MeTu1_R

P
re

-S
yn

ap
tic

 N
eu

ro
ns

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Tu
B

u0
8_

L

Post-Synaptic Neurons

MeTu1_L

P
re

-S
yn

ap
tic

 N
eu

ro
ns

0.00

0.02

0.04

0.06

0.08

E
R

4d
_R

Post-Synaptic Neurons

TuBu08_R

P
re

-S
yn

ap
tic

 N
eu

ro
ns

0.0

0.2

0.4

0.6

0.8

AOTU046

100

400

700

1000

Counts
Synapse

GABA

Ace
tyl

ch
oli

ne

Glut
am

ate

Octo
pa

mine

Sero
ton

in

Dop
am

ine

0.0

0.5

1.0

Av
er

ag
e 

P
re

di
ct

io
n

AOTU046_L
AOTU046_R

Relative
Weight

0.05

0.41
0.23

0.59
0.77

AOTU046

TuTuB_b

TuTuB_a

MeTu1 MeTu1
MeTu2a

MeTu2b

MeTu2a

MeTu2b

MeTu3a MeTu3a

MeTu3b MeTu3b

MeTu3c MeTu3c

MeTu4a MeTu4a

MeTu4b MeTu4b

MeTu4c MeTu4c
MeTu4d MeTu4d

Ipsilateral Connections Contralateral Connections

AOTU046

TuTuB_b

TuTuB_a

TuBu02TuBu02

TuBu04TuBu04
TuBu05TuBu05

TuBu03TuBu03

TuBu07

TuBu09TuBu09

TuBu10TuBu10

TuBu07

TuBu01TuBu01

TuBu06TuBu06

TuBu08 TuBu08

Contralateral ConnectionsIpsilateral Connections Relative
Weight

0.05

0.41
0.23

0.59
0.77

Relative
Weight

0.05

0.41
0.23

0.59
0.77

AOTU046

TuTuB_b

TuTuB_a

MT1 MT1
MT2a MT2a

MT2b MT2b

MT3a MT3a

MT3b MT3b

MT3c MT3c

MT4a MT4a

MT4b MT4b

MT4c MT4c
MT4d MT4d

Ipsilateral Connections Contralateral Connections

E
R

4d
_L

Post-Synaptic Neurons

TuBu08_L

P
re

-S
yn

ap
tic

 N
eu

ro
ns

0.0

0.2

0.4

0.6

0.8

TuBu08

ai aii

bi

di dii e

f

g

h i

bii

ci cii

0.10

0.05

0.00

0 500 1000

0

500

0.00

0.05

0.10

020040060080010001200

0

100

200

300

400

500

600

700

800

0.00

0.02

0.04

0.06

0.08

0.10

0.12

020040060080010001200

0

100

200

300

400

500

600

700

800

0.00

0.02

0.04

0.06

0.08

0.10

0.12

020040060080010001200

0

100

200

300

400

500

600

700

800
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0200400600800

0

100

200

300

400

500

600

700

800
0.00

0.02

0.04

0.06

0.08

0.10

0.12

020040060080010001200

0

100

200

300

400

500

600

700

800
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0200400600800

0

100

200

300

400

500

600

700

800
0.00

0.02

0.04

0.06

0.08

0.10

0.12

MeTu1 MeTu1TuBu08 TuBu08 TuBu08MeTu1

Dorsal View Anterior View Lateral View

.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 November 30, 2023. ; https://doi.org/10.1101/2023.11.29.569241doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.29.569241
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. S2 | MeTu1 Pathway Connectivity. ai-ii, Synaptic weight matrices of MeTu1 interconnectivity 
within the medulla in the right (ai) and left (aii) hemisphere. bi-ii, Synaptic weight matrices of MeTu1 
interconnectivity within the AOTU in the right (bi) and left (bii) hemisphere. ci-ii, Synaptic weight 
matrices of MeTu1 to TuBu08 in the AOTU in the right (ci) and left (cii) hemisphere. di-ii, Synaptic 
weight matrices of TuBu08 to ER4d in the Bulb in the right (di) and left (dii) hemisphere. e, All 
TuBu08 neurons of AOTUsu in the right hemisphere from the lateral perspective. Viewed from 
the anterior side, AOTUsu_PL is curved like a bow. Perpendicular cross sections through this 
domain appear elliptical, tapering along the ventral direction. f, Synapse density maps of 
connections between MeTu1 and TuBu08 neurons in the AOTU_SU from the dorsal, anterior, 
and lateral perspectives. All perspectives have been rotated 30° with respect to the anterior-
posterior axis, and synapse densities were blurred with a Gaussian filter with a sigma value of 10. 
g, Left: Synaptic weight between bihemispheric neuron types and MeTu subtypes on the 
ipsilateral (left) and contralateral (right) sides. Right: Similar to the left, Synaptic weight between 
bihemispheric neuron types and TuBu types. MeTu2a receives strong synaptic inputs from 
TuTuB_b on both sides, but none from TuTuB_a. It also reciprocally provides strong inputs to 
TuTuB_b on both sides, but only very weak input to TuTuB_a. h, Diagram of an AOTU046 neuron. 
AOTU046 neurons innervates AOTUsu_M, where they send sparse axons along the 
anterior/posterior-lateral face and extend boutons toward the posterior-medial triangle vertex at 
