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Abstract Flexible behaviors over long timescales are thought to engage recurrent neural
networks in deep brain regions, which are experimentally challenging to study. In insects, recur-
rent circuit dynamics in a brain region called the central complex (CX) enable directed locomotion,
sleep, and context- and experience-dependent spatial navigation. We describe the first complete
electron microscopy-based connectome of the Drosophila CX, including all its neurons and circuits
at synaptic resolution. We identified new CX neuron types, novel sensory and motor pathways, and
network motifs that likely enable the CX to extract the fly’s head direction, maintain it with attractor
dynamics, and combine it with other sensorimotor information to perform vector-based navigational
computations. We also identified numerous pathways that may facilitate the selection of CX-driven
behavioral patterns by context and internal state. The CX connectome provides a comprehensive
blueprint necessary for a detailed understanding of network dynamics underlying sleep, flexible
navigation, and state-dependent action selection.

Introduction

Flexible, goal-oriented behavior requires combining diverse streams of sensory and internal state infor-
mation from the present with knowledge gathered from the past to determine context-appropriate
patterns of actions into the future. This presents the nervous system with several challenges. For many
animals, selecting actions based on sensory input requires the dynamical transformation of infor-
mation from sensors on one body part into a reference frame suitable for the activation of muscles
on another (Buneo et al., 2002, Huston and Jayaraman, 2011; Huston and Krapp, 2008; Pouget
et al., 2002). When integrating information from different sensors, the brain must also resolve any
conflicts that arise between different cues. Further, maintaining goal-oriented behavioral programs
over long timescales requires the brain to ignore transient sensory distractions and to compensate for
fluctuations in the quality of sensory information or perhaps even its temporary unavailability. Brains
are thought to solve such complex computational challenges by relying not just on direct sensory to
motor transformations, but also on abstract internal representations (Moser et al., 2008). Abstract
representations are useful not just in animal brains, but also in artificial agents trained to solve chal-
lenging navigational tasks (Banino et al., 2018; Cueva and Wei, 2018). In the brain, representations
that persist in the absence of direct sensory input are thought to rely on attractor dynamics (Knierim
and Zhang, 2012), which are typically generated by recurrent neural circuits in deep brain regions
rather than just those at the sensory and motor periphery. A major challenge in understanding the
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dynamics and function of deep brain circuits is that—in contrast to early sensory circuits—their inputs
and outputs are usually difficult to identify and characterize. Further, the attractor dynamics (Knierim
and Zhang, 2012) and vector computations (Bicanski and Burgess, 2020) that characterize circuits
involved in flexible navigation are thought to rely on structured connectivity between large popula-
tions of neurons. This connectivity is difficult to determine, at least in large-brained animals. Insects,
with their identified neurons and smaller brains (Haberkern and Jayaraman, 2016), present an excel-
lent opportunity to obtain a detailed understanding of how neural circuits generate behavior that
unfolds flexibly and over longer timescales.

Insects maintain a specific pattern of action selection over many minutes and even hours during
behaviors like foraging or migration, and maintain a prolonged state of inaction during quiet wake-
fulness or sleep (Hendricks et al., 2000; Shaw et al., 2000). Both types of behaviors are initiated
and modulated based on environmental conditions (e.g., humidity, heat, and the availability of food)
and an insect’s internal needs (e.g., sleep drive and nutritive state) (Griffith, 2013). The context-
dependent initiation and control of many such behaviors is thought to depend on a conserved insect
brain region called the central complex (CX) (Figure 1, Figure 1—figure supplement 1, Helfrich-
Forster, 2018, Pfeiffer and Homberg, 2014, Strauss, 2002, Turner-Evans and Jayaraman, 2016). In
Drosophila, this highly recurrent central brain region, which is composed of ~3000 identified neurons,
enables flies to modulate their locomotor activity by time of day (Liang et al., 2019), maintain an
arbitrary heading when flying (Giraldo et al., 2018) and walking (Green et al., 2019; Turner-Evans
et al., 2020), form short- and long-term visual memories that aid in spatial navigation (Kuntz et al.,
2017, Liu et al., 2006; Neuser et al., 2008; Ofstad et al., 2011), use internal models of their body
size when performing motor tasks (Krause et al., 2019), track sleep need and induce sleep (Donlea
et al., 2018), and consolidate memories during sleep (Dag et al., 2019).

The precise role of CX circuits in generating these behaviors is an area of active investigation.
Neural activity in the region has been linked to sensory maps and directed actions using electro-
physiology in a variety of different insects (el Jundi et al., 2015; Guo and Ritzmann, 2013; Heinze
and Homberg, 2007, Heinze and Reppert, 2011; Stone et al., 2017; Varga and Ritzmann, 2016).
In the fly, CX neurons have been shown to track the insect’s angular orientation during navigation
in environments with directional sensory cues and also in their absence (Fisher et al., 2019; Green
et al.,, 2017, Kim et al., 2019; Okubo et al., 2020; Seelig and Jayaraman, 2015; Turner-Evans
et al., 2017). Many computational models have been proposed to explain how the CX generates such
activity patterns during navigation (Arena et al., 2013; Cope et al., 2017; Kakaria and de Bivort,
2017; Kim and Dickinson, 2017a; Kim et al., 2019, Stone et al., 2017; Su et al., 2017, Turner-Evans
et al., 2017). However, a key untested assumption in most computational and conceptual models of
CX function is the connectivity of CX circuits. Connectivity and circuit structure, in turn, can inspire
models of function.

Although the anatomy of the CX (Figure 1A-E) and the morphology of its neurons have been
examined in a wide variety of insects using light-level microscopy (el Jundi et al., 2018; Hanesch
et al., 1989; Heinze et al., 2013, Heinze and Homberg, 2008, Heinze and Homberg, 2009;
Homberg, 2008, Lin et al., 2013, Omoto et al., 2018, Pfeiffer and Homberg, 2014; Strausfeld,
1999; Williams, 1975; Wolff et al., 2015; Wolff and Rubin, 2018; Young and Armstrong, 2010b),
the synaptic connectivity of CX neurons has mainly been estimated indirectly from the light-level
overlap of the bouton-like processes of one neuron and the spine-like processes of another. GFP-
reconstitution-across-synaptic-partners (GRASP) (Xie et al., 2017) and trans-Tango (Omoto et al.,
2018), methods that are limited in accuracy and reliability (Lee et al., 2017; Talay et al., 2017), have
also been used to infer synaptic connectivity in the fly CX. Optogenetic stimulation of one candidate
neural population and two-photon imaging of the calcium responses of another (Franconville et al.,
2018) has allowed estimations of coarse functional connectivity within the CX, but this technique
currently lacks the throughput to comprehensively determine connectivity at the single-neuron (rather
than neuron-type) level, and cannot easily discriminate direct from indirect synaptic connectivity.
There have also been efforts to characterize synaptic structure in the CX and associated regions with
electron microscopy (EM) in the bee and locust (Held et al., 2016; Homberg and Muller, 2016), and
a combination of coarse-scale and synaptic-resolution EM has been used to infer connectivity in the
sweat bee (Stone et al., 2017). Most recently, the reconstruction of a small set of CX neurons within a
whole-brain volume acquired using transmission electron microscopy (TEM) (Zheng et al., 2018) was
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Figure 1. The central complex (CX) and accessory brain regions. (A) The portion of the central brain (aquamarine) that was imaged and reconstructed
to generate the hemibrain volume (Scheffer et al., 2020) is superimposed on a frontal view of a grayscale representation of the entire Drosophila
melanogaster brain (JRC 2018 unisex template [Bogovic et al., 2020]). The CX is shown in dark blue. The midline is indicated by the dotted black line.
The brain areas LO, ME, and SEZ, which lie largely outside the hemibrain, are labeled. (B) A zoomed-in view of the hemibrain volume, highlighting

the CX and accessory brain regions. (C) A zoomed-in view of the structures that make up the CX, the ellipsoid body (EB), protocerebral bridge (PB),
fan-shaped body (FB), asymmetrical body (AB), and paired noduli (NO). (D) The same structures viewed from the lateral side of the brain. (E) The same
structures viewed from the dorsal side of the brain. The table below shows the abbreviations and full names for most of the brain regions discussedin
this paper. See (Scheffer, 2020) for details. Anatomical axis labels: d: dorsal; v: ventral; I: lateral; m: medial; p: posterior; a: anterior.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. The central complex (CX) and additional accessory brain regions.

Figure supplement 2. Fan-shaped body (FB) neurons tracts.

Figure supplement 3. Main neurite diameter of central complex (CX) neurons.
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used to examine the relationship between circuit structure and function in the head direction system
(Turner-Evans et al., 2020).

Here we analyzed the arborizations and connectivity of the ~3000 CX neurons in version 1.1 of
the ‘hemibrain’ connectome—a dataset with 25,000 semiautomatically reconstructed neurons and
20 million synapses from the central brain of a 5-day-old female fly (Scheffer et al., 2020)(see Mate-
rials and methods). For most of the analyses, interpretations, and hypotheses in this article, we built on
a large and foundational body of anatomical and functional work on the CX in a wide variety of insects.
We could link data from different experiment types and insects because many CX neuron types are
identifiable across individuals, and sometimes even across species. Thus, it was possible to map results
from a large number of CX physiology and behavioral genetics experiments to specific neuron types
in the hemibrain connectome.

Not all parts of the dataset have been manually proofread to the same level of completeness
(measured as the percentage of synapses associated with neural fragments that are connected to
identified cell bodies). In the CX, some substructures were proofread more densely and to a higher
level of completion than the others. Comparing the connectivity maps obtained after different extents
of proofreading indicated that synaptic connectivity ratios between CX neuron types were largely
unchanged by proofreading beyond the level applied to the full CX. This validation step reassured us
that our analyses and conclusions were not significantly compromised by the incompleteness of the
connectome.

We analyzed the connectome throughout the CX and its accessory regions. We also identified
pathways external to the CX that bring sensory input to the region and others that likely carry motor
signals out. Further, we discovered multiple levels of recurrence within and across CX structures
through pathways both internal and external to the CX. Overall, we found that neural connectivity in
the fly's central brain is highly structured. We were able to extract circuit motifs from these patterns
of connectivity, which, in turn, allowed us to hypothesize links between circuit structure and function
(Figure 2, Figure 2—figure supplement 1).

We began by identifying multiple, parallel sensory pathways from visual and mechanosensory areas
into the ellipsoid body (EB), a toroidal structure within the CX (Figure 1C). Neurons within each
pathway make all-to-all synaptic connections with other neurons of their type and contact ‘compass
neurons’ known to represent the fly's head direction, creating a potential neural substrate within the
EB for extracting orientation information from a variety of environmental cues.

The compass neurons are part of a recurrent subnetwork with a topological and dynamical resem-
blance to theorized network structures called ring attractors (Ben-Yishai et al., 1995; Skaggs et al.,
1995) that have been hypothesized to compute head direction in the mammalian brain (Hulse and
Jayaraman, 2019; Kim et al., 2017c; Turner-Evans et al., 2017, Turner-Evans et al., 2020, Xie et al.,
2002; Zhang, 1996). A key connection in the subnetwork is from the compass neurons to a population
of interneurons in a handlebar-shaped structure called the protocerebral bridge (PB; Figure 1C). The
synaptic connectivity profile of the interneurons suggests that they ensure that the head direction
representation is maintained in a sinusoidal ‘bump’ of population activity before it is transferred to
multiple types of so-called ‘columnar’ neurons. In addition to receiving head direction information,
many of these columnar neurons likely also receive input related to the fly’s self-motion in paired struc-
tures known as the noduli (NO; Figure 1C; Currier et al., 2020, Lu et al., 2020b; Lyu et al., 2020,
Stone et al., 2017). The NO input may independently tune the amplitude of sinusoidal activity bumps
in the left and right halves of the PB. Some classes of columnar neurons project from the PB back
to the EB, while others project to localized areas within a coarsely multilayered and multicolumnar
structure called the fan-shaped body (FB; Figure 1C). The loosely defined layers and columns of the
FB form a rough, two-dimensional grid. FB columnar neurons convey activity bumps from the left and
right halves of the PB to the FB. The PB-FB projection patterns of these neurons suggest that their
activity bumps in the FB have neuron type-specific phase shifts relative to each other, similar to those
observed between EB columnar neurons that are thought to update the head direction representation
in the EB (Green et al., 2017; Turner-Evans et al., 2017; Turner-Evans et al., 2020).

Each FB columnar neuron type contacts multiple FB interneuron types, each of whose individual
neurons collectively tile the width of the FB. These interneurons have neuronal morphologies that are
either 'vertical,” in that they connect different layers within an FB column, or ‘horizontal,’ in that they
extend arbors across intervening columns. These columnar gaps between synaptic connections made
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Figure 2. High-level schematic and an example sensorimotor pathway through the central complex (CX). (A) The CX integrates information from
multiple sensory modalities to track the fly's internal drives and its orientation in its surroundings, enabling the fly to generate flexible, directed behavior,
while also modulating its internal state. This high-level schematic provides an overview of computations that the CX has been associated with, loosely
organized by known modules and interactions. (B) A sample neuron type-based pathway going from neuron types that provide information about
sensory (here, visual) cues to neuron types within the core CX that generate head direction to self-motion-based modulation of the head direction input
and ultimately to action selection through the activation of descending neurons (DNs). The neurons shown here will be fully introduced later in the
article. Note that the schematic highlights a small subset of neurons that are connected to each other in a feedforward manner, but the pathway also
features dense recurrence and feedback. (C) Ci-iii show three different views (anterior, lateral, dorsal, respectively) of individual,connected neurons of
the types schematized in B.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Selected central complex (CX) input, intra, and output neurons.

by each horizontal interneuron can be interpreted as phase jumps in the context of activity bumps in
the FB. The many FB interneuron types form a densely recurrent network with repeating connectivity
motifs and phase shifts. Taken together with the self-motion and sinusoidal head direction input that
many FB columnar neurons are known to receive in other structures, these motifs and phase shifts
seem ideal to perform coordinate transformations necessary for a variety of vector-based navigational

Hulse, Haberkern, Franconville et al. eLife 2021;10:e66039. DOI: https://doi.org/10.7554/eLife.66039 5 of 180


https://doi.org/10.7554/eLife.66039

eLife

Neuroscience

computations. The FB interneurons also provide the major input to canonical CX output types. The
phase shifts of the output columnar types between the PB and the FB are well suited to generate goal-
directed motor commands based on the fly’s current heading (Stone et al., 2017).

In addition to the columnar neurons and interneurons, the FB receives layer-specific synaptic inputs
from multiple regions, including the superior medial protocerebrum (SMP). Some of these inputs link
the FB to a brain region called the mushroom body (MB), which is involved in associative memory
and is the subject of a companion manuscript (Li et al., 2020). These layer-specific inputs reinforce
an existing view of the FB as a center for context-dependent navigational control, a structure that
enables different behavioral modules to be switched on and off depending on internal state and
external context. The architecture and connectivity of the FB suggest that the region may provide a
sophisticated, genetically defined framework for flexible behavior in the fly.

Previous studies have established a role for both the dorsal FB (dFB) and the EB in tracking sleep
need and controlling sleep-wake states (reviewed in Donlea, 2019). Our analysis of these circuits
suggests that there are more putative sleep-promoting neuron types in the dFB than previously
reported, many of which form reciprocal connections with wake-promoting dopaminergic neurons
(DANSs). Furthermore, these dFB neuron types have numerous inputs and outputs, and form bidi-
rectional connections to sleep circuits in the EB. Our results highlight novel neuron types and path-
ways whose potential involvement in sleep-wake control requires functional investigation. Finally, we
identified multiple novel output pathways from both the EB and ventral and dorsal layers of the FB
to the lateral accessory lobe (LAL), SMP, crepine (CRE), and posterior slope (PS) (Figure 1—figure
supplement 1). These regions themselves host networks that project to many brain areas and neuron
types that ultimately feed descending neurons (DNs). DNs project to motor centers in the ventral
nerve cord (VNC), allowing the CX to exert a wide-ranging influence on behavior, likely well beyond
the navigational and orienting behaviors most often associated with the CX. Indeed, the regions that
are targeted by the output pathways are associated not just with sensory-guided navigation, but
with innate behaviors like feeding and oviposition and with associatively learned behaviors. Another
remarkable feature of the CX’s output pathways is the large number of collaterals that feed back into
the CX at each stage. Such loops could implement various motor control functions, from simple gain
adaptation to more complex forms of forward models.

In summary, our analysis revealed remarkable patterning in the connections made by the hundreds
of neuron types that innervate different structures of the CX. In the ‘Results’ section, we describe this
patterned connectivity in some detail. In the ‘Discussion’ section, we synthesize these findings and
explore what this patterned circuit structure may imply about function, specifically in the context of
vector-based navigation and action selection. Although many readers may prefer to jump directly to
the ‘Results’ section that discusses neuron types, circuits, and brain regions related to their particular
research focus, we recommend that the general reader identify the ‘Results’ section that most interest
them by first reading the ‘Discussion’ section.

