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Many animals use visual information to navigate'*, but how such information is
encoded and integrated by the navigation system remains incompletely understood.
In Drosophila melanogaster, EPG neurons in the central complex compute the heading
direction’ by integrating visual input from ER neurons® 2, which are part of the anterior
visual pathway (AVP)'*"%, Here we densely reconstruct all neurons in the AVP using
electron-microscopy data”. The AVP comprises four neuropils, sequentially linked by
three major classes of neurons: MeTu neurons'®**, which connect the medullain the
opticlobeto the small unit of the anterior optic tubercle (AOTUsu) in the central
brain; TuBu neurons®®, which connect the AOTUsu to the bulb neuropil; and ER
neurons® 2, which connect the bulb to the EPG neurons. On the basis of morphologies,
connectivity between neural classes and the locations of synapses, we identify distinct
information channels that originate from four types of MeTu neurons, and we further
divide these into ten subtypes according to the presynaptic connections in the medulla
and the postsynaptic connectionsin the AOTUsu. Using the connectivity of the entire
AVP and the dendritic fields of the MeTu neurons in the optic lobes, we infer potential
visual features and the visual area from which any ER neuron receives input. We confirm
some of these predictions physiologically. These results provide a strong foundation
for understanding how distinct sensory features can be extracted and transformed
across multiple processing stages to construct higher-order cognitive representations.

The AVP encodes visual features that are essential for navigation, poten-
tially including landmarks, intensity gradients, colour, celestial bodies
and skylight polarization">""'®"22, Considering its fundamental role in
navigation, itis not surprising that this anatomical structure s largely
conserved across most known insect species'®? . Itis likely that deep
similarities exist across species in the basic logic of visual feature extrac-
tion for navigation'*2%, However, despite many studies of the AVP
across species, researchers’ knowledge about the AVP neurons has
been fragmented by the lack of a complete circuit diagram to frame
systematic investigations. Here we aim to provide such a framework
inflies, and we anticipate that this will also be invaluable for designing
and prioritizing physiological experiments to interrogate the AVP in
other species.

Weidentified all neurons (Fig. 1) and their connectivity (Supplemen-
tary Datal) in the AVP, using a publicly available electron-microscopy
(EM) dataset (full adult female brain, FAFB) that contains the entire
adult fly brain, with FlyWire, an Al-assisted collaborative platform2%*°
(Extended Data Fig.1). MeTu neurons, the first stage of the AVP, leave
the medulla, the largest neuropil in the fly visual system® 3¢, The axons
of MeTu neurons innervate the AOTUsu'*'*1323738 (Fig_1a,b), where the
information is further processed by the TuBu neurons that connect
the AOTUsu to the bulb™** (Fig. 1a-d and Supplementary Data 1f ;).

Therearetenclasses of TuBuneurons (Fig. 1c), each synapsing onto the
dendrites of distinct classes of ER neurons (Fig.1a,b and Supplementary
Datalfj;;,). ERneurons then send ring-like processes to adonut-shaped
structure, the ellipsoid body'®***° (Fig. 1a), where they together form
a complex recurrent neural network>**? (Fig. 1b and Supplementary
Datale).Finally, the visualinformation from the AVP—along with other
sensory modalities**—is compiled to compute the heading direction
by EPG neurons’® that share many similarities with mammalian ‘head
direction’ cells®.

Oursurvey of the entire brain®® showed that visual information origi-
nating from optic lobe structures outside the AVP (the lobula and the
lobula plate) constitutes minimalinput to EPG neurons (Extended Data
Fig.2). Thus, we focused our analyses on the medulla-originating AVP.
Furthermore, although previous anatomical studies of various types of
MeTu neuron have generally agreed at the macroscale'®*" (Extended
DataFig.1d), theinsufficient resolution of light microscopy hasresulted
inconsiderableinconsistencies in grouping MeTu types and predicting
their connectivity towards the central complex (see Methods for amore
detailed discussion on the differences). Hence, we sought to provide
acomprehensive view of this pathway in synapse-level detail. Finally,
although the connectivity from TuBu to ER to EPG neurons has been
studied at synaptic resolution’® (a dataset we refer to here as hemibrain
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Fig.1|Identification and classification of MeTu neuronsinthe AVP.
a,Diagram of the D. melanogaster central brain, emphasizing the AVP. Important
regions are darker grey, including the medulla, AOTU, bulb and ellipsoid body
(the former three have counterpartsin both hemispheres). The three crucial
neurons of the AVP are MeTu (purple), TuBu (yellow) and ER (cyan). b, All MeTu
(n=453left; n=441right), TuBu (n =75left; n=75right) and visual ER (n =116
left; n=116right) neurons. ¢, Left, synapse plots of TuBu (left) and MeTu
(middle) neuronsin the posterior lateral (red), posterior central (blue), anterior
(green) and medial (yellow) region of the AOTUsu. Right, renders of TuBuin

the AOTUsu_R (top) and MeTuin the AOTUsu_R (middle) and ME_R (bottom)
withthe sameregional colours asthe synapse plots on the left. Coordinates: A,
anterior; R, lateral side of theright hemisphere; P, posterior; V, ventral. d, Synaptic
weight matrices of MeTu type (top) or MeTu subtype (bottom) to TuBu type

data), this dataset contains only one hemisphere and lacks upstream
medullaneuropils and photoreceptor terminals. Therefore, we sought
to reconstruct the entire AVP in both hemispheres (Supplementary

182 | Nature | Vol 634 | 3 October 2024

TOOT 00000 TTTIEIXE 0000000VVV0Y 000000000 ~rrrrrrrrrrrrrrrr~r~ G0T0d 00000
IITT IITIT OOONNN  AOMOHDOODODH®  CICICIODDNID

NN NN

connectivity (right hemisphere). e, All neurons of types MeTul (far left), MeTu2
(leftmiddle), MeTu3 (right middle) and MeTu4 (far right). f, UMAPs of all MeTu
neurons with identified upstream partners on the basis of the synaptic weight
ofboth the top five medullainput neuron typesand AOTU output neurontypes
(top), orjust the top five medullainput types (bottom) (see Methods for details).
Groupings are generally consistent with MeTul-MeTu4 groups in the main text,
except MeTu3aneurons, which are closer to MeTu2 neurons (because of the
similar polarizationinput) than other MeTu3 neurons. g, Synaptic weight matrix
of allMeTu neurons with identified upstream partners (columns) and their
AOTU output partners (red top rows) and top five medullainput types (teal
bottom rows). Dendrogram branches and column labels are colour-coded
accordingtoMeTu. See Supplementary Data 1h,ifor analyses with entire MeTu
neurons.

Data1) to provide a solid foundation for understanding how brains
vary across hemispheres and across animals, as well as which visual
features are extracted in the AVP.



Reconstruction of the AVP

We densely proofread all MeTu neurons (453 on the left hemisphere,
441ontheright; Fig.1a,b and Supplementary Data 2), TuBu neurons (75
ontheleft, 75on the right), and ER neurons (116 on the left, 116 on the
right). We further reconstructed all medulla-intrinsic Mil neuronsinthe
medulla (782 ontheleftand 792 on the right®) from both hemispheres
(Extended DataFig.1e) to map the exact locations of all reconstructed
neurons relative to the retinotopic columns in the medulla. To assess
our proofreading quality?’, we selected 113 (of 441) MeTu neurons from
theright hemisphere and performed multiple rounds of proofreading
(Extended DataFig. 1b). We found that—after the first round—any addi-
tional volume reconstructed in each round markedly decreased and
there were no changes in the main backbone (Extended Data Fig. 1b;).
Moreover, all MeTu neurons (894 neurons—both hemispheres and
including neurons with a single round of proofreading) shared ste-
reotypical arborization patterns in the medulla. Therefore, we were
confident that our reconstruction quality of the 894 MeTu neurons
was sufficiently accurate for categorization and morphological and
connectivity analyses.

We focused on the detailed connectivity of MeTu neurons because
thelogic of their connections between opticlobes and the central brain
was missingin previous studies'. We included results from both hemi-
spheresinmostanalyses, but, whereindicated, some detailed analyses
were restricted to the right hemisphere because the left hemisphere
had anincomplete lamina and (minor) EM image alignmentissues”?*,

AOTUsu anatomy defines four MeTu classes

The AOTUsu is innervated by four types of processes: the axons of
MeTu neurons; the dendrites of downstream TuBu neurons (Fig. 1c);
and the synaptic terminals of bilaterally projecting AOTU046 and
tubercle-to-tubercle (TuTu) neurons'. Drawing on the axonal arbori-
zation pattern of MeTu and the dendritic arborization pattern of TuBu,
we divided the AOTUsu into four major subregions: posterior lateral
(AOTUsu_PL), posterior central (AOTUsu_PC), anterior (AOTUsu_A)
and medial (AOTUsu_M; Fig. 1c, left). These anatomical divisions led
usto categorize MeTu neuronsinto four major classes (MeTul-MeTu4;
Fig.1c-e). Downstream TuBu neurons were categorized into tentypes,
consistent with previous works (Fig. 1c, left; TuBul-TuBulO; numbering
follows the nomenclature of a previous study'®). See Extended Data
Fig.3for adetailed anatomical description of these four areas and the
neurons thatinnervate them.

Connectivity reveals ten MeTu subtypes

Within each MeTu class except MeTul, we observed discrete morpholo-
gies and anatomical innervations, suggesting multiple channels for
visual features. To systematically categorize all possible MeTu neuron
subtypes, we focused our analysis on the 5strongest synaptic partner
types; this resulted in 28 types of upstream neuron. Applying a nonlin-
ear dimensionality reduction analysis (uniform manifold approxima-
tion and projection; UMAP) based on the connectivity in the medulla
but not in the AOTUsu revealed four major patterns of presynaptic
inputs, mostly consistent with the four major MeTu classes defined
in the previous section (Fig. 1f and Supplementary Data 1h). We also
performed categorization analyses (Fig.1g and Supplementary Datali)
and found tensubtypes. Comparing the expression pattern of genetic
driverlines (see Methods) with EM data further corroborated our sub-
typing of MeTu neurons.

MeTul neurons form ahomogeneous group

Compass neurons are strongly influenced by vertical stripes and their
locations in azimuth’, whose information is conveyed by ER neurons,

probably ER4d**'>*, This ER neuron type is the only partner down-
stream of TuBuO8, whichis, in turn, the only neuron type downstream
of MeTul neurons (Figs. 1d and 2): Our analysis of the anatomy and
connectivity of MeTul neurons helps to explain the mechanisms that
underlie the selectivity of ER4d neurons.

MeTul neurons (n =121left and n =124 right; Fig. 2) form thick den-
dritic branches in the medulla layer 7, with small vertical protrusions
extending to layer 6 (Fig. 2¢,d). Dendrites span about 30-40 medulla
columns (Fig. 2b,r) and each medullacolumnisinnervated by multiple
MeTul neurons (Fig. 2s). MeTul neurons receive the strongest input
from Dm2 neurons covering the entire visual field (Fig. 2e,m,n; on aver-
age, 36 Dm2 neurons make 311 synapses per MeTul neuron), followed
by Sm16 (serpentine layer neurons in medulla; following the FlyWire
nomenclature®*¢; see ref. 47 for matches between FlyWire names and
male optic lobe names), MeTul (Supplementary Data 1a,;), Sm15 and
SmO7 (Fig.2e,m,n). The density of synapses drops atadistance of 20 to
30 um fromthe medulla centroid of aMeTul neuron (Fig. 21, bottom).
The functional implication of recurrent connections between MeTul
neurons in the medulla remains to be examined. The orientation of
the MeTul dendritic span, when fitted with a two-dimensional Gauss-
ian function, tends to be vertical. We observe that, near the anterior
and posterior edges, the dendritic spans of MeTu neurons narrow
(Fig. 2p,q), but future studies are required to ascertain whether this
change has functional implications.

MeTul neurons project axons to the AOTUsu_PL, where they syn-
apse with TuBuO8 neurons (Figs.1d and 2m, Extended Data Fig. 4 and
Supplementary Data 1j;), among other connections (Extended Data
Fig. 4a and Supplementary Data 1f; ;). The connection from MeTul
neurons to TuBuO8 neurons is retinotopic; the more anteriorly or
posteriorly MeTul dendrites are located in the medulla, the more ven-
trally or dorsally they projectinthe AOTUsu_PL, respectively (Fig.2u).
In other words, each TuBuO8 neuron receives input from a group of
MeTul neurons at a particular azimuth, regardless of their elevation
in the medulla. Such one-dimensional mapping provides a potential
anatomical basis for the selectivity of TuBuO8 neurons to vertical
bars or to the azimuthal location of visual stimuli, but not to eleva-
tion (Supplementary Video 1), an anatomical structure similar to the
classic Hubel & Wiesel model of how simple cells in the mammalian
primary visual cortex receive input from the lateral geniculate nucleus
in the thalamus*s.