only a single latitude halfway down the dorsal-ventral axis. Pie charts are the ratio of presynaptic 
(red) to postsynaptic (cyan) connections to AVP neurons in the AOTU and Bulb regions, and 
connections to all neurons in the SPS. The SPS depicted in a cutout. Pie chart sizes are based 
on the relative number of connections (legend on the right). i, Average neurotransmitter prediction 
score over all synapses in each AOTU046 neuron for each type of neurotransmitter. 
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Fig. S3 | MeTu2 Pathway Connectivity. ai-ii, Synaptic weight matrices of MeTu2 interconnectivity 
within the medulla in the right (ai) and left (aii) hemisphere. bi-ii, Synaptic weight matrices of MeTu2 
interconnectivity within the AOTU of the right (bi) and left (bii) hemisphere. ci-ii, Synaptic weight 
matrices of MeTu2 to TuBu1 and TuBu06 in the AOTU in the right (ci) and left (cii) hemisphere. 
di-ii, Synaptic weight matrices of TuBu01 and TuBu06 to relevant Ring neurons in the bulb in the 
right (di) and left (dii) hemisphere. ei-ii, All TuBu01 (ei) and TuBu06 (ei-ii) neurons from the lateral 
perspective in the AOTUsu. The cross-section of AOTUsu_PC is curved and slightly wraps 
around the AOTUsu_PL. Like the AOTUsu_PL, the area becomes thinner towards the ventral 
side. f, Synapse density maps of connections between MeTu2 and TuBu1 and TuBu06 neurons 
in the AOTU_SU from the dorsal, anterior, and lateral perspectives. All perspectives have been 
rotated 30° with respect to the anterior-posterior axis, and synapse densities were blurred with a 
Gaussian filter with a sigma value of 10. The distribution of presynaptic boutons of each MeTu2 
neuron extends across the entire anterior-posterior axis of AOTUsu_PC, but the distribution is 
restricted along the dorsal-ventral axis. gi-ii, Diagrams of TuBuB_a (gi) and TuBuB_b (gii) neurons. 
Boutons of TuTuB_a [28] sparsely protrude into the posterior central area only on the opposite 
side of the soma, while both axons and dendrites of TuTuB_b neurons [ref] innervate the entire 
AOTUsu_PC. Pie charts are the ratio of presynaptic (red) to postsynaptic (cyan) connections to 
AVP neurons in the AOTU and Bulb. Pie chart sizes are based on the relative amount of 
connections (legend on the right). hi-ii, The average neurotransmitter prediction score over all 
synapses in each TuTuB_a (hi) or TuTuB_b (hii) neuron for each type of neurotransmitter. i, 
Number of synapses of each TuTuB neuron between the ipsilateral and contralateral hemisphere, 
based on the type of neuron it is connected to. 
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Fig. S4 | MeTu3 Pathway Connectivity. ai-ii, Synaptic weight matrices of MeTu3 interconnectivity 
within the medulla in the right (ai) and left (aii) hemisphere. bi-ii, Synaptic weight matrices of MeTu3 
interconnectivity within the AOTU in the right (bi) and left (bii) hemisphere. ci-ii, Synaptic weight 
matrices of MeTu3 to TuBu_A in the AOTU in the right (ci) and left (cii) hemisphere. di-ii, Synaptic 
weight matrices of TuBu_A to relevant Ring neurons in the bulb in the right (di) and left (dii) 
hemisphere. e, Number of synapses from Mti_unknown_1 onto MeTu3b (pink) and MeTu3c (blue) 
neurons in the right hemisphere as a function of their relative position along   the dorsal-ventral 
axis. 0 on the x-axis refers to the center of the Medulla, while positive values are more dorsal and 
negative values are more ventral. fi-iii, All TuBu07 (fi), TuBu09 (fii), and TuBu10 (fiii) neurons of 
AOTUsu in the right hemisphere from the lateral perspective. The volume of AOTUsu_A is flat on 
the posterior and the medial sides and curves in a quarter-ellipse from the lateral edge to the 
anterior edge. g, Synaptic weight of upstream neurons to all neurons of the different subtypes of 
MeTu3. h, Synapse density maps of connections between MeTu3 and TuBu_A neurons in the 
AOTU_SU from the dorsal, anterior, and lateral perspectives. All perspectives have been rotated 
30° with respect to the anterior-posterior axis, and synapse densities were blurred with a 
Gaussian filter with a sigma value of 10. 