Results

In contrast to many previous EM-based circuit reconstruction efforts, which have relied on sparse,
manual tracing of neurons (Eichler et al., 2017, Helmstaedter et al., 2013, Turner-Evans et al.,
2020; Zheng et al., 2018), the hemibrain connectome was generated using a combination of auto-
matic, machine learning-based reconstruction techniques (Januszewski et al., 2018; Li et al., 2019,
Scheffer et al., 2020) and manual proofreading (Scheffer et al., 2020). This semiautomatic process
allowed us to reconstruct a large fraction of most neurons that project to the CX. This, as we explain
below, aided our efforts to classify and name CX neurons. Of course, a complete CX connectome
would contain the complete reconstruction of all neurons with processes in the CX, the detection of
all their chemical and electrical synapses, and an identification of all pre- and postsynaptic partners at
each of those synapses. The resolution of the techniques used to generate the FIBSEM connectome
did not permit the detection of gap junctions. Nor does the connectome reveal neuromodulatory
connections mediated by neuropeptides, which are known to be prevalent in the CX (Kahsai and
Winther, 2011), although rapid progress in machine learning methods may soon make this possible
(Eckstein et al., 2020). Glial cells, which perform important roles in neural circuit function (Allen and
Lyons, 2018; Bittern et al., 2021; De Pitta and Berry, 2019, Ma et al., 2016; Mu et al., 2019),
were not segmented. In addition, although the hemibrain volume contains the core structures of
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Table 1 continued

contained and defined in the hemibrain. CX Central complex
The regions are hierarchical, with the more PB(L7) PB glomerulus L7
indented regions forming subsets of the less
. . .. PB(L8) PB glomerulus L8
indented. Reproduced with permission from
Scheffer et al., 2020. PB(L9) PB glomerulus L9
CX Central complex NO Noduli
FB Fan-shaped body NO1(R)/(L) Nodulus 1
FBI1 Fan-shaped body layer 1 NO2(R)/(L) Nodulus 2
FBI2 Fan-shaped body layer 2 NO3(R)/(L) Nodulus 3
FBI3 Fan-shaped body layer 4
FBl4 Fan-shaped body layer 4 the CX—the entire PB, EB, and FB, and both the
FBIS Fan-shaped body layer 5 right and left NO and asymmetrical body (AB)
FBI6 Fan-shaped body layer 6 (see Table 1 for a hierarchy of the named CX
brain regions in the volume)—it does not include
FBl7 Fan-shaped body layer 7 all brain structures that are connected to the CX.
FBI8 Fan-shaped body layer 8 Specifically, for many brain structures associated
FBI9 Fan-shaped body layer 9 with the CX that are further from the midline, the
. hemibrain volume only contains complete struc-
EB Ellipsoid body tures within the right hemisphere (Scheffer et al.,
EBr1 Ellipsoid body zone r1 2020). Thus, the hemibrain does not contain most
EBr2rd Ellipsoid body zone r2r4 of the LAL, CRE, wedge (WED), vest (VES), gall
(GA), and bulb (BU) from the left hemisphere,
EBrdam Ellipsoid body zone r3am and CX neurons whose arbors extend into these
EBr3d Ellipsoid body zone r3d excluded brain structures are necessarily cut off
EBr3pw Ellipsoid body zone r3pw at the borders of the hemibrain volume (their
status is indicated in the connectome database,
EBr5 Ellipsoid body zone r5 see Materials and methods). Even for structures
EBr6 Ellipsoid body zone r6 within the right hemisphere, such as the LAL, CRE,
AB(R)/(L) Asymmetrical body and PS, some neural processes that connect these
structures to each other were not captured in the
PB Protocerebral bridge volume, sometimes making it impossible to assign
PB(R1) PB glomerulus R1 the orphaned arbors to known neurons. Never-
PBR2) PB glomerulus R2 theless, we were able to identify the vast majority
of CX neurons and many neurons in accessory
PB(R3) PB glomerulus R3 regions as well.
PB(R4) PB glomerulus R4
PB(RS) PB glomerulus RS CX neuron classification and
PB(R6) PB glomerulus R6 npmgnclature .
Historically, Drosophila CX neurons have been
PB(R7) PB glomerulus R7 typed and named by using data from light micros-
PB(R8) PB glomerulus R8 copy (LM) (Hanesch et al., 1989, Lin et al., 2013;
PB(R9) PB glomerulus R Omc.yto et al., 2018; Wolff et al., 2015; Wolff and
Rubin, 2018; Young and Armstrong, 2010b).
PBILD PB glomerulus L1 Light-level data, often acquired from GAL4 lines
PB(L2) PB glomerulus L2 that genetically target small numbers of neuron
types (Jenett et al., 2012, Nern et al., 2015;
PBL3) PB glomerulus L3 Pfeiffer et al., 2010; Wolff et al., 2015; Wolff
PB(L4) PB glomerulus L4 and Rubin, 2018), reveal neuronal morphology
PB(L5) PB glomerulus L5 in sufficient detail to classify neurons into types
PB(LY) PB glomerulus L6 and subtypes. However, only neurons targeted by

Table 1 continued on next page

existing genetic lines can be identified through
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light-level data, and morphologically similar neuron types can be hard to distinguish. For example,
the PEN1 and PEN2 types (now called PEN_a and PEN_b; see Materials and methods), which seem
identical at the light level (Wolff et al., 2015), were initially differentiated by their functional proper-
ties (Green et al., 2017). The hemibrain dataset provides much higher resolution maps of CX neurons
than light-level data and enables a distinction to be drawn based on connectivity between neuron
types that are morphologically identical in light-level samples. EM reconstructions confirm that PEN_a
and PEN_b neurons are indeed strikingly different in their synaptic connectivity (Scheffer et al., 2020;
Turner-Evans et al., 2020).

However, LM data offer far greater numbers of neurons per neuron type across different brains. To
date, just this one fly CX has been densely reconstructed and analyzed at synaptic resolution with EM.
Thus, for neuron types that are represented by just one neuron per hemibrain, at best two fully traced
neurons are available for analysis (one per side), and only one if the arbor of the second extends
outside the hemibrain volume. The inherent variability of individual neurons of a single type is not yet
clear; for example, the LCNO neurons discussed in the NO section are known from LM to arborize in
the CRE (Wolff and Rubin, 2018), but do not arborize in the region in this sample. It is possible that
arbors in some neuropils exhibit a greater degree of variability than other neuron types; for example,
the number and length of branches in a larger neuropil such as the LAL could be less tightly regulated
than in a small neuropil, leading to greater variability in morphology and perhaps also in synaptic
connections with upstream or downstream partners in that neuropil. Notably, the hemibrain dataset
does not contain the previously identified ‘canal’ cell, an EB-PB columnar neuron type (Wolff and
Rubin, 2018). The absence of this neuron type may be a developmental anomaly of the particular fly
that was imaged for the hemibrain dataset or may hint at broader developmental differences across
different wild-type and Gal4 lines.

The full spectrum of the morphology of a neuron type will likely not be verified until multiple
single neurons are analyzed in a split-GAL4 line known to target just that one neuron type or until
multiple brains are analyzed at EM resolution. In the meantime, EM and LM datasets contribute both
partially overlapping as well as unique anatomical insights useful for classifying and naming neurons.
Both datasets were therefore used to assign names to previously undescribed neurons of the CX, the
overwhelming majority of which are FB neurons (see Tables 2 and 3 for all new CX neuron types, with
numbers for each type, and Figure 1—figure supplement 2 for the positions of those new types in
known FB fiber tracts; see Table 4 for numbers of different EB, PB, and NO neuron types). All CX
neurons have been given two names, a short name that is convenient for searching databases and that
is used as a shorthand abbreviation throughout this article, and a longer name that provides sufficient
anatomical insight to capture the overall morphology of the neuron. The long anatomical names have
their roots in both the EM and LM datasets, emphasize overall morphology, and attempt to define
neuron types based on features that we anticipate can be distinguished at the light level, ultimately
in split-GAL4 lines (see details in Materials and methods). The short names are derived primarily from
hemibrain connectivity information. Our overall method for connectivity-based neuron-type classifica-
tion of CX neurons was described in Scheffer et al., 2020, but see Materials and methods for a short
summary. Finally, to facilitate comparisons with neurons of other insect species, Figure 1—figure
supplement 3 provides the median diameter of the main neurite for each CX neuron type in the
dataset.

Validation of CX connectome

The manual proofreading procedure we used is labor-intensive and time-consuming. For this reason,
it was not performed to the same extent on the entire connectome. For example, completeness
within the core CX structures is generally higher than completeness within CX-associated regions
(Scheffer et al., 2020), and completeness also differed for different CX regions. We therefore
performed a series of validation analyses to examine how such differences in completeness might
affect estimates of connectivity. In particular, we examined how connectivity estimates might be
affected by the percentage of synapses that are assigned to known neuronal bodies rather than
to unidentified neural fragments (partially reconstructed neural processes) within a given region.
This analysis was performed both on the EB, comparing two different stages in the proofreading
process, and in the PB and FB, comparing symmetric regions proofread to different levels of
completion.
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Table 2. Identified fan-shaped body (FB) tangential neuron types and the number of each type.

Short Long name Right Left Short Long R L Short Long R L
FB1A SMPSIPFB1,3 2 2 FB2A  NOalALFB2 2 2 FB3A LALNO2FB3 2 2
FB1B SMPSLPFB1d 2 FB2B_a LALCREFB2_1 2 2 FB3B EBCREFB3 1 1
FB1C LALNOmFB1 2 2 FB2B_b LALCREFB2_1 2 2 FB3C LALSMPFB3 4 5
FB1D SLPFB1d 2 2 FB2C  SMPCREFB2_1 3 3 FB3D LALCREFB3 1 1
FB1E_a SIPSMPFB1d 2 2 FB2D LALCREFB2 2 3 3 FB3E SMPLALFB3 1 1
FB1E_b SLPSIPFB1d 1 1 FB2E  SCLSMPFB2 2 2
FB1F SMPSIPFB1d 1 1 FB2F_a SIPSMPFB2 3 3
FB1G SMPSIPFB1d,3 1 1 FB2F_b SIPSMPFB2 3 3
FB1H CRENO2,3FB1-4 1 1 FB2F_c SIPSMPFB2 2 2
FB1I SMPSIPFB1d,7 1 1 FB2G_a SMPSIPFB2 1 1
FB1J SLPSIPFB1,7,8 1 1 FB2G_b SIPLALFB2 2 2

FB2H_a SIPSCLFB2 1 1

FB2H_b SIPSCLFB2 1 1

FB2l_a SMPATLFB2 5 4

FB2I_b SMPATLFB2 1 1

FB2J SMPPLPFB2 2 3

FB2K  LALSMPFB2 3 3

FB2L SMPCREFB2_2 1 1

FB2M  SIPCREFB2 3 3
Short Long name Right Left Short Long R L Short Long R L
FB4A CRESMPFB4_1 4 4 FB5A  LALCREFB5 2 2 FB6A SMPSIPFB6_1 3 3
FB4B NOZ2LALFB4 1 1 FB5B  SMPSIPFB5d_1 3 3 FB6B SMPSIPFB6_2 1 2
FB4C CRENO2FB4_1 1 1 FB5C  SMPCREFB5_1 1 1 FB6C_a SIPSMPFB6_1 1 1
FB4D CRESMPFB4_2 3 3 FB5D  CRESMPFB5_1 1 1 FB6C_b SIPSMPFB6_1 2 3
FB4E CRELALFB4_1 5 6 FB5E  CRESMPFB5_2 1 1 FB6D SMPFB6 1 1
FB4F_a CRELALFB4.2 5 4 FB5F SMPCREFB5_2 1 1 FB6E SIPSMPFB6_2 1 1
FB4F_b CRELALFB4_2 1 1 FB5G  SMPSIPFB5,6 4 4 FB6F SMPSIPFB6_3 1 1
FB4G CRELALFB4_3 1 1 FB5H  CRESMPFB5_3 1 1 FB6G SIPSMPFB6_3 1 1
FB4H CRELALFB4_4 1 1 FBS5I SMPCREFB5_3 1 1 FB6H SMPSIPFB6_4 1 1
FB4l LALCREFB4 1 1 FB5J SMPFB5 1 1 FBéI SMPSIPFB6_5 1 1
FB4J CRELALFB4.5 1 1 FB5K  CREFB5 1 1 FB6J FB6_1 4 4
FB4K CRESMPFB4_3 2 2 FB5L  CRESMPFB5_4 1 1 FB6K SMPSIPFB6_6 2 2
FB4L LALSIPFB4 2 2 FB5M  CRESMPFB5_5 1 1 FB6L FB6_2 3 3
FB4M CRENO2FB4_2 2 2 FBS5N  SMPCREFB5_4 1 1 FB6M WEDLALFB6 2 2
FB4N SMPCREFB4 1 1 FB50 SMPCREFB5_5 1 1 FB6N CRESMPFB6_1 1 1
FB4O CRESMPFB4d 2 2 FB5P  SMPCREFB5_6 2 2 FB6O SIPSMPFB6_4 1 1
FB4P_a CRESMPFB4_4 2 2 FB5Q SMPCREFB5d 2 2 FB6P SMPCREFB6_1 1 1
FB4P_b CRESMPFB4_4 4 3 FB5R FB5 3 3 FB6Q SIPSMPFB6_5 1 1
Table 2 continued on next page
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Table 2 continued

Short Long name Right Left Short Long R L Short Long R L
FB4Q_a CRESMPFB4.5 1 1 FB5S  FB5d,6v 3 4 FB6R SMPSIPFB6_7 2 1
FB4Q_b CRESMPFB4_5 2 2 FBST  CRESMPFB5_6 1 1 FB6S SIPSMPFB6_6 3 3
FB4R CREFB4 1 3 FB5U  FB5d 2 1 FB6T SIPSMPFB6_7 2 2
FB4X CRESIPFB4,5 1 1 FB5V  CRELALFB5 9 9 FB6U SMPCREFB6_2 2 2
FB4Y EBCREFB4,5 2 2 FB5W SMPCREFB5_7 4 4 FB6V SMPCREFB6_3 1 1
FB4Z FB4d5v 8 8 FB5X  SMPCREFB5_8 3 3 FB6W  CRESMPFB6_2 1 1

FBSY  SMPSIPFB5d_2 2 2 FB6X SMPCREFB6_4 1 1

FB5Z  SMPCREFB5_9 2 2 FB6Y SMPSIPFB6_8 1 1

FB5AA SMPCREFB5_10 1

—_

FB6Z SMPSIPFB6_9 1 1

FBSAB SIPCREFB5d 1 1

Short Long name Right Left Short Long R L Short Long R L
FB7A SIPSLPFB7 3 3 FB8A  SLPSMPFB8_1 3 2 FB9A SLPFB9_1 3 3
FB7B SMPSLPFB7 1 1 FB8B PLPSLPFB8 2 2 FB9B_a SLPFB9_2 2 2
FB7C SMPSIPFB7_1 1 2 FB8C  SMPFB8 2 2 FB9B_b SLPFB9_2 1 2
FB7D FB7,6 2 2 FB8D  SLPSMPFB8_2 1 1 FB9B_c SLPFB9_2 2 2
FB7E SMPSIPFB7_2 3 3 FBSE SMPSIPFB8_1 3 2 FB9B_d SLPFB9_2 2 2
FB7F SMPSIPFB7_3 1 1 FB8F_a SIPSLPFB8 4 4 FB9B_e SLPFB9_2 2 2
FB7G SMPFB7,8 2 2 FB8F_b SIPSLPFB8 4 4 FB9C_a SLPFB9_2 2 2
FB7H SMPFB7 1 1 FB8G SMPSIPFB8_2 3 3 FB9C_b SLPFB9_2 2 2
FB7I SMPSIPFB7,6 2 3 FB8H  SMPSLPFB8 3 3

FB7J FB7,8 2 2 FB8I SMPSIPFB8_3 2 2

FB7K SLPSIPFB7 2 2

FB7L SMPSIPFB7_4 2 2

FB7M SMPSIPFB7_5

—
-

Neuron-to-neuron connectivity before and after dense proofreading for the

same neurons

To assess how sensitive connectivity estimates are to the completeness level of the tracing, we
compared both the pre- and postsynaptic connectivity of a selection of neurons (see Materials and
methods) arborizing in a specific brain structure, the EB, before and after it was subjected to focused
proofreading (Figure 3A). Proofreading increased the number of pre- and postsynapses for which the
synaptic partner could now be identified (Figure 3B), mainly by merging small dendritic fragments
onto known neurons. However, the relative synaptic contributions that each neuron received from its
various partners remained largely the same before and after dense proofreading (example fit for the
EPG neuron of Figure 3A is shown in Figure 3C, the slopes from regression analyses of all neurons
are shown in Figure 3D). Indeed, with the exception of some FB neurons with minor projections in
the EB (green points in Figure 3D, right), the input and output connectivity of most neurons did
not significantly change when expressed as relative weights (Figure 3D, see also Figure 3—figure
supplement 1).
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Table 3. Identified intrinsic columnar neuron types of the fan-shaped body (FB) and ellipsoid body
(EB).

The types include hA and vA neuron types (total 598 neurons), and the columnar projection neurons,
FR, FC, FS, and EL (total 585 cells) neuron types.