MeTu2 subtypes process polarized light

Many insects navigate relying on skylight polarization'®****, In Dros-
ophila, ER4m neurons are the prominent ER neurons that process
skylight polarization™'®. MeTu2 neurons (Fig. 3a,d, left and Extended
DataFig. 5), previously designated as MeTu-DRA* are notable as the
only upstream inputs of these ER neurons’ (Supplementary Data le;
through TuBuO1 for ER4m; through TuBuO6in addition for ERS). They
are clustered in the dorsal half of the medulla, with dendrites mainly
tilingthe dorsal rim area (DRA) (Extended Data Fig. 5a,r), where neurons
process skylight polarization™35,

Our clustering analysis identified two MeTu2 subtypes (Extended
DataFig. 5k and Supplementary Datalj;) with distinct ramificationsin
the medullaand notably distinct connectivity patternsinthe AOTUsu_
PC (Supplementary Data 1c;;_;,), which we named MeTu2a (n =33 left
and n=36right; Fig. 3d, left) and MeTu2b (n =17 left and n =14 right).
Both subtypes exhibit generally vertical arborizations and similar
dendritic spans (Extended Data Fig. 5n—p), but the interconnectivity
between MeTu2b in the medulla is much stronger than that between
MeTu2a (Supplementary Data la;;;,,b;; ;). Furthermore, MeTu2b neu-
rons appear to receive more input from MeTu2a than they provide
inputtoMeTu2a. Finally, although both MeTu2 subtypes mainly stratify
within medullalayer 7 (Extended Data Fig. 5b,d), MeTu2a neurons are
postsynaptic to polarization-sensitive R7 neurons only inthe DRA and
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AOTUsu portion.Scalebar, 10 pm. b, Top view of the same neuron spanning
medullacolumns (grey). ¢, Side view of the neuronina,b, with medullalayers
labelled. d, Synapse distribution of the individual neuronin a-c (left) and

of allMeTul_R neurons (right) within medullalayers (as count per 100 nm or
relative frequency, respectively). e, Medullainput percentage of the top five
synapticinputtypesand unidentified types for analysed neurons (n =18, black;
see Methods) and allMeTul_Rneurons (n=124,grey); meanands.d.inred.f, All
MeTul_Rneurons with synapses. Scale bar, 10 pm. g, Confocalimage of MeTul-
specific split-GAL4 driver (§S00385). h,i, MeTul MultiColor FipOut (MCFO)
image, from anterior (h) and medial (i) medulla views. j, MeTul_R neurons from
a(black), withallupstream Dm2 partners. Scale bar, 10 pm.k, Side view of same
MeTul_Rneuron (grey) and one Dm2 partner (blue, with red presynapses).

1, Top left, synapse density of one MeTul neuron. Top right, equal area annuli
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(314.15 pm?). Bottom, synapse density for each annulus (red averages).

m, Percentage of output (red) and input (cyan) of analysed MeTul neurons

with TuBu (top) and upstream partners (bottom). n, Diagram of analysed MeTul
top medullainputs. o, Illustration of MeTul’s dendritic span with elliptical
measurement (see Methods). p, Top, all MeTul_R ellipse ratios (semi-major axis
to semi-minor axis) plotted against ellipse angles. Bottom, ellipse angles’ relative
frequencies (Rayleigh test of uniformity: P=2.061x107, z-value = 0.345, mean
ellipseangle =29.1). q, Ellipses of allMeTul_R, semi-major axes (black lines) and
ellipse angles (colour range). r, Number of columns spanned by each MeTul_R.
s, Number of MeTul_Rbounded by each medulla column (grey if none). t, All
TuBuO8_Rrendered fromthe AOTUsu_Rlateral side (n =11).u, MeTul retinotopy.
Top, three MeTul_R neurons (red, blue and green) with similar dorsal-ventral
medullapositions. Bottom, all MeTul_R AOTUsu dorsal-ventral positions
plotted against medulla posterior-anterior positions.
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Fig.3|Retinotopy and inputs of other MeTu subtypes. a-c,Renders and
retinotopy of MeTu2, MeTu3 and MeTu4, respectively. a, Left, render of MeTu2a_R
(blue, n=36) and MeTu2b_R (orange, n =14).b, Left, render of MeTu3a_R (blue,
n=19),MeTu3b_R (orange, n=46)and MeTu3c_R (green, n= 64).c, Left, render
of MeTu4a_R (blue, n=60), MeTu4b_R (orange, n=12), MeTu4c_R (green,n=48)
and MeTu4d_R (purple, n=18).a-c, Topright, AOTU dorsal-ventral positions
plotted against medulla (ME) anterior-posterior positions for each neuron of

localinterneurons DmDRAL, both of which are potentially sensitive to
light polarization as well¥’, whereas MeTu2b inputs also include Mil5,
the function of which remains unknown, and a stronger connection
frominterhemispheric MeMeDRA?¥ (Extended DataFigs. 5e,k and 3d)).
Hence, MeTu2b mightintegrate additional inputs from the contralat-
eral hemisphere, enabling the processing of a more global skylight
polarization pattern.

MeTu2 innervation of the AOTUsu respects the same topographic
rules asthose described for MeTul (Fig.3a and Extended Data Fig. 5m;
MeTu2 neurons with dendrites in the anterior medulla project axons
ventrally; those with posteriorly localized dendrites project dorsally
inthe AOTUsu_PC). Also, asinthe medulla, MeTu2b neurons are more
strongly interconnected in the AOTUsu than are MeTu2a neurons (Sup-
plementary Datalb;;;,). Moreover, although MeTu2a and MeTu2b both
synapse onto TuBuOland TuBu06, MeTu2b is only weakly connected to
TuBuO1 (Extended Data Fig. 5k and Supplementary Datalc;;,). Finally,
MeTu2aand MeTu2b differ in their connections to the bilateral neurons
TuTuB_aand TuTuB_b (Extended Data Figs. 5a,b and 4a,d). Overall,
these connectivity differencesinthe AOTUsu_PC, combined with their
distinct anatomical features in the medulla, indicate that MeTu2aand
MeTu2b are likely to convey distinct features of skylight polarization
to downstream circuits, with MeTu2b processing potentially more
complex and global polarization patterns.

MeTu3 neurons comprise three subtypes

The Drosophila compass neurons can use the two-dimensional organi-
zation of the surrounding world to compute the head direction’, but
the source of thisinformation was unclear. Here, we provide evidence
that MeTu3 (Fig. 3b,d, middle and Extended Data Fig. 6) and its down-
stream neurons process, inaddition to skylight polarization (through

therespective types. Thisretinotopy is maintained inall types. Bottomright,
AOTU medial-lateral positions plotted against medulla dorsal-ventral positions
foreach neuron ofthe respective types. This retinotopy is seenmainly in MeTu3c.
d, Top medullainputtypes of analysed MeTu neurons (see Methods) for MeTu2
(left), MeTu3 (middle) and MeTu4 (right). Percentages of input contribution to
eachtypeareshown.

ER3w_ab), the two-dimensional organization of the scene (through
ER2 ad,ER2 band ER2 c).

Our connectivity analysis identified three distinct MeTu3 subtypes
(MeTu3a, MeTu3b and MeTu3c; Fig. 3d, middle, Extended Data Fig. 6l
and Supplementary Data 1j;) with regionalized clusters of dendrites
(Extended DataFig. 6a). MeTu3a (n =20 leftand n =19 right; Extended
DataFig. 6a,—e;) has dendrites that cluster in the dorsal third of the
medulla (similar to MeTu2), are confined to layer 7 (Extended Data
Fig. 6b;,d;) and specifically lack vertical protrusions across medulla
layers (Extended Data Fig. 6b;,d;). MeTu3a is the only MeTu3 subtype
that receives polarization information through input from DmDRAL,
similarto MeTu2aand MeTu2b. MeTu3b cells (n =53 leftand n =46 right)
have dendrites that are clustered most densely in the dorsal half of the
medullabut also extend to the ventral two-thirds, with pronounced ver-
tical protrusions that cover layers 5, 6 and 7 (Extended Data Fig. 6b;,d;).
They receive direct inhibitory input from ultraviolet (UV)-sensitive
R7 photoreceptors and indirect input from blue/green-sensitive R8
cells” through Mil5, which suggests that they have arole in processing
chromatic information (Extended Data Figs. 6e,;,1,m and 7). MeTu3c
cells (n=72leftand n = 64 right) have dendrites that are more ventral
than those of MeTu3b, covering the equator and some of the ventral
part of the medulla (Extended Data Fig. 6b;;,e;;). Dendritic processes
innervate the same layers (5, 6 and 7) as MeTu3b and receive the same
direct and indirect photoreceptor inputs (Extended Data Fig. 6e;;),
suggesting similar chromatic coding to that of MeTu3b.

MeTu3 innervation of the AOTUsu_Arespects the same topographic
rules as those described for MeTul and MeTu2 (anterior-posterior
axisinthe medullato ventral-dorsal axisinthe AOTUsu_A; Fig.3band
Extended Data Fig. 6h). Axons of MeTu3a, MeTu3b and MeTu3c are
not well segregated in the AOTUsu_A, despite the downstream TuBu
neurons (TuBuO7, TuBuO9 and TuBulO; Supplementary Data 1c, ;)
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having well-segregated dendrites' (Fig. 1c and Extended Data Fig. 3c).
Consequently, some MeTu3 neurons are connected to two TuBu types
(Extended DataFig. 61and Supplementary Datalc,;,j;;). All three MeTu3
subtypes are strongly and reciprocally connected to bilateral TuTuB_a
neurons (Extended DataFig. 4g and Supplementary Datalf; ;). Because
the TuTuB_aneurotransmitter is predicted to be inhibitory> (Extended
DataFig.4e;), MeTu3 neurons might exhibit strong bilateral inhibitory
interactions across the entire visual field.

MeTu3a and MeTu3b neurons are mainly connected to TuBuO7,
upstream of ER3w_ab. This convergence of MeTu3a and MeTu3b sug-
gests that ER3w_ab encodes acombination of skylight polarization and
chromaticinformation of the sky. Onthe other hand, MeTu3c neurons
are mostly presynaptic to both TuBu09 and TuBulO (Extended Data
Fig.6land Supplementary Datalc, ;). Notably, TuBuO9 neurons receive
input from MeTu3c neurons with dendrites located more dorsally in
the medulla, whereas TuBulO neuronsreceive input from MeTu3c neu-
rons with dendrites located more ventrally in the medulla (Extended
DataFig. 6h;, red dots). Thus, the neurons downstream of MeTu3c
can encode the elevation of visual stimuli (for example, the Sun) or a
two-dimensional organization of visual objectsin a surrounding scene.
This capability is unique among all MeTu neurons.

MeTu4 subtypes transmit widefield inputs

Compass neurons receive diverse input from ER neurons, some of which
exhibit responses to the contralateral visual field and self-generated
motion signals'>*’, Considering that these ER neurons, the dendrites
of which are in the inferior bulb, are downstream of MeTu4 neu-
rons (Fig. 3¢,d, right, Extended Data Fig. 8 and Supplementary Data

pattern was puzzling. Our analyses show that MeTu4 neurons receive
inputs from distinct parts of the visual world (dorsal, frontal or ventral),
with virtually no input from a columnar medullacell type. Instead, they
receive input mostly fromlarge interneurons that span many medulla
columns (Smneurons) and from others that potentially convey motor
information froma neuropil called the superior posterior slope (SPS)
to the medulla (Extended Data Fig. 8e). These unique properties of
MeTu4 might explain the mysterious properties of ER neurons in the
inferior bulb™*,

Onthebasis of the connectivity inthe medullaand the AOTUsu_M, we
categorized MeTu4 into four subgroups: MeTu4a, MeTu4b, MeTu4c and
MeTu4d (Extended DataFig. 8a). The dendrites of MeTu4acells (n= 69
leftand n = 60right) cluster densely in the dorsal half of the medullabut
also extend ventrally (Extended Data Fig. 8a,,m;), with unique arboriza-
tionintwo medullalayers (M6 and M7; Extended Data Fig. 8b,d). Despite
their dorsal location, they form no synaptic connections with polarized
light-sensitive photoreceptors or DRAneurons. MeTu4b neurons (n=8
leftand n =12right) are notable for their unique dendriticarrangement:
they span arather small areain the equator, mostly in the posterior—
medial part of the medulla that represents the frontal central visual
field (because of the crossover connections from the lamina to the
medullaalongthe anterior-posterior axis; Extended Data Fig. 8a;, m;).
The function of this spatial restriction remains unknown (see also the
nextsection about variance across brains). MeTu4c neurons (n = 41 left
and n=48right) span the entire dorsal half of the medulla (Extended
Data Fig. 8a;;,m;;), whereas MeTu4d neurons (n=19 leftand n=18
right) cluster exclusively in the ventral half of the medulla (Extended
Data Fig. 8a;,,m;,) and are ideally positioned to detect features in the
ventral visual field. Both MeTu4c and MeTu4d receive nearly identical
input fromawide variety of interneurons, including those that convey
information from other brain areas, such as the SPS (Extended Data
Figs. 8e;; k and 3d;).

Like all other MeTu types, axonal projections of all MeTu4 neurons
maintain anterior—posterior retinotopy in the AOTUsu_M along the
ventral-dorsal axis (Fig. 3¢, Extended Data Fig. 8j), in contrast to what
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was found in a previous report**. MeTu4a, MeTu4b and MeTu4c also
have presynaptic connectionsin the lobula (Extended DataFig. 8a,_;;),
but these connections do not contribute to the AVP and were thus
excluded from further analyses. In the AOTUsu_M, all MeTu4a neu-
rons are presynaptic to TuBu03; some are also presynaptic to TuBuO4
(Supplementary Data1f). MeTu4b neurons are presynaptic to TuBu02
neurons. Both MeTu4c and MeTu4d subtypes are mainly presynaptic to

aptic connections with TuBu02. MeTu4b and MeTu4c receive the main
interhemispheric connections within the AOTUsu_M (Extended Data
Fig.4a,band Supplementary Data1f, ;): MeTu4b receives strong input
from AOTUO046 but does not provide reciprocal input into AOTU046,
whereas MeTu4cis strongly and reciprocally connected to AOTU046.
MeTu4d receives no input from AOTU046, and provides only weak
inputto AOTUO46. Finally, MeTu4d receives weak input from TuTuB_a.