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Fig. S5 | MeTu4 Pathway Connectivity. ai-ii, Synaptic weight matrices of MeTu4 interconnectivity 
within the medulla in the right (ai) and left (aii) hemisphere. bi-ii, Synaptic weight matrices of MeTu4 
interconnectivity within the AOTU in the right (bi) and left (bii) hemisphere. ci-ii, Synaptic weight 
matrices of MeTu4 to TuBu02/03/04/05in the AOTU in the right (ci) and left (cii) hemisphere. di-ii, 
Synaptic weight matrices of TuBu TuBu02/03/04/05 to relevant Ring neurons in the bulb in the 
right (di) and left (dii) hemisphere. ei-iv, All TuBu02 (ei), TuBu03 (eii), TuBu04 (eiii), and TuBu05 
(eiv) neurons of AOTUsu in the right hemisphere from the lateral perspective. The cross-section 
of AOTUsu_M appears right-triangle-shaped. One edge of the triangle is the boundary between 
AOTUsu_M and both AOTUsu_PC and AOTUsu_A, while the opposite vertex extends medially 
outward on the posterior side. Some MeTu and TuBu types cluster only along the region border, 
while others fill the entire triangle. f, Synapse density maps of connections between MeTu4 and 
TuBu02/03/04/05neurons in the AOTU_SU from the dorsal, anterior, and lateral perspectives. All 
perspectives have been rotated 30° with respect to the anterior-posterior axis, and synapse 
densities were blurred with a Gaussian filter with a sigma value of 10. g, Number of lobula 
presynapses (red) and postsynapses (cyan) of all MeTu4 neurons in the hemibrain dataset, sorted 
by whether they were previously classified as MC61 or MC64. MeTu4d neurons were generally 
classified as MC61, due to not having synapses in the lobula. h, Number of lobula presynapses 
(red) and postsynapses (cyan) of all MeTu4 neurons in both datasets after subclassification. 
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Fig. S6 | Comparisons Between MeTu Subtypes. a, Comparisons between all MeTu subtypes 
in the right hemisphere. Number of presynapses in the medulla (ai), number of postsynapses in 
the medulla (aii), number of medulla columns that each neuron’s dendritic span occupies (aiii), 
number of presynapses in the AOTU (aiv), number of postsynapses in the AOTU (av), and the 
ellipse ratio of the dendrites in the medulla (avi). b, Comparisons among all MeTu subtypes in the 
right hemisphere with respect to the ventral-dorsal axis (negative values are ventral, positive 
values are dorsal) and the posterior-anterior axis (negative values are posterior, positive values 
are anterior) of the medulla. Scatter plot of all MeTu neurons (top) and the line of best fit (bottom). 
The color legend is at the bottom of (b). bi, Number of presynapses in the medulla as a function 
of the position along the ventral-dorsal axis (left) and posterior-anterior axis (right) of the medulla. 
bii, Number of postsynapses in the medulla as a function of the position along the ventral-dorsal 
axis (left) and posterior-anterior axis (right) of the medulla. biii, Number of medulla columns that 
each neuron’s dendritic span occupies as a function of the position along the ventral-dorsal axis 
of the medulla. biv, Number of presynapses in the AOTU against the ventral-dorsal axis (left) and 
posterior-anterior axis (right) of the AOTU. bv, Number of postsynapses in the AOTU against the 
ventral-dorsal axis (left) and posterior-anterior axis (right) of the AOTU. bvi, Number of medulla 
columns that each neuron’s dendritic span occupies as a function of the position along the 
posterior-anterior axis of the medulla. ci-x, Average neurotransmitter prediction score over all 
synapses in each MeTu1/2a-b/3a-c/4a-d neuron respectively for each type of neurotransmitter. 
Note that the neurotransmitter of MeTu2b is not clearly predicted as cholinergic. 
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Fig. S7 | Synaptic Connections Between Ring and Columnar Neurons Within the Ellipsoid 
Body. Connection Matrix of various neuron types within the EB, including all visual ring neurons 
and lateral accessory lobe ring neurons [31, 61], extrinsic ring neurons [34], EPG neurons [1], 
PEN1 and PEN2 neurons [57, 101], and PEG, EL, and EPGt neurons [28, 29, 58, 102]. 
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