Cell types # cells Types # cells Types # cells
hAA FB4AD5FB4 12 vAA_a AF 54 FR1 FB2-5RUB 18
hAB FB3,4vD5FB3,4v 19 vAA_b FB1DOFB8 31 FR2  TBD 18
hAC FB2,6D7FB6 20 vAB FB1DOFB7_1 32 EL EBGAs 18
hAD FB1,8D3FB8 8 vAC FB1DOFB7_2 28 FC1A FB2CRE_1 16
hAE FB1,7D3FB7 8 vAD FB1DOFB6 18 FC1B FB2CRE_2 18
hAF FB1,6d,7D2FB6,7 8 vAE FB1,2,3D0FB6v 23 FC1C FB2CRE_3 33
hAG FB2,3,5d6vD3FB4v 8 vAF FB1,2,3DOFB5d 12 FC1D FB2CRE_4 20
hAH FB2d,4D3FB5 8 vAG FB1,2DOFB5d 15 FC1E FB2CRE_S5 20
hAl FB2,3,4,5D5FB4,5v 18 vAH FB1,2DOFB5 17 FC1F FB2CRE_6 17
hAJ FB1,2,3,4D5FB4,5 29 VAl FB1DOFB5 25 FC2A FB1-5CRE 18
hAK EBFB3,4D5FB6 31 vAJ FB1DOFB5v 11 FC2B FB1d,3,5,6CRE 33
hAL FB2,6D5FB6d 12 vAK FB1vDOFB4d5v 46 FC2C FB1d,3,6,7CRE 37
hAM FB2,4D3FB5 9 vAL FB1vDOFB4 38 FC3 FB23,56CRE 42
vAM FB1vDOFB4 58 FS1A FB2-6SMPSMP 44

FS1B FB2,5SMPSMP 24

FS2  FB3,65MP 32
FS3  FB1d,3,6,7SMP 67
FS4A FB3,8ABSMP 57
FS4B FB28ABSMP 37
FS4C FB2,6,7SMP 16

Neuron-to-neuron connectivity at different completion percentages within
the same brain region

In addition to comparing connectivity for the same neurons at different completion levels, we also
examined connectivity in different subregions that were proofread to differing levels of complete-
ness. Parts of the PB (glomeruli L4 and R3) and FB (the third column) were intentionally proofread to
a denser level of completeness than other areas within those structures. In addition, although we did
not perform an analysis of these differences, the right NO was more densely proofread than the left
NO (Scheffer et al., 2020). These differences in level of completeness must be kept in mind when
interpreting synapse counts in these regions.

In the PB, we compared connectivity within the densely proofread R3 and L4 glomeruli to their
less densely proofread mirror-symmetric glomeruli, L3 and R4, respectively. For a meaningful compar-
ison, we focused our connectivity analysis on neurons with arbors restricted to single PB glomeruli
(Figure 4Ai, e.g., shows examples of PFNa neurons that innervate L3 and R3, respectively). The impact
of dense proofreading in the PB was evident in the increased percentage of synapses from or to iden-
tified partners of neurons of the same type in the densely proofread glomeruli, L4 and R3 (Figure 4Aii,
for presynaptic partners, left, and postsynaptic partners, right). However, as with the EB comparison
before and after dense proofreading (Figure 3), we found that the relative contributions of different
identified partners onto the selected types remained nearly unchanged across the two glomeruli (see
Figure 4Aiii and Aiv for an example regression), both for inputs and outputs. As a control, we also
performed the same analyses on two additional pairs of mirror-symmetric PB glomeruli, L5 and R5,
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Table 4. Identified neuron types of the ellipsoid body (EB), protocerebral bridge (PB), and noduli

(NO).
Cell types # cells Cell types # cells Cell types # cells
ER1_a 16 ExR1 4 Delta7 42
ER1 b 14 ExR2 4 IbSpsP 24
ER2_a 9 ExR3 2 LPsP 2
ER2 b 6 ExR4 2 P1-9 2
ER2 ¢ 21 ExR5 4 P6-8P9 4
ER2_d 6 ExR6 2 SpsP 4
ER3a_a 12 ExR7 4
ER3a_b 4 ExR8 4 Cell types # cells
ER3a_c 4
ER3a_d 6 Cell types # cells PFGs 18
ER3d_a 12 PFL1 14
ER3d_b 10 EL 18 PFL2 12
ER3d_c 12 EPG 46 PFL3 24
ER3d_d 10 EPGt 4 PFNa 58
ER3m 18 PEG 18 PFNd 40
ER3p_a 12 PEN_a(PENT) 20 PFNm_a 26
ER3p_b 6 PEN_b(PEN2) 22 PFNm_b 18
ER3w_a 9 PFNp_a 60
ER3w_b 11 Cell types # cells PFNp_b 115
ER4d 25 PFNp_c 46
ER4m 10 GLNO 4 PFNp_d 33
ER5 20 LCNOp 2 PFNp_e 21
ER6 4 LCNOpm 2 PFNv 20
LNO1 4 PFR_a 29
LNO2 2 PFR_b 16
LNO3 1
LNOa 2

and L6 and Ré6 (Figure 4—figure supplement 1), finding no more differences in relative contributions
than we found when comparing the L3-R3 and L4-R4 pairs.

Finally, we also selected a columnar region within the medial part of the FB ('C3’) for focused
proofreading (Figure 4Bi). As with the EB and PB, this process led to an increase in the percentage
of synapses with identified partners (Figure 4Bii) without significant changes in relative connectivity
when compared to other columns of the FB (Figure 4Biv). Note that correlations in connectivity in the
FB are lower than those observed in the PB (compare Figure 4Aiv with Figure 4Biv). We believe this
to be the result of both the lack of clear columnar definition in the FB and of true inhomogeneities
across vertical sections of the FB, as we discuss further in the FB section.

Assessing the relative importance of different synaptic inputs
Morphologically, many fly neurons feature a single process that emanates from the soma, which
usually sits near the brain surface. This process then sends branches out into multiple brain structures
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Figure 3. Quantitative impact of different levels of proofreading on neuronal connectivity in the ellipsoid body (EB). (A) Morphological rendering

of an example EPG neuron before and after dense tracing in the EB. Inset, zoomed-in view of part of the EPG arbors highlighting changes resulting
from dense reconstruction. The neuron segmentation is in pink. One newly added fragment is colored in green and marked with a red star. Synapses
to neurons that were initially identified are in orange. Synapses to neurons that were identified after dense tracing are in blue. These new additions
often resulted from joining previously unidentified fragments to their parent neurons, which partner with the example EPG neuron. (B) Change in the
number of input synapses from known neurons (left panel) and output synapses to known neurons made with selected EB neurons after dense tracing.
Each neuron in this subset had at least 200 presynaptic sites in the EB for the left panel, 200 postsynaptic sites in the EB for the right panel, and at
least a 10% change in known synapse numbers after dense tracing. The EB neurons are ordered by type and colored by supertype (see Materials and
methods). Each colored dot represents a single neuron of the type indicated. Throughout, we analyze input and output connectivity separately. The
example neuron shown in (A) is circled in black. (C) Comparison of the input connectivity of the neuron shown in (A) before and after dense tracing. Each
point is the relative weight of a connection between that EPG and a single other neuron. Relative weight refers to the fraction of the inputs that comes
from the given partner (see Materials and methods). The color denotes the type of the partner neuron. The gray line is a linear fit with 95% confidence

Figure 3 continued on next page
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Figure 3 continued

intervals (the confidence interval is too small to be seen). The dashed line is the identity line. (D) Slope of the linear fits (similar to the one in C) with 95%
confidence intervals for all neurons considered. Many confidence intervals are too small to be seen. The example shown in (A) is circled in black.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Influence of the amount of change from tracing on fit results.

or substructures. Although there is sometimes one compartment with mainly postsynaptic special-
izations, the other compartments are typically ‘mixed,” featuring both pre- and postsynaptic special-
izations. This heterogeneity and compartmentalization make it challenging to compare the relative
weight of different synaptic inputs to the neuron'’s synaptic output. Even for fly neurons that spike,
action potential initiation sites are largely unknown (although see Gouwens and Wilson, 2009; Raven-
scroft et al., 2020). Furthermore, spiking neurons may perform local circuit computations involving
synaptic transmission without action potentials.

In this study, we will, as a default, analyze the relative contributions of different presynaptic neurons
separately for different neuropils. In some cases, we will assume a polarity for neurons based on
compartments in which they are mainly postsynaptic. For spiking neurons, these ‘dendritic’ areas
would be expected to play a more significant role in determining the neuron’s response, even if
the neuron displays mixed pre- and postsynaptic specializations in other compartments. Consider,
for example, this rule applied to a much-studied olfactory neuron, the projection neuron (PN). PNs
receive most of their inputs in the antennal lobe (AL) and project to regions like the MB and lateral
horn (LH), where they have mixed terminals. Our rule would lead to the AL inputs being evaluated
separately and being considered stronger contributors to a PN’s spiking outputs than any synaptic
inputs in the MB and LH. As discussed further in a subsequent section, we will use this logic to define
the ‘'modality’ of most ring neurons, which innervate the BU and EB, by the anterior optic tubercle
(AOTU) input they receive in the BU rather than by the inputs they receive in the EB. This logic also
applies to the tangential neurons of the FB, which receive inputs mainly in regions outside the CX and
have mixed terminals inside the FB. Note that some CX neuron types may not rely on spiking at all,
and that our assumptions may not apply to such graded potential neurons. The situation is also some-
what different for some interneuron types, such as the PB-intrinsic A7 neurons, which have multiple
arbors with postsynaptic specializations.

CX synapses are not all of the ‘T-bar’ type that is most common in the insect brain (Frohlich, 1985;
Meinertzhagen, 1996; Trujillo-Cenoz, 1969). As discussed later, several CX neurons make ‘E-bar’
synapses (Shaw and Meinertzhagen, 1986; Takemura et al., 2017a), which we do not treat any
differently in analysis. In addition, although many synapses are polyadic, with a single presynaptic
neuron contacting multiple postsynaptic partners (Materials and methods, Figure 1A), it is notable
that some neurons, such as ring neurons, make rarer convergent synapses in which multiple presyn-
aptic ring neurons contact a single postsynaptic partner (Materials and methods, Figure 1B; Martin-
Pena et al., 2014). The function of such convergences is, at present, unknown.

Visual, circadian, mechanosensory, and motor pathways into the EB

All CX neuropils receive input from other parts of the brain. While there is overlap between the
regions that provide input to different CX neuropils, each CX neuropil has a distinct set of input
regions (Figure 5A, Figure 5—figure supplement 1). For instance, the EB receives input primarily
from the BU, LAL and GA, and to a lesser extent from the CRE, the inferior bridge (IB), and the supe-
rior neuropils. The NO also receives inputs from the LAL, GA, and CRE, but gets additional inputs from
the wedge (WED), epaulette (EPA), and vest (VES). To assess the information transmitted to the CX by
different input pathways, we traced, when possible, these pathways back to their origin or ‘source.’
These source neurons were grouped into classes associated with particular brain regions, functions,
or neuromodulators (legend in Figure 5B; also see Appendix 1—table 6 in Scheffer et al., 2020).
We found that the CX receives inputs originating from a variety of neuron types, including visual
projection neurons (vPNs), AL neurons, fruitless (Fru) neurons, MBON neurons, and neuromodulatory
neurons (Figure 5B). Although the hemibrain volume did not permit us to trace pathways completely
from the sensory periphery all the way into the CX, we tried to identify as many inputs as possible
using previous results from light microscopy as our guide. We will begin by describing components of
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Figure 4. Differences in connectivity between compartments at different levels of tracing. (A) Differences in connectivity between mirror-symmetric
protocerebral bridge (PB) glomeruli. We compare glomeruli that are densely proofread (L4/R3) or not (R4/L3). R or L refer to the right or left half of

the PB, respectively. Each half of the PB is made up of nine distinct glomeruli, with glomerulus 1 the most medial and glomerulus 9 the most lateral.

(Ai) Sample PFNa neurons that each arborize in a single PB glomerulus. Two arborize in L3, and the other two in its mirror symmetric glomerulus, the

Figure 4 continued on next page
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Figure 4 continued

densely proofread PB glomerulus R3. (Aii) Percentage increase in input connectivity (left) and output connectivity (right) to known partners for neuron
types innervating single glomeruli between R4 and L4 or L3 and R3. Types were selected if they had neuron instances that innervate all four of these
glomeruli, with each instance having at least an average of 20 synapses per glomerulus and at least 80% of their PB synapses in the given glomerulus.
For a given type, circles denote the L3-to-R3 comparison and triangles the R4-to-L4 comparison. Few output comparisons can be made because most
columnar neurons mainly receive input in the PB. (Aiii) Comparison of input connectivity for the type shown in (Ai) in R3 and L3. Each point is the relative
weight of a connection between that type and another neuron type. The color denotes the supertype of the partner. The gray line is a linear fit with 95%
confidence intervals. The dashed line is the identity line. (Aiv) Slope of the linear fit (similar to the one in Aiii) with 95% confidence intervals for all types
considered. (B) Differences in connectivity between a densely proofread section of the FB (denoted as ‘column 3, or C3) and other parts of the FB.

(Bi) Sample hAA neurons. One (in blue) has almost all of its output synapses in C3. The other four avoid C3 altogether. Output synapses are in orange.
(Bii) Comparison of the average number of synapses to known partners per type between neuron instances innervating the heavily traced C3 and
instances innervating other columns. Types are selected as having instances innervating C3 with at least an average of 200 synapses of a given polarity
in the fan-shaped body (FB) and having at least 80% of those synapses in C3. They are compared to neurons of the same type with no synapses in C3
(e.g., the hAA neurons in gray in Bi, circled in black). Plotted are the percentage increases in input connectivity (left) or output connectivity (right) to
known partners for neurons in FB C3 versus other columns, by type. (Biii) Comparison of output connectivity for the type shown in (Bi) between neuron
instances innervating C3 and instances avoiding C3. Each point is the average relative weight of a connection between that type and another neuron
type. The color denotes the supertype of the partner type. The gray line is a linear fit with 95% confidence intervals, the dashed line is the identity line.
(Biv) Slope of the linear fit (similar to the one in Biii) with 95% confidence intervals for the types considered. hAA neurons are circled in black.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Comparing protocerebral bridge (PB) connectivity in glomeruli with similar levels of tracing.

a prominent pathway from the fly’s eyes to the EB. We will then trace a possible pathway for mech-
anosensory input to enter the CX and describe how sensory information is integrated in the EB. In a
later section, we will describe a second input pathway to the CX via the NO.

The anterior visual pathway: organization within the AOTU

The anterior visual pathway brings visual information from the medulla into the small subunit of the
AOTU (AOTUsu, also called ‘lower unit of the AOTU’ in other insects), and thence to the BU’s ring
neurons (Hanesch et al., 1989), which deliver highly processed information to the EB (Omoto et al.,
2017, Timaeus et al., 2020, Figure 6A and B, Video 1, Video 2). The ring neurons, which are called
TL neurons in other insects (Homberg et al., 1999, Muller et al., 1997), are fed by multiple, devel-
opmentally distinguishable types of visually responsive neurons from the AOTUsu. Together, these
tuberculo-bulbar or TuBu neurons compose the first part of the anterior visual pathway that is covered
by the hemibrain volume. The full pathway comprises neurons that project from the photoreceptors
to the medulla, the medulla to the AOTUsu, the AOTUsu to the BU, and the BU to the EB (Figure 6A
and B; Homberg et al., 2003; Omoto et al., 2017; Sun et al., 2017). Across insects, some types of
TuBu neurons (also called TULAL1 neurons in some insects) are known to be tuned to polarized light
e-vector orientations, spectral cues, and visual features (el Jundi et al., 2014; Heinze et al., 2009,
Heinze and Reppert, 2011, Omoto et al., 2017; Pfeiffer et al., 2005; Sun et al., 2017), properties
that they likely inherit from their inputs in the AOTU (Hardcastle et al., 2020; Omoto et al., 2017,
Sun et al., 2017). In the fly, some TuBu neurons are known to respond strongly to bright stimuli on
dark backgrounds (Omoto et al., 2017) or to the orientation of polarized light e-vectors (Hardcastle
et al., 2020), consistent with the idea that these neurons may be part of a sky compass pathway, as in
other insects (el Jundi et al., 2018; Homberg et al., 2011).

The hemibrain volume (light blue shaded region in Figure 6A) does not include areas of the optic
lobe that would permit an unambiguous identification of AOTU inputs from the medulla (together
called the anterior optic tract), thus only two broad subclasses of medulla columnar neurons can be
distinguished. MC64 and MC61 (Figure 6C). However, following the schema employed in recent
studies, we used the innervation patterns of different medulla columnar neuron types to delineate two
distinct zones in the AOTUsu (Figure 6Di). These zones are consistent with previously characterized,
finer-grained regions that receive input from different types of medulla columnar neurons (Omoto
et al., 2017, Timaeus et al., 2020).

In other insects, some AOTU-projecting medulla columnar neurons (MeTus) are thought to be
tuned to polarized light e-vector orientations (Heinze, 2014), and such information is known to be
present in the Drosophila medulla as well (Weir et al., 2016). A more recent study has confirmed
that some classes of fly AOTU neurons, as well as their downstream partners, respond to polarized
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Figure 5. Overview of input pathways to the central complex (CX). (A) Schematic of input pathways, that is, pathways from non-CX brain regions, to the
CX (see Figure 5—figure supplement 1B). (Ai) Input pathways to the ellipsoid body (EB) (red arrows), noduli (NO) (brown arrows), and protocerebral
bridge (PB) (green arrows). (Aii) Input pathways to the fan-shaped body (FB) (blue arrows) and asymmetrical body (AB) (turquoise arrows). The width

of the arrow is a qualitative indicator of the relative amount of input. (B) Input pathway classification for the EB, PB, and NO input neurons. Types are
counted as inputs if they have at least 20 synapses of a given polarity outside of the CX and are the postsynaptic partner in at least one significant type-
to-type connection outside of the CX. See Appendix 1—figure 3 for an explanation of pathway weight. The corresponding data for FB and AB input
pathways is presented in the FB section (Figure 36—figure supplement 1C, Figure 40E).