Variance across hemispheres and brains

We compared the AVP within”** and across brains'®*’ (Extended Data
Fig. 9). Although our analyses are limited, owing to the lack of optic
lobesinthe hemibrain dataset and asingle optic lobe in the male brain
dataset, tentative comparisons are still possible for most MeTu types,
onthebasis of synapsesinthe AOTU (hemibrain) or optic lobe synapse
and cell shapes (male opticlobe). The number of neurons of each type
was very similar across hemispheres of the same brain (in both FAFB
and hemibrain), compared to the difference across brains. Notably,
across brains, only a few cell types showed clear differences in spatial
arborization patterns, numbers or, in very few cases, perhaps even their
existence (for example, MeTu3c, MeTu4b, MeTu4e, MeTu4f, TuBu9,
ER2_ad, ER3d_aand others; Extended DataFig. 9). For example, MeTu4b
neuronsin FAFB (the dataset used here) and the male brain optic lobe
both have similar spatially restricted arborizations in the medulla, but
the FAFB pattern lacks a few cells (in the lateral and frontal medulla)
that are present in the male optic lobe MeTu4b population. Also, the
overall number of MeTu4 cells in the male brain dataset is higher and
two other MeTu4 subtypes (MeTu4e and MeTu4f) areidentified. Care-
ful comparison suggests that MeTu4e in the male optic lobe could be
asubset of MeTu4a in FAFB (the segregation of morphological and
connectivity patterns between candidate MeTu4e and the remaining
MeTu4a appears less clear in FAFB and there are fewer MeTu4e-like
neurons; Extended Data Fig. 9i). The source of such variations across
brains remains incompletely understood but is likely to be, at least in
part, developmental in nature®,

Extracting visual features along the AVP

A common pattern across all AVP channels is the convergence of
MeTu neurons onto a considerably smaller number of TuBu neurons
(Extended DataFig. 9e and Supplementary Data 1c). In this transforma-
tion, each TuBu neuronintegrates information fromalarge area of the
visual field, suggesting spatial feature processing with alower resolu-
tion. TuBu neurons also receive strong input from the contralateral
visual field through TuTu neurons (Extended Data Fig. 6). Note that
individual MeTu neurons sample the visual area differently depending
ontheirlocationinthe medulla over the anterior-posterior axis. This
results in synapse counts and dendritic field shapes differing by their
locations in the medulla along this axis (Extended Data Fig. 10). The
effect of this pattern on TuBu integration is not understood at pre-
sent. The next step in processing—from TuBu to ER neurons—exhibits
are-expansion in the number of neuronal types (from 10 TuBu types
to potentially 18 ER neuron types in hemibrain, or 14 ER neuron types
in FAFB). The ratio of connections from TuBu to ER neurons (Extended
DataFig. 9fand Supplementary Data 1d; see also ref. 16) varies between
0.33 and, for some neurons, 4 (Extended Data Fig.11). Thus, the trans-
formation from TuBu to ER may extract several more visual features.



a c
ER )
& o 45 Density = 45
TuBu (1,2,..., 5 E l 0.0006 5 -
5 0 % 0.0004 5 0
MeTu (1,2,...,n) 3 -+ 0.0002 k]
m-45 --0 w-45
_ Column (1,2,...,n) 13590 -45 0 45 90 135 135 -90 -45 0 45 90 135
Azimuth (°) Azimuth (°)
d
b 80
[} 3 M .
) 52 60 e ce9 °
ER = 45 Density gE 'i .;:;:‘.i
TuBu (1,2,...,n) s 00003 53 40 ¢ * . s
g 0 ; = H L R
TuTu (1,2,3,4) |4 00002 % ° . .
o =2 00001 25 20 $ .
* MeTu (1,2,...,n) w-45 S 87|
y w
0
-135 -90 -45 0 45 90 135 TQO07J®aoT ELAT EW
_ Column (1,2,...,n) Azimuth () Sdo oo oo s SRR 3 &
NEL T TDDH DD Q =
CwwRrecelog wi
w OCowwww oo
w w oo
e ER2_ad ER2_b ER3a_ad ER3d_a
TTTYo9822 TTYTY o982 TTT Vo922 TTTYTo¥82R
920 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
% < 45 - - - e ’
£S5 0 i
< [
a < —45 -|
-90
90 D S O
£¢ “7 O S5 S iﬁ‘?”\\ 3
83 o ) C@»» Uz
85 XD b -
o8 454
-90
ER3d_b ER3d_c ER3d_d ER3m ER3p_ab
90 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o 45 i ‘ _
55 & ;
< 0] ) i &
E5
R
&S -454
-90
20 —
(GBI £ o TS
Se %7 ¢ B & > R
‘_;5533 0 e £ <)) A N
= NS
88 -5+ <
-90
ER3w_ab ER4d ER4m ER5 ExR1
920 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
ol ;
© 45 o gl - ’
25 G >
o i
ES oq e :
3 !
&S 45
-90
90 — —
=) T NN
So 454 (@ jh) & )\/ ) A \)
o2 PN T ) SR .
T3 {2‘*,/,, Lt \ A
22 0-| W /) i <) )
2% aNA L2 S
o8 -454
-90

Fig.4 |Putative visual areas of ERneuronsin theright hemisphere. a, Direct
pathway (putatively excitatory). Left, all connected TuBu and upstream MeTu
neurons foragiven exemplary ER neuron. Middle, connectivity graphillustration
ofthedirect pathway.Inred areallbranches connectingto one given column.
Right, resulting putative visual area. The eye map was developed using microCT
data.Scalebar, 10 pm. b, Indirect pathway (putatively inhibitory). Left, all
connected TuBu, upstream TuTu and upstream MeTu neurons for a given
exemplary ER neuron. Middle, connectivity graphillustration of the indirect
pathway. Inblue are all branches connecting to one given column. Right,
resulting putative visual area. We did not analyse the AOTUO046 pathway

Putative receptive fields of ER neurons

To quantify the putative visual area to which each neuron probably
responds, we mapped each medulla column (Extended Data Fig. 1e)
to a micro-computed tomography (microCT)-based eye map of
D. melanogaster > (Supplementary Data4). Then, for each ER neuron,
we back-traced the upstream connections in two ways: one followed

becauseits neurotransmitter was not conclusive®. Scale bar,10 um. ¢, Overlaid
directandindirect visual areas predicted froma,b.d, Visual areasize asthe
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 an exemplary visual area of individual neurons (top of
each ERtype) and acontour outline of the visual area of all neurons of agiven ER
type (bottomofeachERtype).ER2_ad_R,n=3;ER2_b_R,n=5ER2_c_R,n=13;
ER3a_ad_R,n=13;ER3d_a_R,n=11;ER3d_b_R,n=7;ER3d_c_R,n=5;ER3d_d_R,
n=3;ER3m_R,n=7;ER3p_ab_R,n=8;ER3w_ab_R,n=13;ER4d_R,n=13;ER4m_R,
n=5ER5_R,n=11;ExR1_R,n=2.

TuBu to MeTu connections (we call this the direct pathway, putatively
excitatory; Fig. 4a, Extended Data Figs. 11 and 12 and Supplementary
Videos1-3) and the other followed TuBu to TuTu toipsi- and contralat-
eral MeTu connections (we call this the indirect pathway, putatively
inhibitory; Fig. 4b and Extended Data Fig. 4d-f). We used the dendritic
arborizationin the medulla for each pathway to estimate the area of a
direct pathway or anindirect pathway. We overlaid them into a single
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Fig.5|Physiological testing of predictions for ER4d and ER2 neurons.

a, Putative receptive fields for ER4d and ER2. b, Confocal image of ER neuron
driverlines. Left, ER4d split-GAL4 line (SS04147). Right, ER2 Gal4 line (VT059775).
Dendrites of ER4d and ER2 innervate the superior bulb (BU,). Scale bars, 50 um.
EB, ellipsoid body. ¢, Imaging set-up. Fly heads were tilted 30-45°to expose the
lefteye to the stimulus. IR, infrared. d, The stimulated visual areain the fly’s eye
coordinates. e, The projection of the 38 predetermined squares (dots) on the
screen.Ineachtrial, asingle dot was back-projected onthescreenfor1ls, followed
by1sof darkness.f,Snapshots of two-photon calciumimaging video of ER4d
neuronsinthe BU,with an overlay of regions of interest (ROIs) selected on the
basis of responses to stimuli. Individual ER neurons form a microglomerulus in
thebulb. ER neurons (ROI1-ROI3) respond to dots appearing at different
positions. Scale bars,3 um. Coordinates: D, dorsal; M, medial. g, Calcium

putativereceptive field (Fig. 4c,d), which we further analysed to obtain
the outline of the visual field of the direct pathway. We then combined
outlines of the same type of ER neuronstoillustrate the visual area that
the population of ER neurons covers (Fig. 4e). Note that the lack of
functional data for most optic lobe cell types, including Sm neurons,
hinders extensive functional predictions. Thus, our predictions are
based mainly on the dendritic fields of MeTu neurons and the known
properties of presynaptic neurons.

Back-tracing the synaptic pathway starting from an ER4d revealed
thatits upstream MeTul neurons are aligned vertically in the medulla
(Supplementary Video1). They cover about 40° azimuth and theentire
vertical span (Fig. 4e). This vertical arrangement of MeTul neurons was
consistentacross ER4d neurons and covered the entire visual field asa
population, like an array of vertical bars (Figs. 4e and 5 and Extended
Data Fig. 13). It suggests that ER4d neurons are selective to vertically
elongated visual stimuli or to the location of visual stimuli along the
horizontal plane, regardless of the elevation. Such a pathway would
be best suited for detecting visual landmarks that are appropriate
references for setting a heading.

By contrast, back-tracing starting from single ER2_ad and ER2_b neu-
ronsrevealed that they receive information from MeTu3c neurons with
dendrites located in the dorsal medulla (Fig. 4e and Supplementary
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Ellipse angle (%)

activity (AF/F) of ROI1-ROI3 (left to right) before and during stimulation (n =10
trialseach; ROI1P=0.0020,R0OI12P=0.0030,ROI3 P=0.0039; Wilcoxon signed-
rank test). h, Top, average calciumtraces of ten trials of ROI2 in farranged in the
eye coordinates. Bottom,an ROl froman example ER2 neuron.i, Receptive field
contour plot, contours at20% (lighter shade) and 50% (darker shade) maximum
AF/Fofindividual ROIs. Top, data are from ROI1-3 showninf. j, Fitted ellipses
at20% contour. Dots represent theellipses’ centroids. k, Fitted ellipsesat 20%
contour of ROIs collected from11flies (ER4d: 29 ROIs; ER2: 27 ROIs). 1, Receptive
field ellipse ratios as a function of ellipse angles. Ellipse ratio medians of

ER4d and ER2 are significantly different (P=0.0030, Wilcoxon rank sum test).
m, Polar histograms of ellipse angles. The ellipse angles are not uniformly
distributed (ER4d P=4.673 x10™,ER2P=0.0033, Rayleigh’s test for
nonuniformity).

Video2), whereasindividual ER2_c neurons receive inputs exclusively
from MeTu3c neurons with dendrites in the central medulla (Supple-
mentary Video 3). Similar to the channel converginginto ER4d neurons,
the MeTu3c populations upstream of ER2_ad, ER2_band ER2_c neurons
tile the entire visual field. In other words, the ER2 population tiles the
visual field two-dimensionally, providing more organizational details
ofthe scene in two dimensions than do ER4d neurons (Fig. 4e).

Furthermore, the roles of ER4d and ER2 in processing chromatic
information might differ: Dm2, the main upstream input of MeTul,
receives inputs predominantly from UV-sensitive pale photorecep-
tors® (81%), which suggests that ER4d neurons could process UV
stimuli. On the other hand, Mil5, the main upstream input of MeTu3c,
receives input from green-sensitive yellow R8 photoreceptors®
(67%), which suggests that ER2 neurons process longer-wavelength
stimuli.

Unlike the ER4d and ER2 populations, ER4m and ER5 neurons
receive strong input from polarization-sensitive channels involving
the DRA-specific MeTu2a (both ER4m and ER5) and MeTu2b (ERS5) neu-
rons, respectively. As described before, MeTu2b exhibits more com-
plex connectivity than MeTu2a and, therefore, might encode complex
features of polarized light. Hence, ER5 might process more complex
features of polarized skylight, whereas ER4m seems to process skylight



polarization alone as a navigational cue, consistent with a previous
report™. This difference is notable because ERS5isinvolved in circadian
rhythms***,

ER3wreceivesinput from MeTu3aand MeTu3b neurons, potentially
combining skylight polarizationinformation (from both MeTu3a and
MeTu3b; Extended Data Fig. 6a,b) and localized visual feature informa-
tion from some of the dorsal visual field (Fig. 4e). On the other hand,
most other ER3 subtypes with dendritesinthe inferior bulb are down-
stream of MeTu4 subtypes that do not receive columnar input in the
medulla. Thus, until the functions of upstream neurons (Extended
Data Fig. 8e) are understood, the visual area and features that these
ER3 neurons encode will remain unclear.