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Additional information on input pathways to the central complex (CX).

light stimuli much like in other insects (Hardcastle et al., 2020). We believe that TuBuO1 and TuBu06
neuron types are tuned to polarized light based on both their connectivity to ring neurons in the BU
and their arborization patterns in the AOTU. TuBuO1 is the only TuBu neuron that projects to the ante-
rior BU and feeds the ER4m neuron type, which shows strong polarization tuning (Hardcastle et al.,
2020), and TuBu06 appears to get input from the same population of MeTu neurons as TuBuO1 in the
AOTU (Figure 6C and Dii, top row, Figure 7D). However, a recent study reported that glomeruli in the

Hulse, Haberkern, Franconville et al. eLife 2021;10:e66039. DOI: https://doi.org/10.7554/eLife.66039

17 of 180


https://doi.org/10.7554/eLife.66039

o
ELlfe Research article Neuroscience

A B| B 1] > anterior

AOTU(R)

AOTU \ ﬁl\\ lateral
£~ =

dorsal

lateral

/

o o
normalized
synapse densities

0.4
Mos
Wos
W0

Cc Di
small unit
(AOTUsu)
. TuBu03
(R) large unit
TuBu04
(R)
H dorsal dorsal anterior
AOTUO58 (R) TuBu02 type
: 3 (R) I mcs1
O : lateral anterior lateral W vcsa
LT55 (L) : TuTuB_b ! TuBu05
: (R) .
Dii
TuBu06 type
(R) [ TuBuO1
DN1pB (R) TuBUO1 M TuBuo6
(R) —
- - 10pm
TuBu07
® A TuBu02
@ B ovos
M TuBu05
‘;O TuBu09
: (R)
T“i“w - B TuBu07
—021 ® & TuBu08
-—0.42 i TuBu09
=063 | * possible TuBu10
- 0.84 contralateral projections pol tuning d
Ei Eii __

MC61 pre-synapses MC64 pre-synapses

TuBu03 post-synapses

MC61 to TuBuO1
MC64 to TuBu03

Figure 6. Overview of the anterior visual pathway and organization of the small unit of the anterior optic tubercle (AOTU). (A) Schematic of the fly brain
indicating the neuropils that are part of the anterior visual pathway, which starts at the medulla (ME) and projects via the AOTU and the bulb (BU) to the
ellipsoid body (EB). The anterior visual pathway only passes through the smaller subunit of the AOTU (AOTUsu). The light blue shaded region indicates
the coverage of the hemibrain dataset. (B) Morphological renderings of a subset of neurons that are part of the anterior visual pathway. (Bi) and (Bii)
highlight two of several parallel pathways. (Bi) TuBuO1 neurons tile a subregion of the AOTUsu and project to the BU, where they form glomeruli and
provide input to ER4m neurons. ER4m neurons project to the EB. All TuBuO1 and ER4m neurons from the right hemisphere are shown. (Bii) TuBu03
neurons also arborize in the AOTU, but these neurons target different regions of both the AOTU and BU and form larger arbors in the AOTU than do
TuBuO1 neurons. TuBu03 also form glomeruli in the BU, where they connect to ER3d_d. Inset shows the TuBu03 arbor in the AOTU as seen from the
ventral position. (C) Connectivity graph of the inputs to TuBu neurons in the AOTU (significant inputs were selected using a 0.05 [5%)] cutoff for relative
weight). AOTUO46 neurons are included here as they provide input to TuBu neurons in the BU (see Figures 7 and 8). TuBu are colored from pink

to green based on the regions they target in the BU (see Figure 7). The dashed rectangle marks neuron types that also project to the contralateral
AOTU. An asterisk marks TuBu types with likely tuning to polarized light based on their morphology and connectivity (see text). (D) Projections of the
normalized synapse densities for medulla columnar types (Di) and each TuBu type (Dii) along the dorsal-lateral (left), the dorsal-anterior (center), and

Figure 6 continued on next page
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the anterior-lateral (right) plane, respectively. The synapse locations of MCé1 and MCé4 define two subregions of the AOTUsu, which are marked with
a dashed line. Projections for the 10 TuBu types were split up in subplots for ease of readability. Types that arborize in similar regions were grouped
together. Note the columnar organization of TuBuO1 and TuBu06-10 as opposed to the more diffuse projections of TuBu02-05. (E) Projections of
individual synapse locations from medulla columnar to TuBu neurons. (Ei). Synapses from MC61 onto TuBuO1 neurons. Projections are shown along the
same planes as in (D). Synapse locations are color-coded by the identity of the presynaptic neuron (MCé1, top) or the postsynaptic neuron (TuBu01,
bottom). The large, black-outlined dots indicate the center of mass for synapses from an individual neuron. Note that there are many more MCé1 than
TuBuO1 neurons. (Eii). Same as (Ei), but for synapses from MCé4 to TuBu03. ME: medulla, AOTU: anterior optic tubercle, AOTUsu: small unit of the

AOTU, BU: bulb, EB: ellipsoid body.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Connectivity motifs between MC and TuBu neurons in the AOTU.

dorsal part of the BUs were also polarization tuned (Hardcastle et al., 2020), suggesting that other
TuBu types may also carry information about e-vector orientation.

TuBu neuron types arborize in subregions of the AOTU that respect the boundaries defined
by medulla columnar inputs, and TuBu neurons form columns along the dorsoventral axis of their
respective AOTUsu subregion (Figure 6Dii; Omoto et al., 2017, Timaeus et al., 2020). Both the
medulla columnar neurons and the TuBu neurons tile each AOTUsu zone (Figure 6Bi, E), consistent
with the TuBu neurons preserving a retinotopic organization from their columnar inputs (Timaeus
et al., 2020). On average, there is a 40:1 convergence from medulla columnar neurons onto TuBu
neurons (Figure 6—figure supplement 1), potentially increasing the size of the receptive fields of
TuBu neurons compared to MeTu neurons. Although this tiling is well-organized for TuBu neurons that
receive inputs from MC61 medulla neurons (Figure 6Ei), it becomes more diffuse for TuBu neurons
that receive inputs from MC64 medulla neurons (Figure 6Eii), consistent with LM-based anatomical
analysis (Timaeus et al., 2020). This differentiation of TuBu neuron types is also maintained in their
downstream projections to the BU (next section). Note, however, that multiple TuBu neuron types can
also receive their inputs from the same AOTUsu zone, for example, TuBuO1 and TuBu06 (Figure 6Dii).
It is possible that these different TuBu neuron types receive different medullary inputs in the same
zone of the AOTU, but they are, regardless, easily distinguished both by the additional inputs they
receive in the BU, as well as by their downstream partners in that structure (discussed below).

Video 2. Morphological rendering of two parallel
pathways in the anterior visual pathway. The movie
shows two of several parallel pathways in the anterior
visual pathway. Meshes of the AOTU, BU and EB are
shown. The first pathway consists of TuBuO1 (shown
in pink) and ER4m (shown in yellow). Initially, a single
TuBuO01 neuron and a single ER4m neuron are shown.
They make a connection in the BU, where they form a

Video 1. Introduction to the central complex (CX),
its neurons, and pathways. Movie showing meshes
of the main CX neuropils along with the major CX-
associated neuropils. In the second half, the movie

uses morphological renderings of various CX neurons
to trace a pathway that travels from the anterior visual
pathway (BU to EB), through the compass network (EB
and PB), to premotor neurons in the FB that target
descending neurons in the LAL.

https://elifesciences.org/articles/66039/figurestvideo’

glomerulus. The movie shows EM slices through the
glomerulus. Later, complete populations of TuBu01
and ER4m neurons are shown. The second pathway
presented in the movie involves TuBu03 (purple) and
ER3d (teal). This movie is related to Figure 6B.

https://elifesciences.org/articles/66039/figures#video?
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Figure 7. The bulb (BU) is more than just a relay station of visual information. (A) Region arborization plot of cell types that innervate the BU, showing
average pre- and postsynaptic counts by region. The following types were excluded upon manual inspection based on their relatively small number

of synapses in the BU. ExR7, SMP238, CRE013, LHCENT11, LHPV5I1. The LNO neuron (LCNOp) is an input neuron to the noduli (NO), which will be
described in a later section. (B) Morphological rendering of processes from one AOTU046 and one ExR5 neuron, which both arborize widely within

the BU, as well as one TuBuO1 and one ER4m neuron, which form a glomerulus (dashed circle). Different anatomical zones of the BU are labeled. (C)
Projections of the normalized synapse densities for TuBu types (Ci) and ER types (Cii) along the dorsal-lateral (left) and the anterior-lateral (right) planes
of the BU, respectively. Borders between different anatomical zones are indicated with dashed lines. For readability, synapse densities of TuBu and ER

Figure 7 continued on next page
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types that arborize in the BUs (top) versus the BUi or Bua (bottom) are displayed separately. All populations of neurons, except ER6, form glomeruli. (D)
Neuron-to-neuron connectivity matrix of connections from TuBu neurons to ER neurons. Neurons were grouped according to type and, within a type,
ordered such that most connections lie on a diagonal. The yellow boxes mark connections between neurons (putatively) tuned to polarized light. The
blue box marks connections of sleep-related neurons. (E) Morphological rendering of the glomeruli formed by TuBu06 and ERS. (Ei). All TuBu0é and
ERS5 neurons. (Eii). Same as (Ei) but just TuBUO6 neurons. (Eiii) Same as (Ei), but with only one ER5 neuron shown to highlight how a single ER neuron
can target multiple glomeruli. Top view shown on the right. BUs: superior bulb, BUi: inferior bulb; BUa: anterior bulb; pBUi: posterior inferior bulb, aBUi:

anterior inferior bulb.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Connectivity motifs between TuBu and ER neurons in the BU.

The anterior visual pathway: convergence and divergence largely within BU

Zzones

The BU is primarily an input structure for the CX. Nearly every neuron type that receives most of its
input in the BU has presynaptic specializations within one or more core CX structures (Figure 7A).
The majority of cells in the BU are part of the anterior visual pathway. This pathway includes the TuBu
neurons and their postsynaptic partners, the ring neurons (ER), which bring visual information to the
EB (Table 5). Most neurons innervating the BU (e.g., the TuBu neuron types and the ring neurons
[except ER6]) have spatially restricted, glomerular arborizations (Trager et al., 2008). Other neuron
types arborize widely within the structure, such as the AOTU046 and extrinsic ring (ExR) neurons
(Figure 7B). A recent study combining lineage-based anatomy and functional imaging has suggested
that the BU may be organized into zones with similarly tuned TuBu neurons (Omoto et al., 2017). We
used synapse locations of different types of TuBu neurons and their downstream partners, the ring
neurons, to partition the BU into different zones (Figure 7B and C), each with numerous microglom-
eruli where TuBu neurons make synapses onto ring neurons (Trager et al., 2008). Each microglomer-
ulus is formed by small arbors of up to five TuBu neurons from one type and their downstream ring
neuron partners (see below and Figure 7—figure supplement 1A and B). Consistent with the func-
tional and anatomical segregation suggested by Omoto et al., 2017, TuBu neurons originating from
different parts of the AOTU do indeed segregate into different zones within the BU (superior, inferior,
and anterior BU, Figure 7Ci), with MCé1-fed TuBu neurons innervating the superior BU and MCé64-fed
TuBu neurons targeting the inferior BU (Figure 6C). The only exception is the polarization-tuned
TuBuO01, which arborizes in its own compartment, the anterior BU (Figure 7Ci). MCé61-fed superior
and anterior TuBu share a developmental origin, DALcl1, while the MC64-fed inferior TuBu neurons
originate from DALcI2 (Omoto et al., 2017). Glomeruli in the superior BU tend to be smaller and more
defined than glomeruli in the inferior BU. Except for ERé, an atypical ring neuron, ring neurons that
receive their input in the BU also send their dendrites into a single zone of the BU, thereby maintaining
some separation of visual pathways from the AOTU (Figure 7Cii).

The type-to-type mapping from TuBu neurons to ring neurons is largely one-to-one, with most
ring neuron types receiving synaptic inputs from only a single TuBu type each, for example, TuBuO1
to ER4m and TuBu0é6 to ER5 (Figure 7D, see yellow and blue-framed boxes). However, some TuBu
types feed multiple ring neuron types, for example, most TuBu02 neurons project to both ER3a_a and
ER3a_d ring neurons, and also to ER3m ring neurons (Figure 7D). Although the segregation of TuBu
types is largely maintained at the type-to-type level, there is significant mixing at the level of indi-
vidual TuBu to ring neuron connections. Most TuBu neurons feed several ring neurons of a given type,
but the level of divergence varies between TuBu types (Figure 7D, Figure 7—figure supplement
1B). TuBu02 neurons, for example, make synapses onto multiple ER3a_a, ER3a_d and ER3m neurons
(Figure 7, Figure 7—figure supplement 1B). There is also significant convergence, with many ring
neurons receiving inputs from multiple TuBu neurons of the same type (Figure 7D, Figure 7—figure
supplement 1A).

A particularly strong contrast can be observed between the mapping of TuBuO1 to ER4m, which
is strictly one-to-one, preserving receptive fields (but not polarotopy; Hardcastle et al., 2020), and
TuBuO6 to ER5, where multiple TuBuO6 neurons contact a single ER5 neuron and single TuBu0é6
neurons project to multiple ER5 neurons (Figure 7D and E, Figure 7—figure supplement 1B and
C). This is noteworthy as TuBuO1 and TuBuOb6 receive input in the same region of the AOTU, but their
downstream partners, ER4m and ER5 neurons, are known to have different functions. ER4m is tuned
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Table 5. Known properties of ring neuron classes.
LAL: lateral accessory lobe; BUs: superior bulb; pBUi: posterior inferior bulb; aBUi: anterior-inferior

bulb; BUa: anterior bulb; CRE: crepine.

Neuroscience

Neuron type Tuning Modality group Input region Reference
ER1_a Mechanosensory? Mechanosensory LAL Okubo et al., 2020
ER1_b Mechanosensory (wind) LAL
ER2_a Visual with small (~45°) lpsilateral visual + pol BUs Hardcastle et al.,
ipsilateral receptive fields; 2020; Omoto et al.,
ER2b subset with polarization BUs 2017, Seelig and
tuning Jayaraman, 2013;
ER2_c BUs Sun et al., 2017
ER2_d BUs
ER3a_a Visual, large contralateral Contralateral visual + aBUi Okubo et al., 2020;
receptive fields and self-  motor (+ wind) Omoto et al.,
ER3a_b motion motor tuning; LAL+ CRE 2017; Shiozaki and
ER3a. c ER3a_b also wind tuning LAL + CRE Kazama, 2017
ER3a_d aBUi + LAL
ER3d_a Control of sleep structure Sleep pBUI Liu et al., 2019,
] Connectivity with
ER3d_b pBUI ExR1 and ExR3 (EB
. Figure 10F, sleep
ER3d_c pBUi Figure 53)
ER3d_d pBUI
ER3m Visual, large contralateral Contralateral visual + aBUi Omoto et al.,
receptive fields and self-  motor 2017; Shiozaki and
motion motor tuning Kazama, 2017
ER3p_a Visual, large contralateral Contralateral visual + pBUI Omoto et al.,
receptive fields? motor ] 2017; Shiozaki and
ER3p_b pBU Kazama, 2017
ER3w Assumed ipsilateral visual lpsilateral visual + pol BUs Shiozaki and
based on anatomy Kazama, 2017
ER4d Visual with small (~45°)  Ipsilateral visual + pol BUs Omoto et al.,
ipsilateral receptive fields 2017, Seelig and
Jayaraman, 2013;
Sun et al., 2017
ER4m Polarized light tuning lpsilateral visual + pol BUa Hardcastle et al.,
2020
ER5 Sleep homeostasis Sleep BUs (sleep) Donlea et al., 2018;
Liu et al., 2016
ER6 ? - BU + LAL + CRE

to polarized light (Hardcastle et al., 2020) and is likely involved in visual orientation, whereas ER5
neurons are involved in sleep (Liu et al., 2016). Both will be discussed in more detail in later sections.

Overall, this combination of divergence from individual TuBu neurons to multiple ring neurons and
convergence from multiple TuBu neurons to individual ring neurons strongly suggests that we should
expect receptive fields in the anterior visual pathway to expand, and sensory tuning to potentially
become more complex from TuBu to ring neurons. Finally, it is important to note that there are several
neuron types with wide arborizations within the BU that likely also influence processing in the struc-
ture. These include a subset of ExR neuron types (ExR1, ExR2, ExR3, and ExR5) and the AOTU046
neurons, which are discussed below.

The anterior visual pathway: contralateral influences
Thus far, we have characterized the anterior visual pathway as a largely feedforward pathway of
neurons with spatially localized arbors projecting from the early visual system to the AOTU and on to
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the BU. Indeed, many TuBu neuron types in the superior BU are known to display prominent ipsilateral
visual receptive fields consistent with ipsilateral inputs in the AOTU (Omoto et al., 2017, Seelig and
Jayaraman, 2013; Sun et al., 2017). However, the connectome suggests that other, widely arborizing
neuron types influence responses of neurons at different stages of the pathway (Figure 8A and B).

There is functional evidence that many of these neurons also receive large-field inhibitory input
from the contralateral hemisphere, creating the potential for stimulus competition across the left
and right visual fields (Omoto et al., 2017; Sun et al., 2017). The interhemispheric TuTuB_a neurons
connect the right and left AOTU (Figure 8Ai). These neurons pool medullary input from the visual
field of one hemisphere and synapse onto a subset of TuBu neurons on the contralateral side. Note
that at least one of these TuTuB neurons is known to be tuned to polarized light e-vector orientation
(Hardcastle et al., 2020). The interhemispheric AOTUO046 neurons receive input from multiple brain
regions including both AOTUs, the BU (although they primarily send outputs there), the FB, and the
ipsilateral (to their soma) IB and superior posterior slope (SPS) (Figure 8Aii,Ci, Di, and E). AOTUQ046
and TuTu neurons are well positioned to mediate contralateral inhibition since both neuron types
receive input from large areas of the contralateral AOTU (Figure 8C). Indeed, AOTUO046 targets ring
neuron types in the BU that show strong signatures of contralateral inhibition (Sun et al., 2017).
Curiously, AOTU046 provides input to TuBu neurons in both the AOTU and BU, targeting somewhat
different subsets (Figure 8—figure supplement 1A).

We did not find any obvious candidates that could provide TuBu neurons of the inferior BU with
small-object-sized receptive fields in the contralateral hemisphere as has recently been suggested
for a subset of these neurons (Omoto et al., 2017; Shiozaki and Kazama, 2017). Based on the
connectome, one possibility is that these reported responses were not caused by small-field feature
detectors related to the AOTU or BU, but rather by input from the ExR3 neurons (Figure 8Aiii and Dii,
Figure 8—figure supplement 1B). The ExR3 neurons receive synaptic input from a variety of neurons
in areas that are known to respond to optic flow and the fly’s own movements (Figure 8F, note that
inputs are mixed with outputs; see also later section on ExR neurons), both of which may have contrib-
uted to the reported response properties. A second possibility is that these responses were observed
in the subset of ring neurons that form glomeruli in the BU, but also receive additional inputs in the
LAL (ER3a_a and ER3a_d, Figure 7A, Figure 10—figure supplement 5). Finally, contralateral visual
information may also reach these neurons from inter-medullary connections, a possibility that we
could not investigate in the hemibrain dataset.

The widely arborizing neurons — ExR1, ExR2, ExR3, ExR5, and AOTU046 (Figure 8A) — have
somewhat overlapping arbors in the BU (Figure 8D) but are selectively interconnected in the region
(Figure 8B). The bilaterally projecting AOTU046 neurons receive ipsilateral inputs from ExR2 and
ExR5 neurons and contralateral input from the ExR3 neurons (Figure 8B, the right AOTU046 receives
input from ExR2 and ExR5, the left one from ExR3), and then provide input to ExR1 neurons in the
same hemisphere (Figure 8B). The ExR3 neurons appear to be recurrently connected to TuBu02,
TuBu03, and TuBu04 neuron types (Figure 8B, Figure 8—figure supplement 1B). The function of
these external inputs is not yet known.

Ring neurons that receive circadian input

In contrast to all the ring neuron types described above, most of which have been considered as
bringing visual input into the EB, we note that the ER5 neurons have been primarily associated with
conveying a signal related to sleep homeostasis and are thought to not be responsive to visual stimuli
(Donlea et al., 2018; Liu et al., 2019; Liu et al., 2016; Raccuglia et al., 2019). These neurons are
known to receive input from TuBu neurons (Guo et al., 2018; Lamaze et al., 2018, Liang et al., 2019,
Raccuglia et al., 2019). The connectome allowed us to identify these neurons as TuBu06 (Figures 7D
and E and 8B). TuBu06 neurons, in turn, receive input from the bilateral TuTuB_b neurons that receive
clock circuit input through the DN1pB neurons (Guo et al., 2018; Lamaze et al., 2018; Liang et al.,
2019; Figure 6C). These connections provide a link between sleep and circadian circuits within the CX,
which we discuss in more detail in a later section. Circadian input from DN1pB neurons to ER4m via
TuBu01 neurons (Figure 6C) may also affect neural responses in the polarized light e-vector pathway,
consistent with findings in other insects; this could allow for polarized light responses to be adjusted
based on the time of day to compensate for changes in the polarization pattern as the sun moves
across the sky (Heinze and Reppert, 2011; Pfeiffer and Homberg, 2007; Sauman et al., 2005).
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Figure 8. Source of contralateral visual information. (A) Morphological renderings of neurons in the anterior visual pathway together with neurons that
connect to the contralateral anterior optic tubercle (AOTU) and/or bulb (BU). (Ai) TuBu09, ER2_d, and TuTuB_a. (Aii) TuBuO1, ER4m, and AOTUO44. (Aiii)
TuBu03, ER3d_d, and ExR3. (B) Connectivity graph of TuBu and ER neurons as well as other neurons, ExR and AOTU046, that provide input to TuBu

and ER neurons in the right BU. To highlight the organizational principles of connectivity in the BU, the nodes representing ER neurons are placed in an

Figure 8 continued on next page
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Figure 8 continued

outer ring, those representing TuBu neurons (for brevity named TB here) in a middle ring, and nodes representing ExR and AOTU046 inside a central
circle. (C) Projections of the normalized synapse densities of AOTU046 (Ci) and TuTuB (Cii) neurons in the right AOTU. Visualization as in Figure 6D. (D)
Projections of the normalized synapse densities of AOTU046 and ExR neurons in the right BU. AOTUO46 and ExR1 shown in (Di); ExR2, ExR3, and ExR5
shown in (Dii). Visualization as in Figure 7C. (E) Schematic of the projection pattern of a right AOTUO46 neuron, piecing together innervations of the
right AOTUO046 neuron in the left hemisphere from the innervation of the left AOTUQ046 neurons in the right hemisphere, assuming mirror symmetric
innervation patterns of the left and right neurons. Qualitative indication of input/output ratios per region is given based on region innervation plots
shown in Figure 7A. (F) Schematic as in (E), but for the right ExR3 neuron.

The online version of this article includes the following figure supplement(s) for figure 8:

Figure supplement 1. Connectivity of AOTUO46 and ExR3 with TuBu neurons.

Mechanosensory (wind) input to ring neurons

In addition to the visual inputs described above, the EB also receives mechanosensory input, as
demonstrated by intracellular recordings of wind-sensitive activity in the locust (Homberg, 1994) and
by extracellular recordings in the cockroach CX demonstrating directionally tuned activity in response
to mechanical stimulation of the antennae (Bender et al., 2010; Guo and Ritzmann, 2013; Ritzmann
et al., 2008). In the fly, recent work has shown that mechanosensory information is carried by ER1
and a subset of ER3a ring neurons (Okubo et al., 2020). Unlike the majority of ring neurons that
bring sensory information to the EB and receive visual input in the BU, these ring neurons gather
much of their input from the LAL and WED (Figure 9A and B), a structure known to receive significant
mechanosensory input from the antennal Johnston's organ (Patella and Wilson, 2018; Suver et al.,
2019). ER1 neurons differ from ER3a cells most prominently in their arborizations in the EB, which
we will cover in more detail in the next section. The CX connectome revealed that both of these
neuron populations consist of multiple types. There are two ER1 types, ER1_a and ER1_b, and four
ER3a types (Figure 10—figure supplement 5). Of the four ER3a types, ER3a_a and ER3a_d primarily
receive inputs in the BU, whereas ER3a_b and ER3a_c receive inputs in the LAL (Figure 10—figure
supplement 5). We found that only ER3a_b and ER1_b neurons are postsynaptic to neurons that we
believe to be WPN neurons (Figure 9A-C) — neurons that have been characterized as being wind-
direction-sensitive (Suver et al., 2019). These putative WPN neurons are themselves downstream of
APN neurons (Figure 9A and C), which are known to be mechanosensory (Patella and Wilson, 2018;
Suver et al., 2019). The ER1_b neurons also receive input in the LAL from the LAL138 (previously
known as WL-L) neurons (Franconville et al., 2018; Okubo et al., 2020), which, recent work has
suggested, tonically inhibit the ER1_b neurons (Okubo et al., 2020). We note that this study also
showed evidence for WL-L neurons being gap-junction-coupled to ER1_b neurons. The hemibrain
volume lacks the resolution to confirm this observation. In contrast to the ER1_a neurons, whose
processes are uniformly distributed along the dorsal-ventral axis of the LAL (Figure 9Di and Ei),
the ER1_b neurons receive inputs, especially from ExR7 neurons (discussed in later sections) in rela-
tively distinct clusters arranged along the dorsal-ventral axis (Figure 9Dii and Eii). The latter spatial
segregation is consistent with physiological reports of their distinct but overlapping tuning to wind
direction (Okubo et al., 2020). Our analysis suggests that directional information from wind stimuli
is conveyed to the EB by ER1_b and ER3a_b neurons. Functional properties of major inputs to the
other LAL ring neurons have not been characterized, and it is therefore unknown what information is
conveyed by these types. Because ER1_a, ER1_b, and ER3a_b neurons receive the majority of their
input from unidentified neurons in the LAL, WED, and CRE (Figure 9B), the directional mechanosen-
sory information that they receive may well be combined with other sensorimotor information from
other presynaptic partners (Figure 9—figure supplement 1).

The EB: architecture for a flexible, multimodal compass representation

The EB, also known as the lower division of the central body (CBL) in other insects (Muller et al.,
1997), is a ring-shaped brain structure in the fly CX. Behaviorally, the EB has long been considered to
play a key role in locomotion and navigation (Bausenwein et al., 1994; Kong et al., 2010; Kottler
et al., 2019, Kuntz et al., 2017, Liang et al., 2019; Neuser et al., 2008; Ofstad et al., 2011;
Pan et al., 2009; Strauss, 2002, Wang et al., 2008). More recently, functional studies have demon-
strated that the population activity of EPG (compass) neurons, each of which arborizes in a single EB
sector (‘'wedge’), represents the fly's orientation relative to the external world (Seelig and Jayaraman,
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Figure 9. Mechanosensory input to the ellipsoid body (EB). (A) Connectivity graph of paths from putative APN2 and APN3 to ER neurons. Only
pathways with a minimal total weight of 1E-05 and a maximum length of 5 were considered. APN: AMMC projection neuron; WPN: wedge projection
neuron; WLL: wedge-LAL-LAL neuron. (B) Hierarchical pie charts showing the fraction of inputs from various neuron types separated by input region

for ER1_a (left), ER1_b (center), and ER3a_b (right) neurons. The fractions represent the average per type (computed only for neurons from the right
hemisphere). Arrows highlight inputs from WPN (LHPV6q1) and WL-L (LAL138). (C) Morphological renderings of putative APN2 (SAD003, SAD004), APN3
(SAD077), WPN (LHPV6g1), and WL-L (LAL138) neurons as well as ER1_b and ER3a_b. (Ci). Frontal view. (Cii). Top view. (D) Morphological renderings of
ER1_a (Di) and ER1_b (Dii). Only neurons with cell bodies in the right hemisphere are shown. Individual neurons are colored differently. (E) Projections of
synapse locations of the neurons shown in (D). Synapses are colored by neuron identity (see legend). Larger, black-outlined dots mark the mean synapse
position (center of mass) of each neuron. Synapses of individual ER1_b neurons separate along the dorsal-ventral axis (Eii), whereas synapses of ER1_a
neurons are more spatially mixed (Ei).

The online version of this article includes the following figure supplement(s) for figure 9:

Figure supplement 1. Organization of inputs to ER1 neurons in the lateral accessory lobe (LAL).
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2015). This activity, which localizes to a contiguous ‘bump’ spanning the processes of EPG neurons
in neighboring sectors, is required for flies to stably maintain arbitrary headings as they walk or fly
(Giraldo et al., 2018; Green et al., 2019). We will not describe the fly compass function in detail
here, and instead refer readers to recent reviews on the topic (Green and Maimon, 2018; Hulse
and Jayaraman, 2019). Broadly, numerous experimental and computational studies suggest that the
compass-like dynamics of the EPG population, which resemble those of a theorized network structure
called a ring attractor (Kim et al., 2017c; Turner-Evans et al., 2020), are generated by the interaction
of several neuron types (Cope et al., 2017, Fisher et al., 2019, Green et al., 2017; Kakaria and de
Bivort, 2017; Kim et al., 2019; Pisokas et al., 2020; Turner-Evans et al., 2017; Turner-Evans et al.,
2020). The neural compass relies on input from the anterior visual pathway to remain tethered to the
fly’s visual surroundings (Fisher et al., 2019; Hardcastle et al., 2020; Kim et al., 2019; Turner-Evans
et al., 2020) and from mechanosensory ring neurons to tether to the direction of wind (Okubo et al.,
2020). This representation of the fly's head direction is also updated by self-motion cues (Green et al.,
2017; Turner-Evans et al., 2017) and persists even when the fly is standing still in darkness (Seelig
and Jayaraman, 2015; Turner-Evans et al., 2020). Not surprisingly, the EB receives input from a large
number of canonical ring neuron types. It also receives input from numerous columnar neurons that
together bidirectionally link the EB to the PB, NO, GA, and LAL, as well as ExR neurons, which connect
the EB to many brain structures outside the CX (Figure 10A, Figure 5Ai and B). In the sections that
follow, we provide a high-level view of the anatomical organization of the EB, followed by analyses of
the different neuron types innervating the structure, and of their interconnectivity within it, particularly
in the context of tethering the fly's compass representation to sensory cues in its environment.

The anatomical organization of the EB

Each ring neuron sends its processes around the entire circumference of the EB, forming a ring-shaped
arbor. Different types occupy rings at specific depths within the anterior-posterior axis (Hanesch et al.,
1989, Lin et al., 2013; Omoto et al., 2018; Young and Armstrong, 2010b) and make synapses
within type-specific annuli along the radial axis (Video 2). Figure 10B, for example, shows the loca-
tions of ER4m synapses for three different projections (see Figure 10—figure supplements 1-3 for
synapse locations of other ring, columnar, and ExR neuron types, respectively). Ring neuron types
also vary in the spatial extent of their arbors and the degree to which they overlap with the arbors
of other ring neuron types. Figure 10Ci displays this overlap through the location of synapses in the
anterior-radial plane (see Figure 10—figure supplement 4A for anterior-radial cross-sections along
different parts of the EB). When neuron types are grouped by the subregions of structures outside
the EB where they receive their inputs, synapses of different ring neuron classes appear to tile the
anterior-radial cross-section of the EB (sample cross-section shown in Figure 10Cii). The only signif-
icant overlap between different ring neuron classes occurs between the BUs and BUa ring neurons,
which receive inputs in similar parts of the AOTUsu (see previous section). Most columnar neurons,
which are so named because they each only innervate single glomeruli in the PB and single sectors
(‘tiles” and ‘wedges’ [Wolff et al., 2015]) of the EB torus, spread their synapses across fairly large frac-
tions of the anterior-radial cross-section of the structure (Figure 10D, Figure 10—figure supplement
4B, see Figure 10—figure supplement 2C for synapse locations of individual EB columnar types). In
particular, the population of EPG and EL neurons makes synapses across most of the EB (Figure 10—
figure supplement 2). EL neurons (called EB.w.AMP.s-Dga-s.b in Wolff et al., 2015) have never been
characterized physiologically. The ExR neuron types are similar to ring neurons in arborizing across the
entire circumference of the EB. However, in contrast to most ring neurons, they make synapses across
fairly large fractions of the anterior-radial cross-section of the EB (Figure 10E, Figure 10—figure
supplement 3C, Figure 10—figure supplement 4C). The networks created by connections between
these different neuron types in the EB are thought to be involved in generating neural dynamics that
maintain the fly's head direction representation and control sleep (Figure 10F).

Ring neurons bring type-specific information into the EB

Most ring neurons are thought to be GABAergic (Hanesch et al., 1989, Homberg et al., 2018;
Homberg et al., 1999, Isaacman-Beck et al., 2019; Turner-Evans et al., 2020) and therefore inhib-
itory. They bring diverse sensory information into the EB (see Table 5, morphological renderings in
Figure 10—figure supplement 5). Visually tuned ring neurons with ipsilateral receptive fields (ER2a-d,
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Figure 10. Overview of the organization of the ellipsoid body (EB). (A) Region arborization plot of neuron types that innervate the EB, showing
average pre- and postsynaptic counts by region. For each neuron type, the number of cells from the right hemisphere is noted in the x-axis label. (B)
Two-dimensional histograms of synapse counts of ER4m after projection onto the EB cross-sections along the dorsolateral (Bi), dorsoanterior (Bii),
and anterior-radial axes (Biii). Note that for (Biii) anterior-radial cross-sections along the circumference of the EB were collapsed onto a single plane.
The dashed line in (Bii) indicates one of the cross-sections that were collapsed in (Biii). The shapes of the anterior-radial cross-sections vary along the
circumference of the EB, which is shown in Figure 10—figure supplement 4. (C) Normalized synapse densities of ring neurons onto the EB cross-
section along the anterior-radial axes (see dashed outline in Bii, solid outline in Biii). (Ci). The synapse densities are color-coded by ring neuron type.

Figure 10 continued on next page
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(Cii). The synapse densities are color-coded by input regions. The dashed line indicates the outline of the EPG synapse density as seen in (D), for
reference. (D) Same as in (Ci), but for columnar EB neurons. (E) Same as in (Ci), but for extrinsic ring (ExR) neurons. (F) Connectivity graph of neurons
innervating the EB. Relative weight as measured on a type-to-type level has been mapped to the edge width. Gray shapes indicate groups of neuron
types that likely share similar functional tuning based on existing literature. Only connections with a minimal relative weight of 0.05 (5%) are shown.
Connections of a type to itself are omitted for simplicity.

The online version of this article includes the following figure supplement(s) for figure 10:

Figure supplement 1. Ring neuron synapse positions.

Figure supplement 2. Ellipsoid body (EB) columnar neuron synapse positions.

Figure supplement 3.
Figure supplement 4.
Figure supplement 5.
Figure supplement 6.
Figure supplement 7.
Figure supplement 8.