Overall, we predict that ER neurons downstream of MeTul-MeTu3
neurons encode diverse informationincluding polarized light (ER4m,
ERS and ER3w), vertical stimuli or the azimuthal location of visual fea-
tures (ER4d), and the two-dimensional organization of visual scenes,
including azimuth and elevation (ER2), a system suitable for processing
both the elevation of a celestial body (for example, the Sun)* and the
surrounding two-dimensional environment’.

Physiologically testing predictions

We performed two-photon calcium imaging to test some of these
predictions, especially the spatial extent of the visual field to which
ER4d and ER2 neurons respond (that is, the receptive field; Fig. 5). We
imaged the dendritic calcium activity of ER neurons in the superior
bulb while presenting square-shaped dot stimuli to the fly using a
projector-based visual stimulation set-up (Fig. 5c-e). Both ER neuron
types were excited by ipsilateral visual stimuli, consistent with pre-
vious studies®**>* (Fig. 5f,g). The ellipse contours of the receptive
fields of ER4d and ER2 tile the visual space differently (Fig. 5Sh-k). As
predicted by our connectomic analysis, the receptive fields of ER4d
neuronsare vertically elongated (76 £+ 13° (1s.d.) in height and 31 + 12°
in width), and tile the visual space horizontally. The receptive fields
of ER2 neurons, on the other hand, are markedly smaller (59 +13°in
heightand 30 + 9°in width) and tile the visual space in two dimensions.
Theseresults precisely match our predictions about the spatial extent
of these neurons’ receptive fields. Note that the vertical extent of the
ER4d receptive fields is much greater than that reported previously®; we
believe thistobe because of the limited span of elevationin the set-up
used previously. By contrast, we tilted the fly head to expose the eyes
tomore vertical visual span. These results show thatinformed, system-
atic predictions can guide experimental designs to reveal previously
unexplored dimensions of neural functions.

Discussion

We observed four essential organization principles of the AVP: (1) a
convergence of spatial information from MeTu to TuBu, which sug-
geststhe compression of visual information into features with coarse
spatial resolution; (2) segregated and parallel processing of spatially
overlapping visual featuresin largely feedforward circuits; (3) parallel
pathways for interhemispheric integration, selectively mixing visual
features; and (4) divergent feature expansion through TuBu-to-ER
connections (Extended Data Fig. 11). Furthermore, by back-tracing
from ER neurons to MeTu neurons, we inferred the diverse visual fea-
tures that compass neurons might use to compute the head direction
(Extended DataFig.13).

Our analysis of the reconstructed synaptic pathways reveals that the
fly’s visual field can be roughly subdivided into three regions: a nar-
row band in the dorsal-most visual field (DRA)'*>%; the remaining
upper visual field (both of these two regions are facing the sky); and
the rest of the visual field (the equator and ventral field). Of note, the
DRA and upper visual fields are occupied by the large majority of MeTu
neuron types with overlapping receptive fields (MeTul, MeTu2a and

MeTu2b, MeTu3a and MeTu3b, and MeTu4a and MeTu4b); by contrast,
thelower and frontal visual fields are served by lower numbers of cells
and subtypes (innervated by MeTul, MeTu3c, MeTu4c and MeTu4d).
In particular, MeTu4d neurons cover only the ventral half of the visual
field. We speculate that this serves to process ventral optic flow” or
to orient towards shiny surfaces (for example, water) that produce
horizontally polarized reflections***8, which flies detect and use to
adjust their body orientation®*°. Nine out of the ten parallel informa-
tion channels formed by MeTu neurons seem to maintain only azimuth
information, discarding information about elevation; this strategy
seems particularly efficient for computing a headinginazimuth. Only
the MeTu3c channel may encode both azimuth and elevation—a prop-
erty that seemsideal for perceiving the two-dimensional organization
of the surrounding environment or for tracking the position of the
celestial body across the day. Overall, these organizational patterns of
the AVP suggest that D. melanogaster prioritizes the azimuthal position
of celestial cues, including the skylight polarization pattern.

Animals exhibit specific cue preferences during navigation, and we
have long known that visual features are processed hierarchically':
Dungbeetles prioritize skylight polarization or sunlocation depending
onthe environmental context', and mammals prioritize the geometry
of the surrounding space®*. However, the field is only just beginning
to investigate which visual features are extracted and how they are
prioritized across insects*** and mammals?® As such, our complete
reconstruction of the AVPin fliesis essential for mechanistically under-
standing the circuitimplementation and shared functional principles
thatunderlie the prioritization, integration and transformation of this
information into a heading signal. This is exemplified by our experi-
ments that physiologically confirm some of the new predictions. Fur-
thermore, with the ability to dissect detailed circuit dynamics of neural
populations using therich genetictoolsinflies, we are poisedtogaina
deeper understanding of how sensory informationis transformedinto
more abstract representations, which is fundamental to and essential
for higher cognitive functions in the brain.
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Methods

Overview

Our study analysed the FAFB, an adult female D. melanogaster brain
imaged at the synaptic level resolution with serial section transmis-
sion electron microscopy”. We used the FlyWire interface, which
auto-segmented FAFB EM data to construct three-dimensional seg-
mentations of individual neurons®. To reconstruct desired neurons, we
firstidentified relevant axons, dendrites and branches. Possible errors
by the auto-segmentation were mainly unfinished branches caused
by missing EM slices or incorrect connections caused by shifted EM
slices. In addition, some neurons had darker cytosols in the EM data,
possibly owing to neuronal damage during the dissection process®,
and were therefore not as well-constructed by the auto-segmentation.
We manually corrected each of these errors.

Dense EM reconstruction

To find all MeTu, TuBu, TuTu and AOTUO46 neurons in the AVP, we
densely reconstructed the AOTUsu by scanning through every layer of
EMin the neuropil volumes and proofreading all neurons composing
them (disregarding twigs). ER neurons were identified by following
TuBu downstream connectivity*°. After each of these neurons was
proofread, we classified them and compiled lists of their coordinates
for further analysis. See Supplementary Table 1 for details of the edit-
ing and naming history.

Regionboundaries

Regions were distinguished in our study so as to limit synapses to speci-
fied neuropils. These regionsincluded ME_L, ME_R,LO_L,LO_R,AOTU_L,
AOTU_R,BU_L, BU_Rand EB (in which ME indicates medulla; BU, bulb;
LO, lobula; L, left; R, right; and EB, ellipsoid body). Using SciPy’s spatial
module, we created Delaunay tessellations using a set of FlyWire coor-
dinatestodetermine whether synapses were contained within the given
regions. The sets of points were not acomprehensive boundary box of
individual neuropils, but rather formed polyhedra that contained the
ROIs of the relevant neurons. The coordinates were selected with the
help of FlyWire’s annotation lines to ensure that all neurons’ synapses
wereincorporated. In the case of the medullas, in which the Delaunay
tessellationincorporated some lobulasynapses as well, theipsilateral
lobula region was subtracted.

AOTUsu subdivisionin comparison with previous studies

The connectome of the AVP, which revealed four major MeTu types,
clarifies discrepanciesin previous literature. MeTu;,,in Omoto & Keles
etal.*’ seems tobe MeTu4 because DALcl2d TuBu neurons project from
AOTU,, to the inferior bulb (BU,). In addition, on the basis of spatial
organization, AOTU,, AOTU,, and AOTU,,;; in Omoto & Keles et al.
might correspond to MeTul, MeTu2 and MeTu3 locations, respectively,
although the AOTUsu map s slightly different from our study (Extended
Data Fig. 1d). A crucial discrepancy we could not resolve was TuBu, in
Omoto &Keles et al. They described that TuBu, projects from AOTU;
to the anterior BU (BU,), which we did not observe in the FAFB data-
set. In Hulse, Haberkern, Franconville and Turner-Evans et al.’®, the
TuBu neuron type innervating the BU, is TuBuO1, which are located
in AOTUsu_PC, downstream of MeTu2. However, Omoto & Keles et al.
say that these TuBu neurons project from the AOTUsu_A to the BU,.
We believe that this discrepancy is due to the lower resolution of light
microscopy, and think that TuBu, should be reclassified.

Timaeus et al."* divided the AOTUsu into five subdomains, separat-
ing the AOTUsu_A into lateral and anterior central parts. They state
that R7 might be upstream of MeTu,,, MeTu., and MeTu,, (MeTu3 and
MeTu2, respectively), which agrees with what we found. However, they
only found TuBu neurons projecting from the AOTUsu,,, AOTUsuy,
AOTUsu,, or AOTUsu,, to the BU;and the AOTUsu,, to the BU;, mean-
ing that they did not discover TuBuOLl. Finally, they found that MeTu,,

(MeTu4) dendrites also projected to medullalayers 2 and 8, whichwas
inconsistent with what we found in the FAFB dataset.

Tai et al.”, unlike the other two papers, found four subdomains of
the AOTUsu (L-AOTU,_,), which are connected linearly from the edge
ofthe AOTUlu to the lateral-most edge of the AOTUsu. The respective
MeTu neurons in these regions were called MT,_, (not correspond-
ingto our study’s MeTul-MeTu4). This study only showed an anterior
view of the AOTU, and as such, it is possible that they did not find the
AOTUsu_PC, which is obscured by the AOTUsu_A from the anterior
side. Inthis case, the corresponding regions are AOTUsu_M (L-AOTU,),
AOTUsu_A (L-AOTU,_;) and AOTUsc_PL (L-AOTU,). The corresponding
MeTu neurons are thus MeTu4a, MeTu4b, MeTu4c and MeTu4d (MT,),
MeTu3c (MT,), MeTu3a and MeTu3b (MT,) and MeTul (MT,).

Synaptic connectivity matrices

Synaptic connectivity between neurons was found using automatic
synapse detection®. For all our connectivity analyses, we used a cleft
score of =50 and excluded autapses and synapses to the background
segmentation. Two types of connectivity matrices were generated
throughout the study: Supplementary Data la-g show individual neu-
ronweight matrices (purple) and neural type weight matrices (green).
Fortheindividual neuron weight matrices (Supplementary Datala-d),
the number of synapses between each neuron was first calculated. To
determine the relative weight within the given region, this quantity
was divided by the postsynaptic neuron’s total number of synapses
intheregion.

Certain outlier neurons heavily skewed the colour plot matrices
because they had few connectionsintheir respective regions or nearly
exclusively received synaptic weight from a single neuron. To resolve
the former issue, neurons with fewer than five total regional connec-
tions were not included in the matrices. To resolve the latter issue, a
small number of outliers were removed from medulla MeTu intercon-
nectivity plots: one MeTul_R, one MeTu2a_R and three MeTu4a_R.

The ordering of the neurons within the connectivity matrices was
based on the location of TuBu neurons along the dorsal-ventral axis
withinthe AOTUsu. Both MeTu and ER neurons were ordered in groups
according to which of these TuBu neurons they were most connected
to (MeTu neurons presynaptically in the AOTUsu and ER neurons post-
synaptically in the bulb). Within the groups they were ordered by how
many synapses they shared with that TuBu neuron.

Neural type weight matrices (Supplementary Data le-g) show the
connections of whole classes of neurons. First, the total number of
synapses between all presynaptic and postsynaptic neurons of the
respective given types was calculated. Then, these quantities were
divided by the total number of synapses of all postsynaptic neurons
of the given type within the region. This gave a measure of the total
synaptic weight between the two types.

Three-dimensional rendering

Three-dimensional renderings were either generated in Blender with
neuron meshes retrieved using the Python CloudVolume package or
inRwith the rgl and fafbseg package.

Medulla columns and layers
We identified all Mil neurons, a unicolumnar cell type, in both hemi-
spheres as a proxy for individual medulla columns because Mil neurons
are presentin each medulla columnand span the entire distal-proximal
axis of the medullafromlayer M1to layer M10. For each Mil neuron we
performed a principal component analysis (PCA) on all pre- and post-
synapticsites of the neuron (Extended Data Fig. 1e). PC1 corresponds to
the distal-proximal axis of the column. The upper and lower boundary
of each columnis defined as the 0.03 and 0.97 percentile of synapses
on the distal-proximal axis.

Medullalayers are based on the average synapse distribution of Mil,
Mi4,L1,L2,L3,L5, Dm8and T4 neurons along the distal-proximal axis
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inthree exemplar columns. Layer M1:[-3.9-5.5%]; layer M2:[5.5-17.1%];
layer M3:[17.1-30.8%]; layer M4:[30.8-34.0%]; layer M5:[34.0-43.2%];
layer M6: [43.2-50.1%]; layer M7:[50.1-63.1%]; layer M8:[63.1-75.4%];
layer M9: [75.4-92.4%]; layer M10: [92.4-102.2%].

MeTu classification

We describe MeTu types (labelled with numbers: MeTul-MeTu4) and
MeTusubtypes (labelled with lowercase letters; for example, MeTu2a).
MeTul, MeTu2 and MeTu3 were previously called MCé61 (ref. 62) and
MeTu4 was called MC64 (ref. 16). MeTu2 was also called MeTu-DRAY,
The location of axons and dendrites of MeTu (Fig. 1c), TuBu (Fig. 1c),
TuTu (Extended Data Fig. 4) and AOTUO046 (Extended Data Fig. 4)
neurons maintainspecific patterns of processes within the AOTUsu’,
through whichwe determined four distinct regions (posterior lateral,
posterior central, anterior and medial). The axonal boutons of each
MeTu neuron terminate within one of these four areas, so we classi-
fied MeTul, MeTu2, MeTu3 and MeTu4 as types. Between the left and
right hemispheres, respectively, there are121and 124 MeTul, 50 and 50
MeTu2,145and 129 MeTu3 and 137 and 138 MeTu4. There was one neu-
ronontheright side whose axonal tract terminated before projecting
to the medulla. It was labelled MeTu_incomplete_R and was excluded
from further analysis.