Figure supplement 9.

Extrinsic ring (ExR) neuron synapse positions.

Synapse projections onto the anterior-radial axis along the circumference of the ellipsoid body (EB).
Morphological renderings of ring neurons.

Morphological renderings of ring neurons.

Morphological renderings of ring neurons.

Morphological renderings of ring neurons.

Morphological renderings of ring neurons.

ER4d) and ring neurons tuned to polarized light (ER4m) are well-characterized and the fly's head direc-
tion system is known to tether to such cues (Fisher et al., 2019, Hardcastle et al., 2020; Kim et al.,
2019). ER1_b and ER3a_b are tuned to wind direction, but only ER1_b appears to directly influence
the head direction representation (Okubo et al., 2020). Less is known about the tuning and function
of other ER3 neuron types. Pan-neuronal imaging has suggested that a subset of ER3 neurons in the
aBUi responds to contralateral visual information and motor actions (potentially the ER3a neurons,
based on their anatomical position in the BU and their inputs in the LAL), but many ER3 neurons have
been reported to be unresponsive to visual stimuli (Omoto et al., 2017, Shiozaki and Kazama, 2017).
Based on their connectivity with ExR3 and ExR1, we hypothesize that ER3d ring neurons are involved
in sleep-wake control (see section on sleep for details). One other ring neuron type, ER5, has been
explicitly linked to tracking sleep need (discussed further in a later section). Finally, the unusual ring
neuron type — the ER6 — receives most of its non-EB input in the GA (discussed in more detail in a later
section), where it contacts EPG and PEG neurons.

Generating a head direction representation from diverse sensory cues
The fly's compass system can tether to directional sensory cues carried by a variety of ring neuron
types, forming an internal representation of head direction in a world-centered (i.e., allocentric) refer-
ence frame. Using the complete EB connectivity information of the hemibrain connectome, we found
that most — but not all - ring neuron types from both hemispheres make direct synaptic contacts with
EPG neurons from both sides of the brain (Figure 11A, third and fourth columns of the connectivity
matrix, Video 3; Video 4; see also Turner-Evans et al., 2020). In the analyses that follow, we will
consider the number and location of synapses that various visual and mechanosensory ring neurons
make onto EPG neurons as a proxy for the influence that these different sensory cues exert on the
EPG compass. For example, the physiological observation that ER3a_b neurons, which respond to
wind direction, do not directly impact EPG dynamics (Okubo et al., 2020) is well accounted for by
their lack of direct synaptic connections to EPG neurons (Figure 11A). The other ER3a neurons also
make few connections to EPG neurons. Note that although the unusual ER6 neuron type does not
synaptically contact EPG neurons in the EB (top two row blocks in Figure 11A), these neurons — and
most of the ER3a as well as ER5 neurons — do make strong contacts with the EL columnar neuron
types (first and second columns in the connectivity matrix in Figure 11A, morphological rendering
in Figure 11B). The functional significance of EL neurons and of these connections is unknown. The
stimulation of ER6 neurons triggers an inhibitory response in EPG neurons (Franconville et al., 2018),
which might be mediated through their connections in the gall (see Figure 56) or indirectly through
other columnar neurons (see below).

The diversity of sensory cues that the head direction representation tethers to indicates that the fly
compass is flexible enough to function in a variety of multisensory settings. This flexibility of tethering
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Figure 11. Ring neuron to columnar connectivity. (A) Neuron-to-neuron connectivity matrix for connections from ring neurons to EL and EPG neurons in
the ellipsoid body (EB) on a single neuron level. The boxes on the right side are colored according to the ring neuron’s input region. (B) Morphological
renderings of EL neurons and renderings of innervated regions of interest (ROls). Note that EL neurons target a small region next to the GA, called the
gall surround (GAs). (Bi). Single left hemisphere EL neuron with blue dots marking the location of postsynaptic sites and yellow dots those of presynaptic
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Figure 11 continued

sites. (Bii). Full population of EL neurons. (C) Schematic illustrating variation in synaptic strength in ring neuron to EPG connections due to neural
plasticity. Top: connectivity between ring neurons and EPG neurons. Bottom. lllustration of receptive fields (RFs) of single-ring neurons. (D) Connectivity
matrix of ER4m inputs to EPG neurons that have been sorted and averaged according to the EB wedge they innervate.

The online version of this article includes the following figure supplement(s) for figure 11:

Figure supplement 1. Wedge-specific modularity of inputs from ring neurons to EPG neurons.

the EPG compass to different cues is thought to be achieved by experience-dependent plasticity
acting on the synaptic weights between ring neurons and EPG neurons (Fisher et al., 2019; Kim
et al., 2019). These studies suggested that the strength of a visual ring neuron’s synapses onto EPG
neurons would, through sculpted inhibition, localize EPG activity to a specific sector of the EB for a
given head direction in a specific visual setting (schematized in Figure 11C). Considering the strong
correlation between synapse counts and the area of synaptic contact between neuron pairs in at
least larval Drosophila (Barnes et al., 2020), and assuming that the functional strength of synapses
depends on synaptic surface area (Holler-Rickauer et al., 2019), we asked whether we could detect
any signatures of such plasticity-based sculpting in synapse counts between ring and EPG neurons
(note that a change in synapse counts is only one of many potential signatures of plasticity-related
changes in synaptic strength). Specifically, we examined the connectivity matrix between a variety
of ring neurons — ER1_a, ER1_b, ER2_a-d, ER4d, and ER4m - and EPG neurons for any consistent
nonuniformities. We conjectured that if synapse counts or relative weights reflect functional synaptic
strengths, we should see specific patterns in the connectivity between ring neurons and EPG neurons.
For example, we might expect that the ring neuron synaptic profiles onto multiple EPG neurons within
a wedge (i.e., EPG neurons that share the same head direction tuning) would be more similar than
their synaptic profiles onto EPG neurons with very different tuning (i.e., those from angularly distant
parts of the EB) (see Figure 11C). We found no such correlations or modularity for most ring neuron
types (Figure 11—figure supplement 1; Table 6). There were two exceptions: the polarization-tuned
ER4m neurons (Figure 11A and D, Figure 11—figure supplement 1Cviii), and, to a lesser extent,
the ER1_a neurons (Figure 11—figure supplement 1Ci). Thus, if synaptic weights from sensory ring
neurons onto EPG neurons vary in consistent patterns as a result of a fly's experience, as we expect
they must, this is not reflected in synapse counts for the vast majority of ring neuron types (note,
however, that we know little of the sensory experience of this fly; see Materials and methods). The
absence of obvious structural signatures of synaptic strength is perhaps unsurprising in the context
of plasticity that acts at a timescale of tens of seconds to a few minutes, as is the case here (Fisher
et al., 2019; Kim et al., 2019). In the case of the polarization-tuned ER4m neurons, we observed that
synapse counts to EPG neurons varied smoothly along the circumference of the EB, but with mirror-
symmetric profiles for ER4m neurons from the left and right hemisphere, respectively (Figure 11D),

Video 3. Ring neurons and their connections to EPG Video 4. EPG and PEN neurons. Movie begins by
neurons. Movie begins by showing morphological showing a morphological rendering of the entire EPG
renderings of single TuBu, ring (ER), and compass population. Next, individual EPG and PEN neurons are
neurons (EPG) to outline the anterior visual pathway. shown and their synaptic connections are highlighted in
Later, all ring and EPG neurons are rendered to both the PB and the EB. Finally, pairs of EPG and PEN
highlight the numerous parallel pathways that bring neurons are shown to highlight the PEN phase shift in
visual, circadian, mechanosensory and motor signals the EB with respect to EPG neurons that innervate the
into the EB. same PB glomerulus.

https://elifesciences.org/articles/66039/figurestvideo3 https://elifesciences.org/articles/66039/figurest#videod
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Table 6. Significance values for wedge-specific
modularity in connections between ring and

Neuroscience

resulting in stronger connections from the left
hemisphere for EB wedges on the right half of

EPG neurons. the EB and stronger connections from the right
Ringto Ringto EPGto EPG to hemisphere to the left half of the EB. Given the
Neuron  EPG EPG ring ring mirror symmetry of the represented axis of polar-
name synapse relative synapse relative ization (Hardcastle et al., 2020), this connectivity
count weight  count weight pattern may allow the fly to generate a complete,

360° head direction representation from twofold
symmetric polarized light input, an idea that we
return to in ‘Discussion.” Although a recent study
ER1_b 0.826 0.697 0.911 0.936 reported wind-direction-tuned responses in ER1
neurons (Okubo et al., 2020), we believe that
the neurons characterized in that study to be only
ER1_b neurons — whether the ER1_a neuron type
ER2 c 0.414 0.304 0.992 0.985 is also mechanosensory is as yet unknown.

ER1_a 0.028 0.007 0.989 0.994

ER2_a 0.626 0.592 0.993 0.993

ER2_b 0.509 0.492 0.735 0.739

ER2_d 0.074 0.074 0.947 0.946

Distributions of ring neuron synapse

locations on EPG arbors differ by
type
Each matrix was shuffled 1000 times, and modularity The same plasticity in the EB that enables the
was Computid forzalch .Shufpe_d matrix. When fly's internal compass to tether to visual cues in
TS e ST T I e animals suroundings (Fisher et al, 2079
shuffled from each individual ring neuron to the set Kim et al., 2019) likely also enables the flexible
of EPG neurons; when computing the modularity of tethering of the head direction representation to
EPG neuron inputs to ring neurons ('EPG to ring’), . .
the connectivity was shuffled from each individual other sensory cues. What if the different sensory
EPG neuron to the set of ring neurons. Table streams do not provide a consistent estimate
entries indicate the fraction of shuffles for which of head direction? This kind of conflict can, for
the modularity of the shuffled data exceeded the . . .
modularity of the true (unshuffled) data. An entry of example, arise during translational movement
zero indicates a p-value of <0.001; all other entries when local visual landmarks provide a less stable
directly indicate the p-value. estimate of head direction than global cues like
wind direction and the polarization pattern of the
sky. We asked if the spatial connectivity pattern
of ring neurons onto EPG neurons holds any
clues about how such conflicts are resolved. Specifically, we considered the electrotonic distances
of synapses to the spike initiation zone of a neuron, which is often correlated with the influence that
the input can exert on the neuron's ability to fire (or not fire) a spike. We asked if we could extract an
expected weighting of head direction-tethering cues conveyed by ring neurons based on the elec-
trotonic distance of their synapses to the estimated spike initiation zone of their EPG neuron targets.
Although little is known about spike initiation zones in fly neurons, the best estimates thus far
have come from studies in olfactory PNs (Gouwens and Wilson, 2009). In these multipolar neurons,
spikes are thought to be initiated near the base of their major input arbors in the AL. These results
are also consistent with the subcellular localization of voltage-gated sodium channels in a broader
class of central brain neurons (Ravenscroft et al., 2020). We thus made the assumption that spikes
in the EPG neurons are initiated at the root of their arbors in the EB, near the intersection of these
processes with processes that travel to the GA and PB (Figure 12A). We found that these putative
spike initiation points (yellow circles in Figure 12A and C, left) tend to cluster at a certain depth and
radial position of the EB. Specifically, EPG neurons tend to enter the EB near a central annulus and
from the posterior side. We expected some systematic variation in ring neuron synapse locations by
type because different ring neuron types arborize at different depths and radial positions in the EB
(Figure 10—figure supplement 1C). By grouping the ring neuron types according to their sensory
modality, inspired by their overall connectivity in the EB and their known sensory tuning (Figures 10F
and 12B), we found that the locations of synapses from the ring neurons to the EPG neurons tend
to cluster by modality group (Figure 12C, right, Figure 12—figure supplement 1A, compare also
to Figure 10Cii). Further, an analysis of the synapses of the ring neurons in these different sensory
modality groups onto the EPG neurons revealed a clear trend in their relative electrotonic distances

ER4d 0.916 0.879 0.269 0.274

ER4m 0 0 0.503 0.492
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Figure 12. Morphology analysis of ring neuron connectivity to EPG neurons. (A) Skeleton of a single EPG (id. 1447576662) with the selected root point
indicated in yellow. Inset: schematic indicating how the electrotonic distance from a point on the skeleton to the root point is calculated. The Euclidean
metric is used to calculate the length of each segment (A-F) and A (for = A, B, C, D, E, F) represents the length constants of the edges (see Materials
and methods). (B-E) Localization of synaptic inputs to EPGs in the ellipsoid body (EB) along the dendritic tree, split by modality group. (B) The modality
groups, the neuron types that fall into these groups, and the colormap that is used for modality groups for the rest of the panels in this figure. (C)
Density of synapse locations onto EPGs in the radial vs. depth plane for all EPGs included in the analysis (n = 44). The black outline approximates the EB
outline in this plane. Left: synapse locations are shown in gray (included here are synapses from partner types ER, ExR, PEG, PEN, EPG, EPGt). Overlaid
contour lines indicate the distribution of the mean of the normalized electrotonic distance from the root. The yellow points indicate where the root
points of the EPGs are located in this plane. Right: synapse locations from selected inputs separated and color-coded based on input modality (see B
for input assignment to modality). (D) Cumulative density function (CDF) of the distribution of the normalized electrotonic distance to root for synapses
separated by input modalities for a single EPG (id. 632544268). (E) Medians of the normalized electrotonic distance distributions grouped by modality.
The connecting lines indicate the points corresponding to each individual EPG (n = 44), with the black line corresponding to the EPG whose CDFs are
shown in (D).

The online version of this article includes the following figure supplement(s) for figure 12:

Figure supplement 1. Additional information on the analysis of electrotonic distances of synapse locations of different ring neuron types onto EPG
neurons.

Figure supplement 2. Comparison of EPG synapse locations by ring neuron type.

Figure supplement 3. Morphology analysis of ring neuron connectivity to EL neurons.
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to the root node (Figure 12D and E). Broadly, as seen in the cumulative distribution function (CDF)
of an example EPG (Figure 12D), the electrotonic distance between different ring neuron types and
the root of each of their postsynaptic EPG neurons suggests an ordering in expected influence on
EPG activity, with the mechanosensory neuron synapses being the closest, the different visual neurons
being next, and the sleep-related ring neurons potentially exerting the least impact on the EPG
neuron’s ability to fire a spike. We then compared the locations of ring neuron synapses to those of
PEN synapses (labeled 'motor’ in Figure 12B-E). These self-motion inputs to the fly's head direction
system (discussed in later sections) were electrotonically closer to the root of the EPG arbors in the EB
than any of the ring neuron inputs (compare left plot with purple region in right plot in Figure 12C,
Figure 12—figure supplement 1A). While there is some variability, these broad trends are consistent
across neuron types within the different modality groups (Figure 12—figure supplement 2). The rank
ordering is fairly consistent across EPG neurons, as can be seen by comparing the medians of the distri-
butions of the synapse locations of ring neurons from each modality group (Figure 12E, Figure 12—
figure supplement 1B, C; see Materials and methods). These same trends were also observed when
analyzing the physical distance along the arbor between synapses and the postsynaptic EPG root
(Figure 12—figure supplement 1D, E). Most synapses were found to occur within 50 pm of the root
(Figure 12—figure supplement 1F). A similar picture emerged for the EL neuron type, the second
columnar neuron type that receives inputs from many ring neurons (Figure 12—figure supplement 3,
the higher variability across individual ELs is likely due to a greater variation in arbor shape along the
circumference of the EB relative to the EPG neurons as seen in Figure 10—figure supplement 4B).
In summary, our analysis of the electrotonic distances of synapses from different ring neuron types to
EPG neurons in the EB suggests a consistent prioritization of sensory inputs to EPG neurons that may
reflect the relative importance of different sensory stimuli in driving the fly’'s head direction estimate.
Sculpted inhibition from different sensory ring neurons appears largely focused on the intermediate
arbors of the EPG neurons, and excitatory self-motion inputs that update the head direction represen-
tation during turns are closer to the root of the EPG neuron arbors in the EB.

A suppression hierarchy of ring neuron types defined by all-to-all inhibition
Past studies have classified ring neurons based on their morphology and their developmental origins
(Hanesch et al., 1989; Omoto et al., 2017, Omoto et al., 2018; Renn et al., 1999, Young and
Armstrong, 2010a). The connectome permitted us to refine the classification of ring neurons based
on their pre- and postsynaptic connectivity patterns in different brain regions (Scheffer et al., 2020).
In this connectivity-based classification of ring neurons into types, a key distinguishing feature was
their dense ‘within-type’ connectivity. Ring neurons are strongly and consistently connected to other
ring neurons of the same type. A recent study combined optogenetics with electrophysiology to show
that ring neurons inhibit other ring neurons of the same type (Isaacman-Beck et al., 2019). Although
these data were collected in a single-ring neuron type, the connectome suggests that all-to-all inhibi-
tion among cells of a single type is likely a feature of nearly all ring neuron types (blocks around the
diagonal in Figure 13A). As we outline in ‘Discussion,’ such all-to-all inhibition may help to minimize
the influence of noise on the compass system and effectively enhance the influence of the most prom-
inent sensory cues on the angular position of the EPG bump in the EB.