Analysis of morphology, up-and downstream connectivity as well as
spatial distributioninthe medullarevealed distinct MeTu subpopula-
tions within MeTu2, MeTu3 and MeTu4, which led us to define MeTu
subtypes.

MeTul forms ahomogenous neuron populationinterms of morphol-
ogy, and up- and downstream connectivity, without any distinctive
features that would allow any further subtyping (Fig. 2m). MeTu2a is
connected toboth TuBuOland TuBu06 with a preference for TuBuOl,
while MeTu2b is primarily connected to TuBuO6 with very few synapses
onto TuBuO1 (Extended Data Fig. 5k).

We found three MeTu3 subtypes: MeTu3a, MeTu3b and MeTu3c.
MeTu3a has flat dendrites and lacks presynaptic connections to Mil5,
whereas MeTu3b and MeTu3c have vertical dendritic protrusions and
connect to Mil5 (Extended Data Fig. 5d,e). MeTu3a was specifically clas-
sified as MeTu3 that has 13 or fewer synapses with Mil5 neurons. Note
that MeTu2aand MeTu2b cellbodies are located closer to the medulla
equator, whereas MeTu3a cell bodies are found above the centre of the
branching (datanot shown). Within the AOTUsu, all MeTu3a project to
TuBu07.MeTu3bis strongly connected to TuBuO7,and MeTu3cis most
strongly connected to TuBu09 and TuBu1O0. To further analyse this
distinction, we compared their postsynaptic weights with Mi15,Sm17,
Sm23 and MeMeDRA. Some MeTu cells sensitive to skylight polariza-
tion have so far been physiologically characterized in Drosophila™,
and a careful comparison between their light microscopic data and
our connectomic reconstruction identifies these cells as MeTu2b and
MeTu3a. Finally, MeTu3c might have subpopulations: MeTu3c_dorsal
and MeTu3c_ventral, on the basis of the TuBu connectivity. Their con-
nectivity in the medulla was indistinguishable other than the general
location (dorsal medulla versus ventral medulla), which might sug-
gest the same kind of information processing. Furthermore, the axons
to downstream TuBu09 and TuBulO overlap somewhat, suggesting
that functional differences may occur downstream of—but not at—the
MeTu3cneurons. For these reasons, we decided to combine theminto
asingle subtype.

MeTu4 is generally morphologically distinct from other MeTu types
because neurons contain boutons within the lobula. However, light
microscopy suggested there is a subtype that does not have these
boutons (Extended Data Fig. 8h). We also found a MeTu4 population
without lobula boutons and few lobula synapses (fewer than 15 pre-and
postsynapses), which we named MeTu4d. MeTu4d in addition only
arborizes within the ventral half of the medulla.

We further grouped MeTu4 neurons with lobulaboutons into distinc-
tive subtypes on the basis of downstream TuBu connectivity. MeTu4a

are presynaptic to TuBu03 and TuBu0O4, MeTu4b are presynaptic to
TuBu02 and MeTu4c are presynaptic to TuBuOS.

UMAP inFig.1f (top) is based on connectivity to up-and downstream
partners as features. We selected atotal of 84 neurons (see ‘Upstream
connections’ for moreinformation). Downstream neuronsinclude 13
types (all TuBu types, TuTuA, TuTuB and AOTUO46), and upstream
neuronsinclude 28 types (alltop 5 connected neuron types of allMeTu
subtypes. UMAP in Fig. 1f;; is based only on the 31 upstream types (28
non-MeTu and 3 MeTu types). All connectivity types are also shown
inFig.1g.

As the entire optic lobe connectivity became available (FlyWire
v.783)%, we also performed the same analysis using the entire dataset
inthe right hemisphere (Supplementary Data 1h).

Finally, we sought to provide light microscopicevidence in the form
of cell-type-specific driver lines, corroborating the existence of the
genetically defined subclasses of visual projection neurons that are
described in this study>*>*%>%* (see Supplementary Table 2).

Proofreading rounds

For a subset of MeTu neurons described in the previous section, we
increased the proofreading quality by increasing the rounds of detailed
proofreading®. We used the right opticlobe because the left opticlobe
has a partially detached lamina and parts of the posterior side of the
medulla are distorted”. We chose 113 of the 441 right MeTu neurons
to undergo multiple rounds of proofreading. Originally, 101 neurons
were chosen randomly with the same relative ratios of MeTul-MeTu4
neurons as in the population: 28 MeTul, 12 MeTu2, 30 MeTu3 and 31
MeTu4. When we later discovered subcategories of the neurons, we
wanted at least five of each subtype. Inthe end, we proofread the follow-
ing113 neurons:29 MeTul, 7MeTu2a, 5MeTu2b, 6 MeTu3a, 13 MeTu3b,
16 MeTu3c, 13 MeTu4a, 5MeTu4b, 14 MeTu4c and 5 MeTu4d.

Each of these neurons underwent three rounds of proofreading,
and synaptic and skeletal comparisons were performed to determine
the differencesinaccuracy between the three rounds. The first round
was the cursory proofreading that was done to all 441 MeTu neurons.
The next two rounds were split between the two proofreaders (D.G.
and E.K.). Each proofreader densely proofread half of the 113 for the
second round, and then switched and worked on the other half for
the third round. Afterwards, F1scores were computed on both the
number of synapses and the number of skeletal nodes of each neuron
between rounds. These scores showed the decrease in the number of
edits between the first round and subsequent rounds.

Upstream connections

We used automatic synapse detection to find presynaptic partners of
the proofread MeTu neurons. As stated in the proofreading section,
we picked them on the basis of the ratio of the entire population, with
aminimum of five neurons per type. In addition, as with the proof-
reading rounds, we only looked at neurons on the right side. Because
several neurons contain a darker cytosol and are not segmented well
in FlyWire, we left out any of those neurons in favour of normal neu-
rons. Thus, we analysed the following 84 neurons: 18 MeTul, 5 MeTu2a,
5MeTu2b, 6 MeTu3a, 9 MeTu3b, 11 MeTu3c, 10 MeTu4a, 5 MeTu4b,
10 MeTu4c and 5MeTu4d. Foreach neuron, weidentified allupstream
partners with five or more synapses. Many partners had been classi-
fied in previous studies, and for any others we used a nomenclature
proposed recently®.

Synapse density

MeTu and TuBu synapse density mapsinthe AOTUsu were created from
three angles: from the dorsal side looking towards the ventral side;
fromthe anterior side looking towards the posterior side; and from the
lateral side looking towards the medial side (Extended Data Fig.3a,b).
Each ofthese views was rotated 30° along the anterior-posterior axis.
Each map was created by finding all of the connections within small



volumes, each40 nm by 40 nm by the length of the AOTUsu along the
viewpoint axis. When the number of connections was computed, they
were subjected to a Gaussian blur with asigma value of 10. Colour maps
were then created on the basis of the relative values, with higher values
having higher opacity. Demonstrative synapse maps were created as
well (Fig. 1c). These were subjected to a Gaussian blur (with a sigma
value of 4), and did not vary in opacity according to synapse density.

Neurotransmitter predictions

We used the neurotransmitter prediction described in arecent study®".
We calculated the average neurotransmitter probability across all pre-
synapticsites of anindividual neuron (Extended DataFigs.4c,eand 12).

AVP classification

The existing connectomic analysis' of the hemibrain®*® provided
full classifications of TuTu, TuBu and ER neurons, which we adopted
in this study. This study gave detailed classifications to 17 bulbar ER
neuronsand 5lateral accessory lobe ER neurons. Of the17 bulbar neu-
rons, there are 11 distinct morphologies, and we classified the FAFB
neuronsas follows: ER2_abd, ER2_c,ER3a_ad, ER3d_acd, ER3d_b, ER3m,
ER3p_ab, ER3w. ER4d, ER4m and ERS. The study also described patterns
of interconnectivity between ER neurons, and using synaptic analysis
we distinguished ER2ad and ER2b, and ER3d_a, ER3d_c and ER3d_d.
There are multiple morphologies of ER2c neurons (whichis consistent
with hemibrain), but we did not further subcategorize these neurons.
However, some connectivity patterns are not consistent between the
hemibrainand FAFB, so we did not subclassify all neurons to the same
level of detail. Intheinstances of ER2_aand ER2_d; ER3a_aand ER3a_d;
ER3p_aand ER3p_b;and ER3w_aand ER3w_b, we maintained their names
asER2_ad, ER3a_ad, ER3d_acd, ER3p_ab and ER3w_ab.

Inthe hemibrain, TuBu neurons were classified on the basis of their
downstream ER neuron partners. After classifying allthe corresponding
ER neurons, we similarly grouped the TuBu neurons as TuBuO1-TuBul0.
Thereare three ambiguous TuBu neurons. One TuBuin the right hemi-
sphereis upstream of an ER2c neuron but is located in line with other
TuBu09 as opposed to TuBul0, which are generally upstream of ER2c.
We labelled this neuron TuBu09 because of its location in AOTUsu.
Another TuBu neuron in the right hemisphere has the dendritic mor-
phology of a TuBu04 and is downstream of MeTu4a, butis upstream of
ER3p_ab. We classified it as TuBuO4 as opposed to TuBuOS. One neuron
in the left hemisphere has a normal microglomerulus partnered with
an ER3a_ad and two ER3m neurons like TuBuO2 neurons. However, this
neuron projects to the SPS, as opposed to the AOTUsu. Because there
is no other neuron in this dataset or hemibrain with this projection
pattern, we determined thatit might have been a developmental error
and labelled it TuBu_misc_L, only including it in connectivity tables
between TuBu and ER neurons.

We identified TuTub_a and TuTub_b on the basis of morphology.
There is one of each type per hemisphere. There are four AOTU046
neurons, with dendrites in one SPS and axons in both AOTUsu and
both bulbs. The quantity of each of these bihemispheric neurons is
consistent with hemibrain®,
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Bihemispheric connections

Connectivity diagrams of bihemispheric neurons are based on type con-
nectivity matrices fromtheright hemisphere (Extended DataFig. 4a).
Each arrow represents the weight of the postsynaptic neuron type’s
connection to the presynaptic neuron type. Only weights >0.05 were
represented as arrows. Arrow thickness was determined linearly on
the basis of the weight.

Thebihemispheric neuron diagrams in Extended Data Fig. 4b,d are
made using neurons from the right hemisphere. Pie charts within the
figures show the relative amount of presynaptic (red) and postsynap-
tic (cyan) connections of the neuron. Within the AOTUsu, these only
include connections between the bihemispheric neurons and MeTu and

TuBu neurons. Within the bulb, the connections shown are between
AOTUO046 and TuBu and ER neurons. Within the SPS, the connections
are between AOTUO046 and all SPS neurons. The relative size of the
pie charts refers to the quantities of bihemispheric synapses in each
subregion. Inthe case of AOTUO046, these were calculated by averaging
the two neurons on the right side. Lines are drawn to subregions that
have 100 or more synapses.

Alternative visual pathways

Toidentify other potential visual pathways, we looked up to two hops
upstream of central complex input neurons (Extended Data Fig. 2).
We excluded neurons intrinsic to the central complex. For upstream
partners, we included neurons that had at least five synapses with
their downstream partner. After finding all neurons one to two hops
upstream of the central complexinput neurons, we determined which
ofthem contained dendrites within optic lobe neuropils. This number
of hopswas selected to match the number of hops of the direct pathway
from MeTuto TuBu to ER neurons. When calculating optic lobe weights,
we summed the relative proportion of synapses that came from those
opticlobe neurons. Renders of alternate pathwaysincluded the central
complex neurons, upstreamneurons that areeither opticlobe neurons
or neurons with upstream optic lobe partners, and those upstream
opticlobe partners. The renders only contained these neurons if they
accounted for >1% of the total non-central complex synaptic weight of
their postsynaptic partner.

Mapping medulla columns to ommatidia coordinates

We used microCT data® to assign each medulla column to an omma-
tidia. We determined the directions of ommatidia to the world as pre-
viously described®. Separately, we counted the numbers of R1-R6
photoreceptors in the lamina to identify the equatorial medulla col-
umns, which have seven or eight photoreceptors compared to six in
non-equatorial columns (data not shown). We then mapped ommatidia
and medulla columns to separate hexagonal grids. Finally, using the
equator asareference, we aligned these hexagonal grids by minimizing
unmatched points, hence assigning each medulla column aviewing (or
sampling) directionin the visual field.

ER neuron visual area

For each ‘visual column’ of a given ER neuron, we calculate the values
for the direct pathway as the sum of all weighted branches connect-
ing the ER neuron via TuBu and MeTu neurons to the ‘visual column’
(Fig. 4a, middle). Each branch is the product of synaptic weights of
TuBu neuron to ER neuron connection, MeTu neuron to TuBu neuron
connectionand MeTu neuron medullacolumn occupancy. MeTu neuron
medulla column occupancy is calculated as the fraction of presynaptic
sites closed to the column. The values for the indirect pathway are
the sum of all weighted branches connecting the ER neuron via TuBu,
TuTuB and MeTu neurons to the ‘visual column’ (Fig. 4b, middle). We
overlaid the values for the direct and the indirect pathways with dif-
ferent colours (Fig. 4c,e).