Notably, some ring neuron types show all-to-all connectivity not just to neurons of their type,
but also to neurons of other types. Examples of types that show all-to-all connections include the
ER4m, ER2a-d, and ER3w types (off-diagonal blocks in Figure 13A). A different heavily connected
set includes the ER3_m and all ER3a neurons. In both cases, most — but not all — type-to-type connec-
tions are reciprocal. While the first set of ring neuron types synapse directly onto EPG neurons
(Figures 11A and 13B), the second set mostly interact with EPG neurons indirectly — in the case of
the ER3a neurons, through their impact on ER3m neurons (Figures 11A and 13A) and EL neurons
(Figure 13B). To assess the potential impact of across-type connections between ring neurons, we
generated a graph for connections between ring neurons, which showed that ring neuron types with
similar tuning formed highly interconnected clusters (Figure 13C, Table 5). We ranked individual
types by the numbers of synapses that they make onto EPG neurons — presumably contributing to
the generation and maintenance of the head direction signal (Fisher et al., 2019; Kim et al., 2019,
Figure 13C, see Materials and methods). For groups of ring neuron types that provide strong input
to the EPG neurons, this revealed a second, implicit hierarchy between different ring neuron types
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Figure 13. Inter-ring neuron connectivity. (A) Connectivity matrix for connections between ring neurons in the ellipsoid body (EB) on single neuron level.
Connections between neurons of the same type are highlighted with black boxes. (B) Normalized contributions of different ring neuron types to EL and
EPG neurons (left) vs. normalized contributions of EL neurons to different ring neuron types (right, EPGs make very few synapses to ring neurons, see
Figure 13—figure supplement 1B). (C) Connectivity graph of connections between ring neurons. The graph nodes are arranged along the x-axis to

Figure 13 continued on next page
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Figure 13 continued

group ring neuron types with putatively similar tuning. Vertices are ordered on the y-axis according to their rank-ordered connectivity strength to EPG
neurons. Vertex size is scaled by the ratio of the sum of all outputs divided by the sum of all inputs. Only connections with a relative weight of at least
0.05 (5%) are shown. Furthermore, connections between neurons of the same type are not shown.

The online version of this article includes the following figure supplement(s) for figure 13:

Figure supplement 1. Connectivity between ellipsoid body (EB) columnar neurons and ring neurons.

(Figures 11A and 13B). Prominent among these ring neuron types are those that — based on their
TuBu inputs and recent neurophysiological evidence (Hardcastle et al., 2020) - we believe to be
associated with the sky compass pathway. ER4m, ER2_a-d, and possibly ER3w. All of these types
are part of a highly interconnected cluster. Within this cluster, connections between inhibitory ring
neurons define a suppression hierarchy. For example, the ER4m neurons, which are most strongly
tuned to polarized light e-vector orientation (Hardcastle et al., 2020), make a significant number of
synapses onto all other neuron types in the cluster (Figure 13A and C), and do not receive nearly as
many in return (as indicated by the size of the dot representing the neuron type), placing this neuron
type at the top of the hierarchy within this cluster. The ER2_c type appears next, inhibiting ER2_a and
ER2_d neuron types. ER4d neurons, which likely convey information about a broader range of visual
features (Seelig and Jayaraman, 2013), are not inhibited by any of the other ring neuron types and
make a large number of synapses onto EPG neurons themselves (Figure 13C). Other high-ranking ring
neuron types include the ER3p_a, which is one of the primary target types of the EL neurons in the EB
(Figure 13B, Figure 13—figure supplement 1B), and the ER1_a and ER1_b neurons (Figure 12B),
at least one of which is mechanosensory and brings information about wind direction to the EB (likely
ER1_b, Figure 9, Okubo et al., 2020). Figure 13B shows the relative contributions of all ring neuron
types to tethering the EPG compass in terms of the relative strength of the respective ring neuron
inputs to EPG neurons. On top of this, the suppression hierarchy circuit motif could help with selecting
a single-ring neuron type for updating the compass when multiple-ring neuron populations are acti-
vated, thus effectively establishing a preference for certain sensory compass cues over others.

A few ring neuron types appear to be privileged in also receiving feedback from the EPG neurons
(Figure 13—figure supplement 1B). This privileged set of ring neuron types includes, once again,
the ER4m neurons, which carry polarized light e-vector information. This feedback may serve to
amplify their impact on tethering the head direction representation to sensory input, while potentially
reducing the influence of ring neurons that carry other types of sensory information.

In summary, we found evidence for several mechanisms by which different sensory inputs to EPG
neurons could be integrated, and potential conflicts between cues resolved. First, the strength of
connections from various ring neurons onto EPG neurons, as measured by relative weight, varies
between types. Polarization-sensitive ER4m neurons provide the strongest input to EPG neurons and
are also privileged in receiving feedback from EPG neurons. Consistent, but weaker, ring neuron-
to-EPG connections are made by other visually tuned ring neurons and those that bring in mechano-
sensory information (Figures 11A and 13B). Second, the position of ring neuron synapses along EPG
neuron arbors varies systematically, not only with ring neuron type but more generally with the type
of sensory information carried by different types (Figure 12E). This is also reflected in the organiza-
tion of ring neuron arbors in the EB (Figure 10Cii). Based on the electrotonic distance of synapses
from the putative spike initiation zone of EPG neurons, self-motion signals from PEN neurons are in a
privileged position to excite the compass neurons, while ring neurons carrying mechanosensory, ipsi-
lateral visual, and polarization e-vector cues provide the strongest inhibitory influences (Figure 12E).
However, the ordering of ring neuron influence on the EPG compass based on synapse location differs
slightly from the ranking based on relative connection weights for mechanosensory ER1 neurons and
the likely polarization-sensitive ER4m, ER2¢c, and ER3w neurons (compare Figure 12E to Figure 13C).
Finally, within modality groups, inhibitory ring neurons form suppression hierarchies that may help to
select strong guidance signals when multiple sensory cues are present. These suppression hierarchies
occur between types that carry potentially related compass information such as the position of the
sun (potentially ER2 types) and the celestial polarization pattern (likely ER4m) (Figure 13C). Taken
together, these circuit motifs may help to resolve guidance cue conflicts and ensure a stable head
direction representation.
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Ring neuron connectivity with other neuron types

Some ring neuron types synapse onto some of the other columnar neuron types in the EB. These
connections are summarized in Figure 13—figure supplement 1. The strongest connections are
made by ER6 neurons (already noted above as contacting EL rather than EPG neurons in the EB,
Figure 11A), which also make a large number of synapses onto PEG and PEN_b (formerly called
PEN2) (Figure 13—figure supplement 1A). In addition, ER1_a and ER1_b neurons contact PEN_a
(formerly PEN1) neurons from both sides of the brain although those connections are rather weak
(Figure 13—figure supplement 1A). Some ring neuron types receive presynaptic input in the EB from
columnar neurons (Figure 13—figure supplement 1B). Most of the columnar-to-ring-neuron connec-
tions are weak or inconsistent across neurons of the same type (e.g., inputs from PEN_a to ER1_a and
ER1_b neurons, or inputs from EPG and PEN_b neurons to ER4m). A notable exception is the strong
PEG-to-ER6 neuron connectivity. Most columnar feedback to ring neurons comes from EL neurons,
which themselves receive input from several ER neuron types. The EL neurons make synaptic contacts
onto most ring neuron types, most strongly to ER3p neurons. We do not yet know the function of
these columnar-to-ER connections.

‘Head direction’ versus 'heading direction’

In contrast to mammals, the function of the fly compass has not yet been monitored in head-free
animals (Hulse and Jayaraman, 2019; Rubin et al., 2014; Taube et al., 1990a; Taube et al., 1990b).
This motivated us and others to refer to the representation as being of 'heading direction’ rather than
‘head direction’ until the issue can be conclusively resolved with direct evidence. However, consid-
ering that diverse sensory cues are all communicated to the EB in head-centered coordinates, we will
now employ the term ‘head direction’ to refer to the EPG population representation. Note that this
is consistent with the terminology that has long been used in studies of the CX in many other insects
(Homberg, 2004; Varga and Ritzmann, 2016), but awaits experimental confirmation in those animals
as well.

ExR neurons connect the EB with numerous other brain regions

In addition to the ring neuron types, which bring information from outside the CX to the EB, another
class of neurons termed ‘extrinsic ring’ (ExR) neurons also form ring-shaped arbors along the circum-
ference of the EB (Hanesch et al., 1989). In contrast to most of the ring neurons, ExR neurons are
comprised of only one or two neurons per hemisphere and arborize in multiple regions outside the CX
(Figure 14A). Only a subset of the ExR neurons have been described before and little is known about
their function. We identified eight types of ExR neurons, each type targeting distinct sets of brain
regions (Figure 14A, Figure 14—figure supplement 1, Figure 14—figure supplement 2). Consis-
tent with their diverse morphologies and projection patterns outside the CX, the inputs and outputs
of different ExR types are largely distinct (Figure 14B, Figure 14—figure supplement 3A). While all
ring neurons serve as inputs to the CX, only a subset of the ExR neurons appear to be inputs. Most
ExR neuron types have mixed polarity in the EB, and two ExR neuron types are CX output neurons
(Figure 14A, bottom). The CX input neurons are ExR1 and ExR4, which convey information primarily
from the BU, LAL, and GA (Figure 14A, Figure 14—figure supplement 3B). For a more detailed
descriptions of ExR connectivity in the BU, see also Figure 7B. The CX output neurons, ExR7 and
ExR8, will be discussed in more detail in the output section. The remaining ExR neurons — ExR2, ExR3,
ExR5, and ExR6 — have both inputs and outputs outside of the EB, although some do have clear input
or output regions (e.g., ExR5, Figure 14A).

In the EB, ExR neurons make connections with three groups of neuron types: ring neurons, columnar
neurons, and other ExR neurons (Figure 10F, Figure 14—figure supplement 3B). Most ExR neurons
arborize in the posterior part of the EB, with the exception of ExR1 and ExR3, which target more ante-
rior shells of the EB and form a connectivity cluster with sleep-related ring neurons (Figure 10E and
F, Figure 14—figure supplement 1, Figure 14—figure supplement 2). Indeed, ExR1 neurons, also
called Helicon cells, have been linked to the control of sleep homeostasis (Donlea et al., 2018). We
will cover ExR1 and ExR3 neurons in more detail in the sleep section. Besides ExR1 and ExR3, ExR5
also receives a large fraction of its EB inputs from ring neurons, specifically from the ipsilateral visual
ER4d neurons (Figure 14—figure supplement 3B, Figure 10F). All ExR neurons make connections to
columnar EL and EPG neurons, suggesting a role in modulating the function of the fly’s head direction
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Figure 14. Overview of extrinsic ring (ExR) neurons. (A) Region arborization plot of all ExR types from the right hemisphere, showing average pre- and
postsynaptic counts by region. Indicated below the plot is a qualitative categorization into three groups: mostly input to the ellipsoid body (EB) (blue),
mostly output from the EB (pink), and mixed (black). (B) Similarity matrices (see Materials and methods) for ExR neurons based on all their inputs (Bi)
and outputs (Bii). ExR-type labels are colored according to groups in (A). (C) Type-to-type connectivity matrix of ExR to EB columnar neurons (Ci) and EB
columnar to ExR neurons (Cii).

The online version of this article includes the following figure supplement(s) for figure 14:
Figure supplement 1. Morphological renderings of all ExR types: ExR1, ExR2, ExR3, and ExR4.
Figure supplement 2. Morphological renderings of ExR type. ExR4, ExR5, ExR6, ExR7, ExR8.
Figure supplement 3. Comparison of inputs and outputs of extrinsic ring (ExR) neurons.

Figure supplement 4. Neuron-to-neuron connectivity matrices for connections between extrinsic ring (ExR) and columnar neurons in the ellipsoid body
(EB).
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representation (Figure 14Ci, Figure 14—figure supplement 4A). Connectivity with EPGt, PEG, and
PEN neurons is sparser, with ExR4 providing strong input to PEG and both PEN neuron types, and
ExR6 selectively contacting PEN_a and EPGt neuron types (Figure 14Ci, Figure 14—figure supple-
ment 4A). Columnar neurons also feedback onto ExR neurons (Figure 14Cii, Figure 14—figure
supplement 4B).

Many ExR neurons make direct and indirect connections to the same partner types in multiple
brain regions, suggesting that they do more than just act as input and output pathways for the EB.
We analyzed these different connectivity motifs by comparing ExR connections within the EB to
their direct and indirect connections in other regions (Figure 15A). We restricted our analysis to
downstream partners of ExRs and focused on three specific connectivity motifs: ‘parallel connec-
tions,” ‘canonical feedback,” and ‘linked targets’ (see schematic in Figure 15A). ‘Parallel connections’
describe a motif in which ExR neurons make direct or indirect connections outside the EB to the same
neuron type that they also contact in the EB (red arrow in Figure 15A, left). The ‘canonical feedback’
motif covers cases in which ExR neurons directly or indirectly connect outside the EB to neurons that
feed back onto ExR neurons in the EB (yellow arrow in Figure 15A, middle). The third motif captures
cases where downstream partners of ExR neurons are themselves connected in the EB, making them
‘linked targets’ (green arrow in Figure 15A, right). Not all ExR neuron types engage in these motifs.
ExR1 and ExR4, because they are primarily input neurons to the EB, and ExR8, because it is purely
an output neuron of the EB. Among the others, the linked targets motif is most commonly observed,
potentially allowing these ExR neurons to link the activity of related circuitry in multiple brain regions
(Figure 15B). The majority of motifs are formed through ring neurons (Figure 15C), suggesting that
ExR neurons form a feedback loop onto one of the primary input pathways to the EB.

We took a closer look at the two large ExR neurons that participate in the strongest out-of-EB
connection motifs: ExR2 and ExR3 (Figure 15D). ExR2 are DANs of the PPM3 cluster and have been
linked to ethanol-induced hyperactivity and the control of circadian activity peaks (Kong et al., 2010;
Liang et al., 2019; Nissel and Elekes, 1992, Omoto et al., 2018). Outside of the EB, ExR2 neurons
receive input in the LAL and EB and send outputs primarily to the BU (Figure 14A, Figure 14—figure
supplement 3B). Through these BU connections, ExR2 neurons directly and indirectly target many
of the same ring neurons that they also contact in the EB, specifically ER neurons from the ipsilateral
visually-responsive cluster (Figure 15Ei and Fi, Figure 8B). Thus, ExR2 neurons may modulate the
fly's motor activity by regulating visual inputs to the fly’s head direction system. The putatively sero-
tonergic ExR3 neurons form parallel connections and feedback connections with three sets of highly
interconnected ring neuron populations (Figure 15C and Eii). One group of ring neuron partners is
the ipsilateral visually tuned cluster of ring neurons, which is also targeted by ExR2. A second group is
the ER3a/ER3m cluster, with which ExR3 forms parallel and a few feedback connections in the EB. The
third and final group is the ER3d cluster, which may play a role in sleep-wake control (see Figure 53).
ExR3 neurons contact ER3d neurons directly in both the EB and the BU, and indirectly through TuBu
neurons, forming parallel and feedback connections with each ER3d neuron in the EB (Figure 15Eii
and Fii, Figure 8B).

Taken together, our analysis suggests that ExR neurons are highly diverse but can be broadly
grouped into types that primarily provide input to the EB, those that serve as output pathways from
the EB and those that appear to be mixed input and output neurons; ExR neurons in the last group
modulate input pathways to the EB through connections both inside and outside the EB.

A ring attractor network formed by recurrent loops between the EB
and PB

The architecture of the fly’s head direction system has already been described in some detail in a series
of experimental studies. These studies identified network motifs that likely underlie the generation,
maintenance, and updating of the fly’s head direction representation (Green et al., 2017, Green and
Maimon, 2018; Hulse and Jayaraman, 2019, Turner-Evans et al., 2017, Turner-Evans et al., 2020).
These motifs, the network’s dynamics, and the system'’s responses to perturbation strongly suggest
that the network implements a type of ring attractor (Kim et al., 2017c; Turner-Evans et al., 2017,
Turner-Evans et al., 2020). In this section, we describe the connectivity of columnar neurons that form
the core of the network. These four classes of EB-PB columnar neurons arborize in single glomeruli in
the PB and in localized regions of the EB, while also sending processes to a third structure (either the
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Figure 15. Extrinsic ring (ExR) connectivity motifs. (A) Schematic explaining the ExR connectivity motif analysis, which compares connectivity within the
ellipsoid body (EB) to connectivity outside the EB. The top row shows the three circuit motifs that were considered, and the bottom row their equivalent
representation in a compact circular network plot. Here we compare connections from ExR to other EB neurons outside and inside the EB. We only
consider out-of-EB pathways for ExR neurons. The out-of-EB pathways can be direct or indirect connections (pink arrows) to other EB neurons (in green).

Figure 15 continued on next page
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Figure 15 continued

‘Parallel connections’ occur when the source neurons also contact the pathway target neuron inside the central complex (CX) (in red). The ‘canonical
feedback’ motif describes the case where the target of the pathway contacts the source type in the CX (in yellow). ‘Linked targets’ are neurons
connected in the CX that are targets of the same neuron outside of the CX (in green). (B) Summary of motif prevalence across different ExR types.

The colored circles represent the prevalence of each specific motif, whereas the gray circles represent the total number of all the motifs of the same
type that could form given that type's partners outside of the CX (normalized per type and motif). (C) Bar graph showing the contribution (measured
by relative weight) of ExR partners in the EB to the observed connectivity motifs. The sum of the relative weights of each connection for an ExR to its
partner is shown, separated by motif and partner type. (D) Morphological rendering of one ExR2_R (Di) and ExR3_R (Dii). Some of the innervated brain
regions are shown in gray. Blue dots mark postsynaptic sites, and yellow dots mark presynaptic sites. (E) Graphical representation of connectivity motifs
as depicted in (A) for ExR2_R (Ei) and ExR3_R (Eii). (F) Schematic relating groups of connectivity motifs in ExR2 (Fi) and ExR3 (Fii) to the anatomical
location of the connections that are involved.