Hemibrain comparison

The hemibrain dataset contains the entire central complex of the
D. melanogasterbrain, but only extends to include the AOTU of the left
hemisphere. Therefore, it contains two sets of ER neurons, one set of
TuBu neurons and only the boutons of one set of MeTu neurons. The
MeTu neurons were named MC64 or MC61.

We used the Python module neuprint-python tolook at the MCé61and
MC64 that are presynaptic to the previously defined TuBu neurons.
We first distinguished MeTul-MeTu4 on the basis of their respective
TuButypes. AlIMC64 are MeTu4, but asmall population of MeTu4 was
MCél instead. We plotted the number of synapses within the lobula
among MC61 and MC64 to determine that this distinction was due
to differences in the number of lobula connections (data not shown).
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We distinguished MeTu4 in the same way as for FAFB, in which fewer
than15synapsesinthe lobuladenoted MeTu4d. We classified all other
MeTu subtypes using their downstream TuBu partners. The only classifi-
cation we were unable to make was that of MeTu3a and MeTu3b, because
they were separated using upstream connections in the medulla, which
the dataset did not include. We labelled these neurons MeTu3ab,
and adjusted the FAFB one in comparison plots. After classification,
there are127 MeTul, 39 MeTu2a, 14 MeTu2b, 64 MeTu3ab, 86 MeTu3c,
68 MeTu4a, 13 MeTu4b, 41 MeTu4c and 17 MeTu4d.

After obtaining all AVP neurons in FlyWire and neuprint, we com-
pared the relative numbers of neurons among four hemispheres with
ER and bihemispheric neurons, and three hemispheres with TuBu and
MeTu neurons. We noticed discrepancies among TuBu and ER neuron
counts, so we compared the ratios of ER to TuBu counts in the three
hemispheres (Extended Data Fig. 9e,f).

Histology

To support the EM-based cell typing and to provide genetic tools for
future studies of MeTu neurons, wereport several split-GAL4 lines with
preferential expression in subsets of MeTu types. These split-GAL4
lines were generated before the EM work; that is, are the output of an
independent, light-microscopy-based effort to characterize MeTu cell
typesbutarenewly reported here. Driver lines and their candidate EM
matches arelisted in Supplementary Table 2. Figures show processed
images displayed using VVD viewer (https://github.com/JaneliaSci-
Comp/VVDViewer/releases). Lines and original image data are available
at https://splitgal4.janelia.org/cgi-bin/splitgal4.cgi. Somelines are not
currently maintained as stocks but can be reconstructed from the AD
and DBD hemidrivers.

The general strategy and methods to generate and characterize
these lines were as described for other split-GAL4 lines®***. In brief,
wesearched for GAL4 lines with expressionin MeTu cells usingimages
of GAL4 driver expression patterns® ¢, then screened the expression
patterns of hemidriver (AD, DBD) combinations selected to target
candidate MeTu types on the basis of these searches, and constructed
stable fly lines for combinations with patterns of interest. Further char-
acterization of these linesincluded imaging of overall expression pat-
terns and, in most cases, of MCFO-labelled individual cells. Sample
preparationand imaging, performed by the FlyLight Project Team using
protocols available at https://www.janelia.org/project-team/flylight/
protocols, were as in previous work®*”°, For an overview of the Janelia
FlyLight split-GAL4 project, see a previous study®*. Some additional
MeTu driver lines that are not included here are also available®,

Fly preparation for calcium imaging

All experiments were performed with seven-to-nine-day-old female
flies. Blinding wasimpossible, and thus was not performed, because the
morphology of the neurons is easily recognizable during imaging for
each type of neurons. We did not perform sample size calculation but
collected data from a fixed predetermined number of flies. Before
experiments, flies were prepared as previously described®. Inbrief, a fly
was anaesthetized onice and transferred to a cold plate. The proboscis
ofthe fly was pressed into the head and fixed with wax. In addition, the
front and middle pairs of legs were removed. The fly was glued to a
pinand positioned in a pyramid-shaped holder. We tilted the fly head
30-45°totheleftand gluedit to the holder with UV-curable gel. Next,
we removed the cuticle onthe head, together with ocelliand trachea, to
expose the central brainfor optical access. Muscle 16 was severed using
adissection needle toreduce brainmovement. To further stabilize the
brainand minimize motion, we covered the exposed brain witharound
3 plof saline with 3% low-gelling point agarose (Sigma-Aldrich), which
was adopted from animaging procedure of Drosophila Kenyon cells™.
Thebrainwasbathed in saline, as described in previous studies®, with an
adjusted calcium concentrationat 2.7 mM. The fly was then transferred
to the microscope for recording.

Projector-based visual stimulation set-up

Visual stimuli wererear-projected onto a Teflon screen (0.254 mmthick,
McMaster-Carr, item 8569K18) placed at the anterior-left-ventral side
ofthe fly with a45°inclination. We used a customized projector (Texas
Instruments) with filters (AVR) to display blue stimuli with awavelength
peak at 450 nm. The stimuliwere displayed at aframe rate of 60 Hzand
aresolution of1,028 x 960. A photodiode was placed on the edge of the
screen to detect a small flashing square for synchronization between
the visual stimuliand calcium activity’. Visual stimuli were drawn and
displayed by Psychtoolbox-3.

Two-photon calciumimaging

We used a custom-built two-photon scanning microscope (Janelia
MIMMS 2.0) with a40x objective (Nikon,NA 0.8,3.5 mmWD). Weused a
Chameleon laser tuned to 930 nm with amaximum power of 10 mW for
excitationand detected fluorescence by a GaAsP photomultiplier tube.
We imaged the superior bulb over 15 focal planes, each separated by
1um,acquired atavolumerate of about10 Hzataresolution of 128 x 128.

Calcium image analysis

All data processing and analyses were performed in MATLAB. We cor-
rected for brain movement in xy directions by registering individual
framesto the reference image using a cross-correlation algorithm. We
generated reference images in Fiji by summing up images across the
time series. We manually identified individual microglomerulias an ROI
onthebasis of the videos of fluorescence changes, and we subtracted
the mean fluorescence of an empty ROI from the same frame for each
frame to compensate for noise. We defined the baseline fluorescence
(F,) asthe lowest 10% signal throughout the experiment. Because each
microglomerulus does not occupy the entire depth of 15 planesina
volume, we averaged fluorescence from three consecutive planes and
used the strongest value among 13 values in each volume as F, to cal-
culate the AF/F,.

Receptive field analysis

The flywas presented withasquare-shaped dot for1sfollowed by 1sof
darkness. The dot was randomly chosen from a set of 38 pre-indexed
dots, whichwere18°by 18° eachin size and were not spatially overlap-
ping. Each dot was tested for ten trials. In each trial, we calculated the
response by subtracting the mean AF/Fduring the 1-s stimulation period
fromthe mean AF/F duringthe 500 ms before adot appeared. We used
the average response over ten trials to plot the receptive field. If the
averageresponse had either a Pvalue higher than 0.05 in the Wilcoxon
signed-rank test or a change smaller than the response of an empty
ROI, we considered it unresponsive. We quantified the properties of
an excitatory receptive field by fitting an ellipse into it by using the
regionprops functionin MATLAB.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allraw data (FAFB) are available at FlyWire.ai (v.783) or Codex: FlyWire.
Supplementary Data2 and 3 provide neuron IDs. Supplementary Data
4 provides amicroCT-based eye map. Because of the datasize, the raw
two-photon calciumimaging data will be available upon request. Source
data for Fig. 5 are provided with this paper.

Code availability

Analysis code can be downloaded from https://doi.org/10.5281/
zenodo.13228138 (ref. 73).
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Extended DataFig.1|Methods of analysis of the AVPand AOTUsu.
a,Diagrams of FlyWire.Image of the FlyWire interface with the EM volume on
theleft and neuropils ontheright (a;,). An example of proofreading/, with
images before (a;) and after (a;;) amerge of two neuron fragments. 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 (b;), the
changeinneuronal volume after each round (by;) and the F1scores calculated
between rounds for synapse counts (b;;) and skeletal nodes (b;,). All pair-wise
testineach plot wassignificant (p < 0.0001, Wilcoxon rank sum test). ¢;_;;, EM
dataquality of theleft and right optic lobe. c;, EM slice of the fly brain, note the
partially detached lamina (arrow) on the left opticlobe. ¢;;,c;;;, MeTul neurons

oftherightandleft opticlobe, respectively, viewed fromthe dorsal side, note
the unevenimage alignment on the posterior side (arrow) of the left optic lobe
(ciip)- d;_ii, Comparison of different illustrations of the AOTUsu subregion
(seesection ‘AOTUsu subdivisionin comparison with previous studies’in the
Methods for more details)'*'>*. e, Process of defining medulla columns and
layers from all Mil neurons, aunicolumnar cell type, shown for the right optic
lobe. From left toright: render of all Mil neurons of the right optic lobe (n=796),
asingle Mil neuron with pre- (red) and postsynaptic (cyan) sides, distal-
proximal axis of acolumnis given by PC1ofa PCA onall synapticsides of the
corresponding Mil neuron, defining layer markers based on the upperand
lower bound of the distal-proximal axis, mé6 layer marker of all columns.
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Extended DataFig.2|Alternative pathways from the opticlobe to the
central complex. a, Strip plot thatincludes all neurons providing input to

the central complex. Those of known types have beenlabelled (blue dots: ER
neuronsinthe AVP, red dots: non-AVP ER neurons, green dots: non-EB neurons),
and others (yellow dots) are labelled “Unidentified”. The y-axis represents the
total synaptic weight from neurons that contain dendrites within the optic
lobe thatare at most two neurons upstream of the target neuron. The relative
synaptic contribution of visual information, calculated from synapse counts,
islessthan10% for most neurons outside the AVP, much less than 40% of those
inthe AVP. Further, only 11 neurons (four ExR5, five FB8B, and two OA-AL2il)
outside the AVP showed significant synaptic contribution to the central
complex, compared to 236 neuronsinthe AVP.ER1:n=28,ER2_ad:n=6,ER2_b:
n=10,ER2_c:n=26,ER3_misc:n=2,ER3a_ad:n=24,ER3a_bc:n=11,ER3d_a:

n=21,ER3d_b:n=14,ER3d_c:n=9,ER3d_d:n=8,ER3m:n=15,ER3p_ab:n=17,
ER3w_ab:n=26,ER4d:n=24,ER4m:n=11,ER5:n=21,ER6:n=4,ExR1:n=4,
ExR2:n=4,ExR3:n=2,ExR4:n=2,EXR5:n=4,ExR6:n=2,EXR7:n=4,ExR8:n=4,
FB8B:n=5,IbSpsP:n=24,LNO2:n=2,0A-AL2il:n=2, Unidentified:n=1261.
b,_i;, Renders of pathways from the opticlobe to three types of neurons that
convey significant visual information from outside the AVP: ExRS (b;), FBSB (b;;)
and OA-AL2il (by;). Only ExR5 neurons arein the EB and may provide visual
information to EPG neurons. Withn =4, however, they are unlikely to provide
retinotopically organized visualinformation. Theserendersinclude the
relevant central complex neurons (blue for right, cyan for left), neurons one
layer upstream (yellow), and optic lobe neurons two layers upstream (pink).
Note the thelack retinotopy and their diffuse connectivity patterns. ¢, Renders
ofthe AVP pathways to ExR1.
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Extended DataFig. 3 |Synapse density maps of MeTu-to-TuBu connections.
a-d, Synapse density mapsinthe AOTUsu_R from the dorsal, anterior, and
lateral perspectives. All perspectives have beenrotated 30° with respect
tothe anterior-posterior axis, and synapse densities were blurred witha
Gaussian filter with a sigma value of 10. Figures include MeTul (a), MeTu2a-b (b),
MeTu3a-c (c), and MeTu4a-d (d) to their relevant downstream TuBu partners.

a, The AOTUsu_PL comprises the outermost lateral volume of the AOTUsu, facing
the posterior side (Figs. 1c;and 2t). All MeTu axons and TuBu dendrites found in
thisareaarborize solely there and do not extend processes to other regions of
the AOTUsu. We therefore designated all MeTu neurons arborizingin AOTUsu_
PL as MeTul (Fig. 1c,e). All MeTul neurons form synapses with TuBuO8 neurons
(Fig.1d and Supplementary Data1f; ;). The dendrites of any given TuBuO8 neuron
partially overlap with those of neighbouring TuBuO8 neurons (Fig. 2t). Asa
population, the dendrites of TuBuO8 neurons therefore roughly form a one-
dimensionalline along the dorsal-ventral axis, with asmall positional variation
along the medial-lateral axis (Fig. 2t). The AOTUsu_PL contains only one more
celltype, being sparsely innervated by all four AOTUO46 neurons (Extended
DataFig. 4b), which may provide motor context from superior posterior

slope (SPS) and also potentially mediate bilateral communication between
hemispheres (Extended Data Fig.4 and Supplementary Data1f).b, The
AOTUsu_PCislocated directly medial to AOTUsu_PL (Fig. 1cand Extended
DataFig. 5l). We designated all MeTu neurons thatinnervate AOTUsu_PC as
MeTu2. Their dendritesinmedullawere limited to the DRA, where input

from photoreceptors that are sensitive to skylight polarizationis processed *7*.
MeTu2 neurons make synapses onto TuBuOland TuBuO6 (Fig.1d and
Supplementary Datalf,;). The dendrites of individual TuBuO1 neurons do not
overlap with neighbouring neurons of the same type (Extended Data Fig. 51). As
apopulation, TuBuOland TuBuO6 neurons formaone-dimensional line along
the dorsal-ventral axis (Extended Data Fig. 51). AOTUsu_PC contains two more
types of neurons TuTuB_aand TuTuB_b, both of whichinterconnect the two

hemispheres (Extended DataFig.4a,d).c, The AOTUsu_Aislocatedinfront
ofboth AOTUsu_PLand AOTUsu_PC (Fig.1cand Extended Data Fig. 6m).