GA or the NO). We do not describe ring attractor theories in any detail here, but rather encourage the
reader to refer to prior work for more information on the significance of attractor networks.

EB-PB columnar neurons: recurrent partners that maintain and update the
compass

The activity in the EPG neurons represents the fly’s head direction. As shown in Figure 16A, each
EPG neuron connects an EB wedge with a single glomerulus in the PB, while also innervating the GA
(discussed in later sections). The PB is mirror symmetric in appearance, with a left half and a right half.
The 16 EPG wedges in the EB alternate so that half go to the right PB while half go to the left. In this

Ai

EB bump E

360 270 180 90 0

anatomical phase

Figure 16. EPGs connect the ellipsoid body (EB) to the protocerebral bridge (PB). (A, Ai) A morphological
rendering of two EPG neurons. Black dots are presynaptic sites. (Aii) A morphological rendering of the entire
population of EPG neurons, color-coded by PB glomerulus. (B) Schematic showing where the EPG processes
arborize in the EB and in the PB. The EPG neurons map the different locations around the ring of the EB to the
right and the left PB. A fictive bump of activity in the EB will therefore split into both a right and a left bump of
activity in the PB. Note that the bumps in the PB are slightly shifted with respect to one another due to the 22.5°
offset between the right- and left-projecting wedges in the EB.
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way, the EPG neurons map the different locations around the ring of the EB to both the right and the
left PB (Figure 16B). The EPG neurons bring the head direction signal to the PB from the EB. A bump
of activity in the EPG neurons in the EB will therefore manifest as two bumps in the PB, with one on
either side. Due to the alternating left and right projections of EB wedges to either the right or the left
PB, the bump on the right side will be shifted 22.5° (360°/16 wedges) with respect to the bump on the
left (Wolff et al., 2015), as has been observed experimentally (Lyu et al., 2020).

The remaining three types of columnar neurons linking the EB and PB - the PEN_a, PEN_b, and
PEG neurons — are mainly postsynaptic in the PB and complete direct and indirect recurrent loops with
the EPG neurons in the EB. These loops update and maintain the head direction representation, as will
be described in more detail in the following section (Green et al., 2017; Green and Maimon, 2018,
Hulse and Jayaraman, 2019; Turner-Evans et al., 2017, Turner-Evans et al., 2020). As noted above,
the hemibrain dataset does not contain the previously identified ‘canal’ cell (Wolff and Rubin, 2018).

Updating head direction by integrating angular velocity input

We recently used EM reconstruction to identify the network motifs underlying the interaction of the
PB-EB columnar neurons (Turner-Evans et al., 2020). However, this study, which was based primarily
on the Full Adult Fly Brain (FAFB) dataset (Zheng et al., 2018), relied on manual reconstruction of only
a fraction of the circuit. The completeness of the hemibrain connectome has now allowed us to more
thoroughly examine the compass subnetwork and exposed additional structure-function relationships
within the compass circuit, which we discuss below.

The EPG activity bump moves around the EB either clockwise (CW) or counterclockwise (CCW),
depending on which direction the fly turns (head movements are also likely to update the EPG bump,
but this has yet to be established). The angular velocity input that moves the bump in the EB is thought
to primarily come from the PEN neurons (Green et al., 2017; Turner-Evans et al., 2017, Turner-Evans
et al., 2020). There are two types of PEN neurons, PEN_a and PEN_b, both of which are synaptically
connected in recurrent loops with EPG neurons (Turner-Evans et al., 2020), are conjunctively tuned
to head direction and angular velocity (Green et al., 2017, Turner-Evans et al., 2017, Turner-Evans
et al., 2020), and likely receive angular velocity inputs in the NO (discussed in a later section). These
recurrent loops have either a CW or CCW shift in their projection patterns. Considering that the EPG
head direction representation spans 360° of angular space, we can describe these projection patterns
as ‘anatomical phase shifts’ relative to the EPG population (Figure 17A, schematized in Figure 17B).
That is, PEN neurons receive their head direction inputs from a given EPG neuron in the PB. They then
send their projections to an EB tile that is shifted CW or CCW from the EB wedge innervated by the
presynaptic EPG neuron. The functional consequence of this phase shift is that the phase (angle) of
the PEN activity bump is likely to be shifted relative to the phase (angle) of the EPG activity bump.
This phase shift is in opposite directions for PEN neurons with arbors in the right vs. left side of the
PB (see sample images of EPG and PEN_a neurons in Figures 16A and 17A; connectivity matrices in
Figure 17C and D). As discussed in later sections, PB-FB neurons also have anatomical phase shifts.

A key assumption behind fly compass models is that recurrent loops involving EPG and PEN neurons
allow activity to propagate all the way around the EB and in either direction. Consistent with these
models, we found that PEN neurons from each PB glomerulus contact EPG neurons in every wedge
of the EB (Figure 17C). EPG neurons then complete the loop by synapsing onto PEN neurons in all
but the most lateral glomeruli on each side of the PB. The apparent disconnect in connectivity at the
edges of the PB is likely addressed by an additional cell type, as discussed below. Importantly, even
without this bridging cell type, EPG and PEN_a neurons are so densely interconnected within the EB
that a network graph of their subnetwork forms a ring (Figure 17E; see Materials and methods). The
PEN_b neurons’ connectivity to the EPG neurons looks much like the PEN_a neurons’ connectivity to
the EPG neurons in both the EB and PB. This similarity in connectivity does not extend to all partners
of the PENSs, however. Indeed, each type has unique partners in both brain regions (Figure 17—figure
supplement 1).

The PEN neurons in the outermost (ninth) glomeruli do not receive any EPG input from the EPG
neurons that project to the eighth glomerulus. Instead, a key neuron type, EPGt, arborizes in that outer
glomerulus and appears to fill the ‘gap’ (Wolff et al., 2015; Figure 18A). While the EPGt neurons have
very similar connectivity to the EPG neurons in the PB (Figure 18B), they receive far fewer synaptic
inputs in the EB (Figure 18C), with a striking sparsity of ring neuron inputs (Figure 18D). However,
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Figure 17. PEN_a neurons connect the protocerebral bridge (PB) back to the ellipsoid body (EB), with a shift, forming feedback loops with the EPG
neurons. (A, top) PEN_a neurons on the left side of the PB send projections to the EB that are counterclockwise shifted with respect to the EB processes
of their EPG inputs in the PB (see Figure 16). (Bottom) PEN_a neurons on the right side of the PB send projections to the EB that are clockwise shifted
with respect to the EB processes of their EPG inputs in the PB. Black dots are presynaptic sites. (B) Schematic showing where the PEN_a processes

Figure 17 continued on next page
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arborize in the EB and in the PB. The processes in the right PB project to different locations in the EB than the processes in the matched glomerulus

in the left PB. A bump of activity at the same location in the right and left PB will therefore form two shifted bumps of activity in the EB. The EB
processes of the PEN_a neurons form eight equiangular tiles, each of which covers two of the EPG wedges. (C) Neuron-to-neuron connectivity matrix
for EPG, PEN_a, PEN_b, and PEG neurons in the EB. The neurons are arranged according to their angular position in the EB (Ci) or according to their
arrangement in the PB (Cii). Dotted lines are overlaid on the diagonal of the PEN to EPG quadrants to emphasize the offset in connectivity. Though not
represented in the axis labels, multiple neurons often cover the same angle or arborize in the same PB glomerulus. (D) Neuron-to-neuron connectivity
matrix for EPG, PEN_a, PEN_b, and PEG neurons in the PB. The EPG neurons directly connect to the PEN_a, PEN_b, or PEG neurons in glomeruli
where they both have processes (L2-L8 for the PEN neurons and L1-L8 for the PEG neurons). The EPG neurons also occasionally synapse onto partners
in neighboring glomeruli. As in (C), multiple neurons often cover the same glomerulus. (E) A force-directed network layout of the EPG and PEN_a

connections. Weight refers to the number of synapses between partners.

The online version of this article includes the following figure supplement(s) for figure 17:

Figure supplement 1. PEN_a and PEN_b connectivity.

EPGt neurons do receive PEN input in the EB. The wedges at the bottom of the EB are innervated by
both the EPGt neurons from glomerulus nine and by the EPG neurons that project to glomerulus 1,
potentially completing the loop (Figure 18E).

The PEG neurons also appear to map the nine glomeruli of the PB to eight tiles in the EB though
they do so without a phase shift. The PEG neurons form a recurrent loop with the EPG neurons, as
reported previously (Turner-Evans et al., 2020). Briefly, they receive input from the EPG neurons in
the PB (Figure 17D, right columns) and synapse onto the PEN_b neurons in the EB (Figure 17C, top
rows, second group of columns to the right). The PEN_b neurons synapse onto the EPG neurons in
the EB, thereby completing the loop (Figure 17C, second group of rows from the top, first group
of columns). Although some PEG neurons do synapse directly onto EPG neurons in the EB, these
connections are sparse and feature only a few synapses. By contrast, the PEG-to-PEN_b and PEN_b--
to-EPG connections are both strong and consistent around the ring. There are nine PEG neurons on
each side of the PB, one for each glomerulus. Each connects to one of the eight PEN_b neurons in the
EB, with PEG neurons from both glomerulus 1 and glomerulus 9 connecting to PEN_b neurons from
PB glomerulus 2. This connectivity pattern matches the connectivity of EPG neurons from glomerulus
1 and EPGt neurons from glomerulus 9 to PEN_b neurons from glomerulus 2.

The PB: reshaping the compass signal for navigational computations

The handlebar-shaped PB is conserved across hexapods and some crustaceans (Bullock and Horridge,
1965, Homberg, 2008; Strausfeld, 1976; Strausfeld, 2012), including species as distant as locusts
(Homberg, 1991), flies (Lin et al., 2013; Phillips-Portillo, 2012; Wolff et al., 2015), and crayfish
(Sandeman et al., 1990). This structure has been associated with a wide range of locomotor behav-
iors (Harley and Ritzmann, 2010; Krause et al., 2019; Poeck et al., 2008; Strauss et al., 1992),
and neural activity in the PB is known to carry the head direction signal (Bockhorst and Homberg,
2015; Giraldo et al., 2018; Green et al., 2017, Heinze and Homberg, 2007, Pegel et al., 2018;
Turner-Evans et al., 2017; Turner-Evans et al., 2020; Zittrell et al., 2020). The PB, in fact, is where
sensory-driven activity with a compass-like anatomical organization was first reported in the insect
brain (Heinze and Homberg, 2007).

Above, we discussed the EB-PB recurrent network, which supports the function of the head direc-
tion system through the interaction of EPG, EPGt, PEG, PEN_a, and PEN_b neurons. EPG and EPGt
neurons bring columnar input from the EB into the PB, and the other neuron types take information
from the PB (and accessory regions) to the EB (Figure 19A). As noted earlier, the hemibrain dataset
does not contain one type of previously identified PB-EB columnar neuron, the ‘canal’ cells (Wolff and
Rubin, 2018).

The PB also connects to other brain regions. Consistent with descriptions based on light micros-
copy (Lin et al., 2013; Wolff et al., 2015), the hemibrain connectome shows that the PB receives
much of its non-CX input from three accessory structures. the 1B, SPS, and inferior posterior slope
(IPS) (Figure 19Ai). The FB provides one final source of PB input through a single PB-FB columnar
neuron type, to be discussed later. Many other PB-FB columnar neuron types convey information in
the other direction, sending outputs to the FB, CRE, and LAL from the PB (Figure 19Aii). Notably, the
LAL is innervated by DNs. The completeness of the hemibrain connectome in the CX allowed us to
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Figure 18. EPGt neurons extend EPG-like connectivity. (A) Morphological renderings of all EPGt neurons. The EPGt neurons arborize only in glomeruli
L9 and R9 in the protocerebral bridge (PB) and, in the ellipsoid body (EB), their arbors line the canal at the bottom of the torus (Ai). A side view of the EB
shows the position of EPGt processes in the EB (Aii). (B) Type-to-type connectivity matrix showing the inputs (Bi) and outputs (Bii) for the EPG and EPGt
neurons in the PB. (C) Total number of presynaptic sites for the EPG and EPGt neurons by brain region. (D) Type-to-type connectivity matrix showing

the inputs to the EPG and EPGt neurons in the EB. (E) Neuron-to-neuron input connectivity from the PEN_a and PEN_b neurons to the EPG and EPGt
neurons in the EB (Ei) and outputs from the EPG and EPGt neurons to the PEN_a and PEN_b neurons in the PB (Eii).
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Figure 19. An overview of the protocerebral bridge. (A) A diagram of the input (Ai) and output (Aii) pathways for the protocerebral bridge (PB).
Connected brain regions include the ellipsoid body (EB), the inferior bridge (IB), the superior posterior slope (SPS), the posterior slope (PS), the crepine
(CRE), the lateral accessory lobe (LAL), the fan-shaped body (FB), and the noduli (NO). (B) Morphological rendering of an EPGt neuron, which only
arborizes in a single glomerulus in the PB. Yellow dots mark presynaptic site. Blue dots mark postsynaptic sites. (C) Morphological rendering as in (B) of
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an LPsP neuron, which has arbors throughout the PB. Yellow dots mark presynaptic site. Blue dots mark postsynaptic sites. (D) Region arborization plot
for each neuron type that contains arbors in the PB. Neuron types that provide input to the PB are denoted by the dashed vertical boxes. The horizontal

boxes at top indicate which neurons arborize in multiple glomeruli (filled gray boxes) and which arborize in single glomeruli (gray outline). (E) The
average number of synapses per neuron in each PB glomerulus for each neuron type that contains arbors in the PB.

split a few of the previously identified PB-FB columnar neuron types into multiple new, distinct types,
including some subtypes that were distinguishable less by their morphology than by their connectivity
patterns.

Although most PB neurons are columnar and arborize in only a single PB glomerulus (Figure 19B),
the region also contains several multi-glomerular neuron types (Figure 19C), including two types of
interneurons (Figure 19D). One of the PB interneuron types, the A7 neurons, innervates all PB glom-
eruli, as do the dopaminergic LPsP neurons and the octopaminergic P1-9 neurons (Figure 19E, see
rows labeled ‘multi’ at right) (Wolff et al., 2015). The other multi-glomerular neuron types innervate
at least four glomeruli each. The columnar neuron types, on the other hand, vary in their coverage of
PB glomeruli. Individual columnar neurons primarily innervate one glomerulus. Across the population,
the columnar neurons of most types innervate contiguous subsets of glomeruli and exclude either the
innermost or outermost glomeruli (Figure 19E, see rows labeled ‘single glomerular arbors’ at right),
thereby sampling the full 360° of the HD representation in the left and right PB.

The A7 neurons: sinusoidal reformatting of the head direction signal

The direct connection from EPG neurons to PEN neurons in the PB forms a key part of the EB-PB
recurrent loop, which updates the fly’s head direction representation with self-motion input. However,
this EPG input is also transformed by a population of multi-glomerular interneurons, the glutamatergic
A7 neurons (Figure 20A; Daniels et al., 2008; Turner-Evans et al., 2020). The A7 neurons provide a
strong, albeit indirect, link from EPG neurons to all other columnar neurons.

The PB-spanning A7 neurons and their homologs in other insects have long been believed to play
a role in navigational computations. Their responses to polarized light e-vector stimuli suggested
that they were organized in map-like, polarotopic fashion in the locust brain (Heinze and Homberg,
2007). More recently, imaging and perturbation experiments in the fly have confirmed the importance
of these glutamatergic neurons to the function of the fly compass circuit (Turner-Evans et al., 2020).
Although this recent work also used EM to identify synaptic connections between A7 neurons and
EPG, PEG, PEN_a, and PEN_b neurons, it reconstructed only a subset of the processes in a few A7
neurons. The hemibrain connectome allowed us to identify the complete set of inputs and outputs of
A7 neurons across the entire PB. The picture that emerges from this analysis is of a neuron type that is
the central hub of the PB. all neurons downstream of EPG neurons receive head direction input that is
also processed by theA7 neurons (Figure 20B, Figure 20—figure supplements 1 and 2).

A key question raised by the hub-like connectivity of the A7 neurons is how these neurons pass
on the EPG head direction signal. Many navigational algorithms combine head direction signals with
information about the animal’s movements to compute a vector representation of the animal’s posi-
tion. In these models, the vector representation is stored in sinusoidal activity patterns, where the
phase of the sine wave encodes the angle of the vector and the amplitude of the sine wave represents
its length (Pisokas et al., 2020; Stone et al., 2017; Touretzky et al., 1993, Wittmann and Schwe-
gler, 1995).

We therefore asked if the A7 neurons transform the local EPG head direction signal into sinusoidal
activity patterns in the A7 neurons’ downstream partners. Each A7 neuron receives smoothly varying
input from EPG neurons across the PB (Figure 20C, upper-left quadrant). Aligning and averaging
these input profiles across all A7 neurons revealed that the EPG input to A7 neurons was in fact well
fit by a cosine (Figure 20D, see Materials and methods) (similar observations are made by a parallel
study [Lyu et al., 2020]). Each A7 neuron sends output to specific PB glomeruli that are seven glom-
eruli apart (Figure 20A and C, lower-right quadrant). Since the output is highly targeted and the A7
neurons as a population continuously cover the entire PB, the sinusoidal input profile is unlikely to be
further shaped by the A7 neurons’ outputs.

To further test if any input from the EPG population will be reformatted into a sinusoid, we simu-
lated EPG activity propagating through the A7 neurons to their outputs. We began by assuming
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