We designated all MeTu neurons thatinnervate AOTUsu_A as MeTu3. MeTu3
neurons synapse onto TuBuO7, TuBu09, and TuBulO neurons. These TuBu
neuronsarelocatedin the medial, central, and lateral portions of the AOTUsu_A,
respectively (Extended Data Fig. 6m). Of these three TuBu types, dendrites of
thesametype partially overlap each other but do not overlap with dendrites

of other types (Fig. 1cand Extended Data Fig. 3c). Inaddition, they do not form
clear one-dimensional lines along the dorsal-ventral axis as do the TuBu
neuronsinthe AOTUsu_PL/PC.Finally, the entire anteriorareais covered

by dendriticand axonal processes of TuTuB_a (Extended DataFig. 4d), and
innervated by axonal boutons of AOTU046 (Extended Data Fig. 4e) exclusively
inthe TuBuO9location (Extended DataFig.4a).d, The AOTUsu_Misadjacent
toboth AOTUsu_PCand AOTUsu_A (Fig.1cand Extended DataFig. 81). We
designated all MeTu neurons thatinnervate AOTUsu_M as MeTu4. Their axonal
boutonstile the entire volume with varying densities and spans. MeTu4 neurons
synapse onto TuBu02, TuBu03, TuBuO4, and TuBuO5 neurons. TuBuO2 dendrites
arewidealongthe anterior-posterior axis and have thin dendritic clumps
(Extended DataFig. 81). Dendrites of TuBuO3 neurons formarough one-
dimensionalline (Extended Data Fig. 81). TuBuO4 dendrites are sparse but
cover anexceptionally wide area, with somefilling the entire volume. Asa
population, they are not linearly arranged (Extended Data Fig. 8). Dendrites
of TuBuOS branch widely along the anterior-posterior axis but are narrower
along the dorsal-ventral axis, forming arough one-dimensional line (Extended
DataFig.81). The AOTUsu_M has a thin two-layer structure: TuBu02 and TuBu05
bothclusteralongthe border betweenthe AOTUsu_M and the other AOTUsu
areas, while TuBuO3 and TuBu04 cluster more medially. Finally, only AOTUO46
neurons, but not TuTuB_a/b neurons, innervate AOTUsu_M, thus potentially
conveying motor information from SPS (Extended Data Fig. 4b).
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Extended DataFig. 4 |Bilateral neurons. a, Left: synaptic weight between
bihemispheric neuron typesand MeTu subtypes ontheipsilateral (left) and
contralateral (right) sides. Right: similar to the left, Synaptic weight between
bihemispheric neuron typesand TuButypes. MeTu2areceives strong synaptic
inputs from TuTuB_b on both sides, but none from TuTuB_a. It also reciprocally
provides stronginputs to TuTuB_bonbothsides, butonly very weak input to
TuTuB_a.b, Diagram ofan AOTU046 neuron. AOTUO046 neuronsinnervates
AOTUsu_M, where they send sparse axons along the anterior/posterior-lateral
face and extend boutons toward the posterior-medial triangle vertex atonly a
single latitude halfway down the dorsal-ventral axis. Pie charts are theratio of
presynaptic (red) to postsynaptic (cyan) connectionsto AVP neuronsin the
AOTU and Bulbregions, and connections to all neuronsin the SPS. The SPS
depictedinacutout.Piechartsizes are based on the relative number of

connections (legend on theright). c, Average neurotransmitter prediction
score over all synapsesineach AOTUO046 neuron for each type of
neurotransmitter. d; ;, Diagrams of TuBuB_a (d;) and TuBuB_b (d;;) neurons.
Boutons of TuTuB_asparsely protrude into the posterior central areaonly on
the oppositeside of the soma, while both axons and dendrites of TuTuB_b
neuronsinnervate the entire AOTUsu_PC'®. Pie charts are the ratio of
presynaptic (red) to postsynaptic (cyan) connections to AVP neuronsin the
AOTU and Bulb. Pie chartsizes are based on the relative amount of connections
(legend ontheright). e;;, The average neurotransmitter prediction score over
allsynapsesineach TuTuB_a (e;) (n=2) or TuTuB_b (e;;) (n=2) neuron for each
type of neurotransmitter. f, Number of synapses of each TuTuB neuron
betweentheipsilateral and contralateral hemisphere, based on the type of
neuronitis connected to.
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Extended DataFig. 5|See next page for caption.



Extended DataFig.5| The two MeTu2 subtypesboth process polarized
skylight. a, AllMeTu2a (a;) and MeTu2b (a;) neurons of the right opticlobe.
Presynapses arered and postsynapses are cyan. b, Top: single MeTu2a (b;) or
MeTu2b (b;) neuron, with a closeup of the AOTU portionin the top-left corner.
Bottom:side view of the same neuron, with the medullalayers labelled on
theleft.c, Top view of the same neuronsasinb, with the medulla columns it
spansasgrey circles.d, Left: synapse distribution of presynapses (red) and
postsynapses (cyan) of the neuronsin (b) with reference to the medullalayers.
Right: synapse distribution of all MeTu2a/brespectively with reference to the
medullalayers (relative frequency). e; ;, Medulla input percentage of top 5
synapticinputtypesand unidentified types for MeTu2a (e;) and MeTu2b (e;;).
Includes analysed neurons (black, MeTu2an =5, MeTu2bn =5, see Methods)
and allMeTu2_R (grey, MeTu2an =36, MeTu2b n=14); meansand SDinred.

f, Confocalimage of aMeTu2a specific split-GAL4 driver (SS00336).g, MCFO
image of MeTu2aneurons (SS00336). h, Confocal image of aMeTu2b specific
split-GAL4 driver (SS03744).i, MCFO image of MeTu2b neurons (SS03744).
Jj,MeTu2 main presynaptic partners. j;, Left: MeTu2a from b; in black, with all
presynapticDmDRA1 partners. Right: same MeTu2ain grey, along with asingle
DmDRA1lpartnerinblue.Presynapses fromthe DmDRAlarered. j;, Left:
MeTu2afromb;inblack, with all presynaptic Sm17 partners. Right: Same

MeTu2ashowningrey, along withasingle Sm17 partner inblue. Presynapses
fromtheSm17arered.k, Connectivity dendrogram of all analysed MeTu2a/b
neurons (labelled onthe bottom). Percentage of output (red) and input (cyan)
totheir top TuBu and upstream partners respectively. I; ;, Al TuBuO1_R (I;, n=5)
and TuBuO6_R (I;, n=4) rendered from the AOTUsu_R lateral side. m, Dorsal-
ventral positionsinthe AOTU of all MeTu2a (blue) and MeTu2b (green) neurons
intherighthemisphere asafunction of their posterior-anterior positionsin
the medulla. n, Ellipse ratios (semi-major axis to semi-minor axis) of all MeTu2a
(blue) and MeTu2b (green) of the right hemisphere as afunction of the ellipse
angles. o, Relative frequency of ellipse angles for all MeTu2a (0;) and MeTu2b
(o) neuronsintheright hemisphere (MeTu2a: Rayleigh Test of Uniformity:
p=2.136e-11, z-value = 0.584, mean ellipse angle=20.7; MeTu2b: Rayleigh

Test of Uniformity: p=4.905e-07, z-value = 0.682, mean ellipse angle=33.9).

p, Ellipses of allMeTu2a (p;) and MeTu2b (p;;) neurons of the right optic lobe
with their semi-major axes as blacklinesand the colour of theellipseasa
function of the ellipse angle. , Number of columns spanned by each MeTu2a
(q;) and MeTu2b (q;;) neuron of theright optic lobe. r, Number of MeTu2a (r;)
and MeTu2b (r;) neurons each medulla column of the right optic lobe contains
withinitsbounds. Grey columns have zero cells.
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Extended DataFig. 6 |See next page for caption.



Extended DataFig. 6| Threesubtypes of MeTu3 are functionally
segregated. a, ;;, Entire population of MeTu3a, MeTu3b and MeTu3c neurons
respectively of the right hemisphere. Presynapses arered and postsynapses
arecyan. b, ;, Top: Single MeTu3a/b/c neuron respectively, with a closeup of
the AOTU portioninthe top-left corner. Bottom: Side view of the same, with the
medullalayerslabelled ontheleft. c; ;;, Top view of the same neuronsinb, y;,
with the medullacolumnsitspansasgrey circles. d; ;, Synapse distribution

of presynapses (red) and postsynapses (cyan) of the neuronsin (b, ;) with
reference to the medullalayers. Right: Synapse distribution of allMeTu3a/b/c
respectively with reference to the medullalayers (relative frequency).

e,.iii Medullainput percentage of top Ssynapticinput types and unidentified
types for MeTu3a (e;), MeTu3b (e;;), and MeTu3c (e;;;). Includes analysed neurons
(black, MeTu3an=6,MeTu3bn=9,MeTu3cn=11,see Methods) and allMeTu3_R
(grey,MeTu3an=19,MeTu3bn=46,MeTu3cn =64); meansandSDinred.

f, Confocalimage of aMeTu3b specific split-GAL4 driver (SS00988).g, MCFO
image of MeTu3b neurons (SS00988). h, Dorsal-ventral positionsin the AOTU
ofallMeTu3a (blue), MeTu3b (green), and MeTu3c (red) neuronsin theright
hemisphereasafunction of their posterior-anterior positionsin the medulla.

i, Ellipse ratios (semi-major axis to semi-minor axis) of all MeTu3 neurons of the

right hemisphere asafunction of the ellipse angles.j; ;;;, Relative frequency of
ellipse angles for allMeTu3a/b/c neuronsin the right hemisphere respectively
(MeTu3a: Rayleigh Test of Uniformity: p = 7.598e-04, z-value = 0.427, mean ellipse
angle=1.2; MeTu3b: Rayleigh Test of Uniformity: p =1.941e-14, z-value = 0.586,
mean ellipse angle=33.3, MeTu3c: Rayleigh Test of Uniformity: p=1.987e-08,
z-value = 0.545, meanellipse angle=35.9). k Top: MeTu3b fromb;inblack,
along with all presynaptic Mil5 partners. Bottom: Side view of same MeTu3b
ingrey, with asingle Mil5 partner in blue. Mil5 to MeTu3b synapses inred.

I, Connectivity dendrogram of all analysed MeTu3a/b/c neurons (labelled on
the bottom). Percentage of output (red) and input (cyan) to their top TuBuand
upstream partners respectively. m;_;, All TuBuO7_R (m;, n=9), TuBuO9_R

(m;;, n=8),and TuBulO_R (m;;, n =10) rendered from the AOTUsu_R lateral side.
n, Morphometric analysis of MeTu3a (n;), MeTu3b (n;;) and MeTu3c (n;;)
neurons. First plot: fitted ellipses with semi-major axes as black lines and the
colouroftheellipseasafunction of the ellipse angle. Second plot: number of
columns spanned by each MeTu3 neuron of theright opticlobe. o, Number of
MeTu3a (top left), MeTu3b (top right) and MeTu3c (bottom left) neurons each
medullacolumnintheright opticlobe contains withinits bounds. Grey columns
havezeroneurons.
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Extended DataFig.7|MeTu3 upstream connections.a, Number of synapses aremoredorsaland negative values are more ventral. b, Synaptic weight of
from Sm17 onto MeTu3b (pink) and MeTu3c (blue) neuronsintheright upstreamneurons to all neurons of the different subtypes of MeTu3. MeTu3a_L:
hemisphere as afunction of their relative position along the dorsal-ventral n=20,MeTu3a_R:n=19,MeTu3b_L:n=53,MeTu3b_R:n=46,MeTu3c_L:n=72,
axis.0onthexaxis refersto the centre of the medulla, while positive values MeTu3c_R:n=64.
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Extended DataFig. 8 |See next page for caption.
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Extended DataFig. 8| Four MeTu4 subtypes convey widefield visual inputs.

a,;,, Entire population of MeTu4a, MeTu4b, MeTu4c and MeTu4d neurons
respectively of the right hemisphere. Presynapses arered and postsynapses
arecyan. Note that MeTu4a/b/c have presynaptic connectionsinlobula (see
Extended DataFig. 9h for synapse countsinlobula). b, ;,, Top: Single MeTu4a/
b/c/d neuronrespectively, with acloseup ofthe AOTU portioninthe top-left
corner. Bottom: Side view of the same neuron, with the medullalayerslabelled
ontheleft.c;;,, Top view of the same neuronsinb, ;,, with the medulla columns
itspansasgreycircles.d,;,, Top: Synapse distribution of presynapses (red)
and postsynapses (cyan) of the neuronsinb, ;, with reference to the medulla
columns. Bottom: Synapse distribution of all MeTu4a/b/c/d respectively with
reference to the medullalayers (relative frequency). e; ;,, Medullainput
percentage of top Ssynapticinput types and unidentified types for MeTu4a
(e;), MeTu4b (e;;), MeTu4c (e;;), and MeTu4d (e;,). Includes analysed neurons
(black, MeTu4an =10, MeTu4b n=5,MeTu4cn=10, MeTu4d n =5, see Methods)
and allMeTu4_R (grey, MeTu4an =60, MeTu4b n =12, MeTu4cn =48, MeTu4d
n=18); means and SD inred. f, Confocal image of a MeTu4a specific split-GAL4
driver (S503719). g, MCFO image of MeTu4a neuron (S503719). h, Confocal
image of aMeTu4d specific split-GAL4 driver (§523880).i, MCFO image of
MeTu4d neuron (SS23880). j, Top: dorsal-ventral positionsinthe AOTU of all
MeTu4a (blue), MeTu4b (green), MeTu4c (red) and MeTu4d (yellow) neuronsin

theright hemisphere as afunction of their posterior-anterior positionsinthe
medulla. Bottom: ellipse ratios (semi-major axis to semi-minor axis) of all
MeTu4 neurons of the right hemisphere as afunction of their ellipse angles.

k, Connectivity dendrogram of allanalysed MeTu4a/b/c/d neurons (labelled
onthebottom). Percentage of output (red) and input (cyan) to their top TuBu
and upstream partnersrespectively.l; ;,, Al TuBuO2_R (I;, n = 6), TuBuO3_R

(I, n=12), TuBuO4_R (I;;, n=5),and TuBuOS_R (I, n = 5) rendered from the
AOTUsu_R lateral side.m, Morphometric analysis of MeTu4a (m;), MeTu4b (m;),
MeTu4c (m;) and MeTu4d (m;,) neurons. Top-left: Relative frequency of ellipse
angles (MeTu4a: Rayleigh Test of Uniformity: p = 3.319e-14, z-value = 0.509,
mean ellipse angle=7.4; MeTu4b: Rayleigh Test of Uniformity: p = 3.324e-02,
z-value = 0.374, mean ellipse angle=64.4; MeTu4c: Rayleigh Test of Uniformity:
p=1.391e-12, z-value = 0.533, mean ellipse angle=39.8; MeTu4d: Rayleigh Test
of Uniformity: p=1.370e-04, z-value = 0.485, mean ellipse angle=51.6). Top-
right: Number of respective MeTu4a/b/c/d neurons each medulla columnin the
right optic lobe contains withinits bounds. Grey columns have zero cells. Color
scaleisthe same as Extended DataFig. 60. Bottom-left: Fitted ellipses with
their semi-major axes as black lines and the colour of the ellipse as a function of
theellipse angle. Bottom-right: Number of columns spanned by each MeTu4
neuronintheright hemisphere.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig. 9| Variations across hemisphere and brains.

a-d, Comparing neuron counts betweenboth hemispheresinthe FAFBand
applicable hemispheresin the hemibrain and FIB-SEM datasets, of MeTu (a),
TuBu (b), ER (c) and bihemispheric (d) neurons. Note the differences between
the datasets. Forexample, MeTu4e-f, which have been discovered in the male
FIB-SEM connectome, but not in the female FAFB or hemibrain connectomes
arenotedina.Inaddition, in FAFB there are only six ER2_a/d neurons (3/side)
while the hemibrain has15of these neurons (eight on the left, seven on the
right) (c). Because there were no verifiable differences amongthese neurons,
we categorized them as asingle group. Similarly, although the total number
of ER3a_ad neuronswas similar between FAFB and hemibrain data, we were
unable toidentify distinct features to differentiate ER3a_aand ER3a_d in FAFB
(c). Thus, we combined theminto asingle group as well. We did the same with
ER3p_aband ER3w_ab, as potential subtypes were similarly indistinguishable
(c).e,f,Comparing the ratios of MeTu to TuBu (e) and TuBu to ER (f) between
both datasetsinapplicable hemispheres.g, Number of lobula presynapses
(red) and postsynapses (cyan) of all MeTu4 neurons in the hemibrain dataset,
sorted by whether they were previously classified asMC61 (n=36) or MC64
(n=242). MeTu4d neurons were generally classified asMC61, due to not having

synapsesinthelobula.h, Number of lobula presynapses (red) and postsynapses
(cyan) of all MeTu4 neurons in both datasets after subclassification. FAFB
MeTu4a_L:n=138, FAFBMeTu4a_R:n=120, FAFBMeTu4b_L:n=16,FAFB
MeTu4b_R:n=24,FAFBMeTu4c_L:n=82,FAFBMeTu4c_R:n=96,FAFB
MeTu4d_L:n=38,FAFBMeTu4d_R:n=36,Hemibrain MeTu4a_R:n=136,
HemibrainMeTu4b_R:n=26,Hemibrain MeTu4c_R:n=82, HemibrainMeTu4d_R:
n=34.i; ;s Comparisons between putative MeTu4e (from MeTu4a) based on
the FIB-SEM characterization and other MeTu4a neurons. i; ;are comparisons
between the number of synaptic connections with neuronsin the medulla,
specifically presynaptic partners (i;) and postsynaptic partners (i;;). Dm2: n=60,
LT55:n=60,LTe22:n=60, Li12:n=60,MC65:n=60, MTeOla: n=60, MeTu4a:
n=60,Sm08:n=60,Sm14:n=60,Sm43:n=60. iy ,;; are comparisons between
various characteristics, including the number of presynapses (i;;) and
postsynapses (i;,) in the medulla, the number of columns the neurons occupy
inthe medulla (i,), the dendritic major axis (i,;) and minor axis (i,;) lengthinnm
and the relative location along the dorsal-ventral axis in the medulla, with
respect to the medulla centroid (iy;;). Other MeTu4a: n=39, Putative MeTu4e:
n=21



>
o
o

1%} 2 L
- c
g s 3 [} . 100
8 . O 1000 s »
® 1000 y ° 2 . 2
2 H =3 ° 3 . .
e : = g 2 o 3 ©
2 LN B £ 500 g %0 : ) iy
g so0 & ; 3 3 - s 2 5 s s 3
@ . . . ! 3 ’ ‘ ;
1, 4,2 NI RN R RE 2L
3 o0 . HEAS L é R | I o . o
= T T T T T T T T T T = T T T T T T T T T T T T T T T T T T T T
N q? A9 of o of 3 O pC O N a® 49 of o of 3 2 3¢ D A0 o IO of 32 3O ¢
PPN R IR IR IR NP é}‘;ﬁ R é\\)"‘ <3 é\\)"‘ U AU F U 1P a4 1
@\&oéo\&o\&o@o@oé@@o“@ @\&o\&e\&o\&oé\&e\&é\& \&ée@e@z@z\&a@e@za@e
aw av aw
5 3 10
8 [$)
: . o o .
& 500 Q L S
g i : g 100 « . . s . o
B . > » 5 [ s
2 L4 % =3 I'd < ° .
PRI N L AT RN T T Fobandit
2 2 =) ° - e e
= . =4
o] e o o o ' ° l ’ ‘ 1] 0 ° o
<(0\|\||T|||| <o\\\|\\\|\| T T T T T T T T
N a2 2 (N (SRt N a® a0 o o of 3@ 0 ¢ N a2 a® o of of 32 O ¢
OIS S SIS LI F 1P F TS OGO e’,‘&é“)&
@@0@0@0“\0“\0\‘0@0\@@0 \\x\‘@\‘@\‘@\‘géz\@@z\&z“\o ®®®®®®®§®§®
b; b;;
€ €
3 b~ |
3 § 1000 -
21000 - 3
Q Q
© ©
[ §-
? 2
<4 2 500
o 500 — a
= &
0 = 0
-1 -1
Relative Offset from Medulla Relative Offset from Medulla b. Relative Offset from Medulla Relative Offset from Medulla
Centroid (V-D) Centroid (A-P) v Centroid (V-D) Centroid (A-P)
3 [§)
9 [
2 : 2
gsoo - T 100 -
> I7)
@ )
) 2
a a
=) =)
= =
e e
0 0
-1 -1
Relative Offset from Medulla Relative Offset from Medulla Relative Offset from Medulla Relative Offset from Medulla
Centroid (V-D) Centroid (A-P) Centroid (V-D) Centroid (A-P)
bv I:’vi
100 10 4
€
>
o
o
<
5 50
[s}
o
0
bvii Relative Offset from Medulla Relative Offset from Medulla bviii Relative Offset from Medulla Relative Offset from Medulla
— Centroid (V-D) Centroid (A-P) . Centroid (V-D) Centroid (A-P)
B : . € 40000
s . ’ to. =
250000 | i : > . .
S r— -5 ]
. AL 3
2 T ee et . ?
% : X 20000
<5 AR T <
& 25000 R B q g
= s
w T T o 0 - |
-1 0 11 0 1 -1 0 1 -1 0 1
Relative Offset from Medulla Relative Offset from Medulla Relative Offset from Medulla Relative Offset from Medulla
Centroid (V-D) Centroid (A-P) Centroid (V-D) Centroid (A-P)

® MeTu1 ® MeTu2a MeTu2b MeTu3a ® MeTu3b @ MeTu3c @ MeTuda @ MeTudb @ MeTudc @ MeTudd
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Extended DataFig.10 | Comparisons between MeTu subtypes.

a, Comparisons between all MeTu subtypesinthe right hemisphere. Number
of presynapsesinthe medulla (a;), number of postsynapsesin the medulla (a),
number of medulla columns that each neuron’s dendritic span occupies (a;;),
number of presynapsesinthe AOTU (a,,), number of postsynapses in the AOTU
(a,) and theellipse ratio of the dendritesin the medulla (a,;). b, Comparisons
among all MeTu subtypesintheright hemisphere with respect to the ventral-
dorsal axis (negative values are ventral, positive values are dorsal) and the
anterior-posterior axis (negative values are anterior, positive values are

posterior) of the medulla. Scatter plots are of all MeTu neurons and their lines
ofbest fit. The colourlegendis at thebottomof b. b, The values compared
withrespecttothe V-Dand A-Paxes arethe number of presynapsesinthe
medulla (b;), the number of postsynapses in the medulla (b;;), the number of
presynapsesinthe AOTU (b;), the number of postsynapsesinthe AOTU (b;,),
the number of medulla columnsinthe dendriticspan (b,), the dendriticellipse
ratio (by;), the length of the major axis of the dendritic ellipse innm (b,;;) and the
length of the minor axis of the dendritic ellipse in nm (b,;;). See Extended Data
Fig.11for the number of neurons of eachtype.
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Extended DataFig.11|Overview of neuron counts and synaptic weightsin
the pathway. a, ;,, The number of MeTu, TuBu and ER neuronsin the pathway.
Linewidthisdirectly correlated with neuronal countsin the right hemisphere,
and coloured shapes represent connected subtypes. Thisincludes the MeTul
(a)), MeTu2 (a;), MeTu3 (a;;) and MeTu4 (a,,) pathways. b, ;, The total synaptic
weight ofabroad neurontypein their dendriticregion. The outer rectangles

represent the sum ofall postsynapsesin thatregion for that neurontype.
Therelative amount of contribution from various input types is shown.

b, shows the synaptic weight of all right hemisphere TuBu neuronsinthe AOTU
fromvarious input types, while b;;is the synaptic weight of all right hemisphere
ER neuronsinthebulb. ¢, The synaptic weight matrix of ER neuron-to-EPG type
connectivity inthe ellipsoid body.
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Extended DataFig.12|Differencesinthe predicted neurotransmitters.
a-j, Average neurotransmitter prediction score over all synapsesin each
MeTul (a), MeTu2a (b), MeTu2b (c), MeTu3a (d), MeTu3b (e), MeTuc3c (f),
MeTu4a (g), MeTu4b (h), MeTu4c (i) and MeTu4d (j) neuron, for each type of

neurotransmitter. Note that the neurotransmitter of MeTu2b is not clearly
predicted as cholinergic. See Extended Data Fig. 11 for the number of neurons
ofeachtype.
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Extended DataFig.13|Overviews of parallel AVPs. Each panel shows a
generalized neural pathway and receptive field of aMeTu subtype. Note that
ExR1isexcluded becauseitintegratesinformationfromall TuButypes. From
thelefttotoprightside, thereisadiagram of the pathway from the medullato
the EB. Medullainputs to MeTu are shown on the left of the medullaif they come
fromtheretinaormedulla, and ontherightifthey come fromthe central brain.
Photoreceptorinputsintheretinaare shownassquares. The AVP fromthe
MeTu to the TuBuand ER neurons are shown, as well as if the MeTu has outputs
inthelobulaorsynapses with TuTuB neuronsinthe AOTU. Thereceptive fields
oftherelevant ER neurons areonthe bottomright. Red indicatesinput from
MeTu neurons viadirect pathways, whereas blueindicatesindirectinput via

inhibitory TuTuB neurons. AOTUO46 is notincluded because the excitatory
orinhibitory nature of the neuronis unknown®'. The receptive fields of ER
neuronsrepresentallinputsto ER neurons. For example, ER3p_abreceives
input from both MeTu4c and MeTu4d. Therefore, the receptive field covers the
ventral visual field, as canbe seeninboth panels of MeTu4c and MeTu4d. ER3m
andER3a_ad receiveinput from both MeTu4b and MeTu4d. But the synaptic
weight from MeTu4b dominates. Thus, the ventral visual field is not significantly
represented inthe MeTu4b panel. Theinteractionbetween AVP channels appears
tobe minimal. In other words, directinteractionbetween the four major MeTu
typesis negligible between the medullaand the ellipsoid body.
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